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ABSTRACT: About 90% of the extant species of the Decapoda live in oceans and adja-
cent coastal and estuarine regions, and most of them pass through a complex life history 
comprising a benthic (juvenile-adult) and a planktonic (larval) phase. The larvae show a 
wide array of adaptations to the pelagic environment, including modifications in functio-
nal morphology, anatomy, the molting cycle, nutrition, growth, chemical composition, 
metabolism, energy partitioning, ecology, and behavior. Due to these adaptive traits, 
which are the principal subject of this volume, decapod larvae are more like unrelated 
holoplanktonic organisms rather than resembling the conspecific benthic juveniles and 
adults. Emphasis is here on the lesser known anatomical, bioenergetic, and ecophysiologi-
cal aspects of larval life, because morphology has already extensively been documented in 
the literature. Changes in biological parameters (e.g. rates of feeding, growth, metabolism) 
are shown in successive developmental stages, within individual stages, and as repsonses 
to environmental factors. Particular attention is paid to interrelationships between intrinsic 
phenomena (molting cycle, organogenesis, growth) and the overlaying effects of extrinsic 
factors (e.g. food, temperature, salinity, pollution). Concluding from the available data, we 
may identify major bias and gaps in our present knowledge of larval biology. For instance, 
biochemical, physiological, and anatomical aspects have been investigated much less than 
larval morphology, ecology, and behavior, and bioenergetic parameters have largely been 
studied as isolated physiological traits rather than attempting to quantify the overall parti-
tioning of chemical energy. Little is known also about intraspecific variability within or 
between separate populations. This remains a major challenge for larval biologist, because 
knowledge of phenotypic plasticity and genetical divergence, e.g. in larval morphology or 
stress tolerance, is of utmost importance for the understanding of evolutionary adaptation 
and speciation. In particular, early ontogenetic adaptations to extreme or unpredictable 
ecological conditions are important in the evolutionary transitions from marine to limnic 
or terrestrial environments. We also need more comparisons between field and laboratory 
observations in order to “calibrate” data from the field with those obtained under con-
trolled conditions; inversely, those comparisons should help to identify “domestication ef-
fects” and other artifacts that are potentially pertinent to laboratory data. Furthermore, fu-
ture research should increasingly consider effects which persist through successive life-
history phases, e.g. those of embryonic acclimatization on larval stress tolerance, or the 
significance of larval condition for later settlement and recruitment success. 
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1.1 The study of decapod crustacean larvae 

Outnumbered only by insects and gastropods, the 42,000 described species of the Crusta-
cea represent one of the largest extant taxa in the animal kingdom, and hence, a major 
contribution to the earth’s biodiversity (Bowman & Abele 1982). According to Tudge 
(2000), their actual species number may exceede 50,000, and “several times more might 
remain to be discovered”. The same author also says: “As a group they are extremely an-
cient, dating well back into the Cambrian at least 500 million years ago, and so they have 
had plenty of time to evolve and radiate.” This is most conspicuous in the ca. 10,000 
known species of the Decapoda. Their earliest record is the shrimp Palaeopalaemon new-
berryi from the Late Devonian (Schram et al. 1978). Since then, this taxon has evolved an 
impressing variety of life styles, body shapes, colours, and sizes. It comprises pelagic oce-
anic prawns, freshwater crabs and crayfish, tiny pea crabs living hidden inside the mantle 
cavity of marine clams or in polychaete tubes, lobsters with up to 60 cm body length, and 
giant spider crabs spanning more than 3 m between the outstretched claws. Although most 
of these varieties are known only by specialists, numerous others are quite familiar also to 
gourmets and fishermen, and thus, have a high economic value (Provenzano 1985). 

The vast majority of the Decapoda is found in aquatic environments, with almost 90% 
living in the sea or in adjacent brackish waters (Kaestner 1980). In the course of their evo-
lution, about 1000 species were able to invade freshwater habitats but less than 100 man-
aged to conquer firm land (Hartnoll 1988a). Most decapods are benthic, i.e. they live on 
the floors of oceans, rivers and lakes, or in semiterrestrial habitats such as mangrove 
swamps or salt marshes. Numerous species are commercially exploited by coastal and off-
shore fisheries, in particular the clawed lobsters (Nephropidae), spiny lobsters (Palinuri-
dae), slipper lobsters (Scyllaridae), large brachyuran crabs such as Cancer, Callinectes, 
Chionoecetes, Pseudocarcinus or Maia, the anomuran family of the king crabs (Lithodi-
dae), and many species of shrimps and prawns (mostly Penaeidae, Pandalidae, Crangoni-
dae, and Palaemonidae). An incomplete fisheries statistic for the USA (not including king 
crabs; Williams 1993) may serve as an example of the economic importance of decapods. 
The official landings comprised a total of 370,000 metric tons of crabs, shrimps and lob-
sters valued at almost one billion US-$ in one year. These figures are considerably en-
hanced when the Alaskan king crab fisheries and yields from the commercial aquaculture 
of prawn and crayfish species are added, and they certainly show an increasing trend in 
times of declining finfish industries. 

The great majority of the marine and most of the terrestrial decapod species have a 
complex life history: instead of developing directly from the egg to an adult-like benthic 
juvenile, they produce pelagic larvae that may differ entirely in their morphology and hab-
its from juvenile and adult conspecifics. Such biphasic life cycles are considered as an 
evolutionary old trait of most metazoans, including the Crustacea (Rieger 1994). Unlike 
the adults, larvae float in estuarine, coastal or oceanic currents, feeding upon coexisting 
plankton organisms in the water column. Such pelagic stages of bottom-dwelling species, 
collectively referred to as meroplankton, do not only link successive generations but also 
provide a major benthic input into the biodiversity and productivity of the world’s largest 
and oldest biotope, the pelagic. Since planktonic larvae are, in general, exposed to quite 
different selective forces than their benthic parents, they show their own evolutionary ad-
aptations, principally in locomotion and feeding. Their special behavioral traits ensure ei-
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ther the retention in the parental habitat or, in other species, the transport between onto-
genetically changing environments and, eventually, the return, settlement, and recruitment 
to the adult populations. 

Both a lasting management of natural stocks and the development of commercial culti-
vation enterprises require thus a profound understanding not only of juvenile and adult 
life-history stages, but equally well of the small planktonic larvae. In spite of their obvi-
ously important role in developmental biology, recruitment and population dynamics, 
ecology, biogeography, genetics, and in other fields of the basic and applied sciences, our 
general knowledge of the larval development of crustaceans is rather poor compared with 
what has been published about benthic juveniles and adults. After 200 years of steadily in-
tensifying research, much of what we presently know about decapod crustacean larvae is 
still restricted to their external morphology and the number of pelagic stages. In the past 
fourty years, however, a rapidly increasing number of studies has been produced also on 
larval ecology, physiology, and biochemistry, so that the ontogeny of various basic bio-
logical functions in the Decapoda is increasingly understood, and new fields of scientific 
research have been propagating recently. 

1.2 Brief history of a research subject 

In the following historical sketch, I cannot possibly review the vast amount of existing lit-
erature on decapod larvae. In a statistical analysis of “larval papers” published until 1989, 
as many as 1194 entries were recorded only for the brachyuran crabs (Rice 1993), and 
perhaps three times more papers may have been published further to date, when all larval 
decapods are considered. Hence, some of the exemplary bibliographic references in the 
following section may remember of milestones that have encouraged the development of 
new lines of research, whereas others have arbitraily been chosen as examples of various 
types or directions of investigation. Yet, this broad and necessarily superficial overview of 
past and current studies on decapod crustacean larvae should allow for embedding the fol-
lowing, more specific chapters of this book in a wider context. More comprehensive his-
torical reviews have been given in several recent overviews (Williamson 1982, Ingle 
1992, 1998) and, in particular, in Volume 8 (“History of Carcinology”) of the “Crusta-
cean Issues” (Rice 1993, Williams 1993). 

1.2.1 The early era of cataloguing larval biodiversity: from “hunting and collecting” to 
cultivation 
In the scientific literature, one can find a variety of names of decapod crustacean larvae 
such as nauplius, zoea, mysis, megalopa, glaucothoe, phyllosoma, and others. Their classi-
fication is primarily based upon criteria of functional morphology, but their use is often 
ambiguos and illogical, or it appears to overlap (Williamson 1969, 1982). This confusing 
abundance of terms has historical reasons. In the late 18th and throughout the 19th cen-
tury, an increasing number of both professional and amateur naturalists attempted to de-
scribe and classify plants and animals. Since these early investigators were unaware of the 
existence of planktonic larvae in crustaceans and other benthic invertebrates, they de-
scribed and named numerous larval forms as new “genera” and “species” (Williamson 
1915, Gurney 1939, 1942). Later, when science became aware of the larval nature of 
many of the described species, several of the originally generic names had already been 
established in the literature and were subsequently maintained to designate particular lar-
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val forms. In the meantime, however, only a few of the originally ca. 70 names of crusta-
cean larvae have in the scientific literature survived to modern times (Gore 1985).  

The earliest known morphological account of a decapod larva is that by Leeuwenhoek 
(1699; published 1807); it probably shows the prezoea of the North Sea shrimp, Crangon 
crangon (Ingle 1998). Seven decades later, Linné described a crab larva as a new species, 
Cancer germanus (Linné 1767). Slabber (1778) was probably the first to correctly recog-
nize and describe a decapod larva as such, but his observation was ignored by the devel-
oping scientific community, as was Cavolini’s description of a late crab embryo that he 
isolated from the egg case (Cavolini 1787; translation published 1792). Thompson (1828) 
presented the first evidence from laboratory observations that the previously described 
“genera” Zoea (Bosc 1802) and Megalopa (Leach 1815) were not adult crustaceans but 
pelagic developmental stages of already known bottom-living crab species. In later stud-
ies, this author described further larval decapods (see e.g. Fig. 1.1), and larval morphology 
was soon incorporated in broader taxonomic considerations. H. Milne-Edwards (1834, 
1836, 1840), for instance, placed in his three-volume encyclopedia of natural history a 
dromiid crab with a brachyuran-like adult morphology in the Anomura, based primarily 
on the anomuran-like appearance of the larvae. Similarly, Fritz Müller (1864) used in his 
book “Für Darwin” larval forms to unravel relationships and evolutionary trends in the 
Crustacea. 

 
 
 

 

Figure 1.1. Early description of a decapod larva, Porcellana spec. (from Thompson 1836). 
 
 
Initially, however, there was much scepticism against an existence of “metamorphosis” 

in crustaceans (see e.g. Westwood 1836). Doubts were primarily based on contradicting 
observations of a direct development in crayfish and freshwater crabs (for further refer-
ences, see Ingle 1992, 1998). This controversy stimulated an increasing number of biolo-
gists to study complex life histories, and more and more pelagic larvae of decapod crusta-
ceans and of other marine invertebrates were scientifically described. The complete course 
of development, however, in particular the degree of morphological change from a zoea to 
a megalopa, remained a matter of controverse discussion throughout the 19th century.  

Until the first half of the 20th century, most researchers obtained early crustacean lar-
vae from plankton samples or from ovigerous females kept in aquaria; later stages were 
normally isolated from the plankton, as laboratory-hatched and field-captured larvae could 
only occasionally be reared through one or a few more molts (Gurney 1939, 1942). De-
tailed historical reviews of the early morphological investigations on decapod larvae from 
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the North Atlantic Ocean and the Mediterranean Sea have recently been published by 
Ingle (1992, 1998). I will therefore mention here only some prominent names that are as-
sociated with the early descriptions of crustacean larvae. In an approximate order of their 
times, we may remember of J.V. Thompson, R.Q. Couch, H. Milne-Edwards, C.S. Bate, 
F. Müller, C. Claus, A. Dohrn, G.O. Sars, W. Faxon, W.K. Brooks, G. Cano, F.H. Her-
rick, W.T. Calman, H. Coutière, E.L. Bouvier, E. Sollaud, W.T. Calman, H.C. William-
son, K. Stephensen, H.J. Hansen, R. Santucci, R. Gurney, H. Aikawa, O.W. Hyman, and 
M.V. Lebour. 

These early morphological descriptions were historically important, because they 
stimulated not only further research on larval crustaceans, but also on the plankton in gen-
eral. However, most of them have in the meantime lost much of their scientific value. This 
is not only because they often lacked sufficient detail (Rice 1979, Clark et al. 1998). More 
critically, the identity of described larvae remained in many cases uncertain, as their as-
signment to a particular species or genus was often based on mere intuition. As recog-
nized already by early naturalists such as, for instance, Slabber, Thompson, Couch, and 
Du Cane, the only solution of this problem is to obtain larvae from safely identified fe-
males and then to rear them under controlled conditions to metamorphosis. This aim, 
however, proved technically difficult and remained widely unsuccessful for more than one 
century and a half. 

Although numerous rearing attempts date back to the 19th century (for references see 
Ingle 1998), only a few researchers succeeded before the 1950s (namely Lebour 1927, 
Hart 1935, Templeman 1936). One of these, M.V. Lebour, was also one of the first au-
thors who began to surpass the purely descriptive approach. Besides morphology, she ad-
dressed questions of larval nutrition, ecology, as well as regional and seasonal distribution 
patterns in the plankton (Lebour 1922, 1947). Since only natural plankton organisms were 
at that time available as food, the early rearing experiments were hampered by variable, 
commonly irreproducible quality of the diet. Thus, significant progress in the laboratory 
cultivation of decapods had to wait until a new food source for pelagic larvae was discov-
ered. 

The most important break-through in the study of crustacean larvae became possible 
only when the nauplii of the brine shrimp, Artemia, were recognized as a suitable labora-
tory food source (Broad 1957a, b, Chamberlain 1957, Coffin 1958, Knudsen 1958, Forss 
& Coffin 1960). These are easily available, as they can be obtained after a short incuba-
tion of dry, durable cysts in seawater, they show a rather stable food quality, and are read-
ily accepted by most decapod larvae. With the successful introduction of reproducible 
rearing experiments, the era of mere “hunting and collecting” materials from the field had 
come to an end, at least in descriptive morphological research. Systematically reliable ma-
terials had now routinely become available for most decapod taxa, allowing for descrip-
tions of complete developmental sequences from hatching through metamorphosis. As a 
consequence, the number of papers on decapod larvae published each year increased dra-
matically since the 1950s, with a concomitantly increasing proportion of laboratory stud-
ies (see Fig. 1.2a). 

In some taxa, however, technical problems related to laboratory cultivation have per-
sisted, mostly because their larvae require either smaller or larger food than Artemia (e.g. 
in pea crabs and spiny lobsters, respectively). As a consequence, these groups have in 
general been studied less extensively than others, still requiring extended tests of different 
rearing methods. The cultivation of palinurid lobsters, for instance, became only recently 
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successful enough to allow for a similar progress as in the study of most other decapod 
taxa (for review, see Kittaka 1994, 1997). 

1.2.2 Half a century of diversification in research 
The powerful tool of reproducible laboratory cultivation caused not only a steep increase 
in both the quantity and quality of morphological descriptions, but it allowed also for ter-
minating the long-lasting monopoly of the morphological line of research. While papers 
not dealing with morphology were rare until the 1950s, their proportion increased dra-
matically thereafter. All major biological disciplines have meanwhile discovered the lar-
vae of decapods as an interesting subject, using them often as a model for larval crusta-
ceans, arthropods, or invertebrates in more general terms. Half a century later, studies of 
ecological, physiological, behavioral, and related aspects are now increasingly outnumber-
ing the morphological investigations (see Fig. 1.2b). 

This recent diversification in the lines of research on decapod crustacean larvae may be 
exemplified with the “crab lab” of the Duke University Marine Laboratory in Beaufort, 
USA. In this institute, J.D. Costlow and C.G. Bookhout were among the first who system-
atically tested new laboratory rearing techniques and routinely used Artemia nauplii as a 
sole or additional food source for decapod larvae. In 1959, they published the first com-
plete morphological description of the larval stages of the blue crab, Callinectes sapidus 
(Costlow & Bookhout 1959), a commercially exploited species, which has meanwhile be-
come one of the best studied crustaceans worldwide. This successful study stimulated 
numerous further investigations on the larval development of decapods, not only at the 
“crab lab” but also in several other working groups. 

Although most studies through the 1960s and 70s continued to deal with morphology, 
other aspects of larval biology were now increasingly addressed too. For instance, single 
or combined effects of ecological key factors such as temperature and salinity, the endo-
crine regulation of chromatophore activity, regeneration, and the molting cycle were for 
the first time studied in decapod larvae (Costlow et. al. 1960, Costlow 1961, 1963a, b, c, 
Costlow & Sandeen 1961, Pautsch 1961, 1965, Hubschman 1963), and a first brief review 
of the ecology of larval decapods was published (Costlow & Bookhout 1964). More de-
tailed studies of larval physiology and biochemistry followed soon (Costlow & Sastry 
1966, Vernberg & Costlow 1966), and the growing awareness of environmental pollution 
was increasingly mirrored, especially in the early 1970s, in toxicological studies with de-
capod larvae as test organisms (Epifanio 1971, 1972, Bookhout et al. 1972, DeCoursey & 
Vernberg 1972, Vernberg & Vernberg 1974). 

As a secondary effect of this upswing in laboratory studies, also field investigations of 
larval development in their natural environment received a significant impetus. This was a 
consequence not only of the stimulation that is usually exerted by novel insights and new 
questions, but also of a steeply increasing availability of reliable morphological descrip-
tions, which allowed for a safer identification of larvae in plankton catches. Beginning in 
the 1970s, a rapidly increasing number of field studies addressed seasonal, annual and re-
gional variations in larval abundance, horizontal transport and vertical migrations, behav-
ioral and distributional patterns, settlement and recruitment intensities, and other ecologi-
cal aspects (Sandifer 1973, Epifanio & Dittel 1982, Epifanio et al. 1984). At the beginning 
of the 21st century, these issues are now among the most extensively studied aspects of 
larval biology. 
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Figure 1.2. [a] Total number of larval crab papers published during each 5-year period between 
1750 and 1989. The blacked-in areas represent papers based on laboratory rearing. [b] Yearly 
production of larval crab papers between 1950 and 1989 according to the broad area of their main 
subject (from Rice 1993). 

In a positive feedback, the interpretation of new field data required and thus stimulated 
new laboratory studies of larval behavior. In numerous experimental investigations, novel 
techniques such as infrared video cameras and continuous computer recording were used 
to analyse patterns of larval swimming and vertical migration unter controlled conditions 
of temperature, salinity, light, pressure etc. (Sulkin 1973, Forward 1974, Forward & Cost-
low 1974). Several key mechanisms in the control of larval migration behavior were iden-
tified, modelled, and eventually applied to predict patterns of larval distribution and re-
cruitment in the field (Sulkin 1984, 1990, Forward 1989a, b). By the end of the 1980s, the 
pelagic larvae of benthic marine invertebrates were no longer a “neglected link” (Costlow 
& Bookhout 1970) between the communities of the benthos and the plankton. 

Since Lindeman’s classical paper (Lindeman 1942), the bioenergetic point of view had 
increasingly invaded the concepts of ecology. However, it took more than two decades 
until the first quantitative investigations of feeding and growth in decapod larvae appeared 
(Reeve 1969). The first complete energy budget of a larval crustacean was published by 
Mootz & Epifanio (1974). This was in the 1980s followed by a number of increasingly de-
tailed and comprehensive laboratory studies of larval bioenergetics in relation to individ-
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ual molting cycles (for review see Anger 1991, 1998). Data of energy partitioning under 
controlled conditions have become relevant not only in basic scientific disciplines such as 
comparative larval physiology and ecology, but also in applied investigations in the con-
text of aquaculture and fisheries (Kurmaly et al. 1989a). Recently, J.A. Lindley presented 
in his field-ecological studies the first attempts to quantify the role of decapod larvae in 
the productivity of marine planktonic communities (Lindley 1988, Lindley et al. 1994). 
These estimates are largely based upon laboratory data of larval biomass in combination 
with both laboratory and field-based data of larval migration and distribution. 

1.2.3 Where are we now? 
Thanks to improved techniques of rearing and experiments, the pelagic larval stages of 

the decapod crustaceans are now available for almost any kind of investigation which has 
already been carried out with juvenile or adult life-history stages. Both a steady increase 
in the number and an improvement of the quality of available morphological descriptions 
facilitate the taxonomical identification of larvae in plankton samples, and thus, allow for 
more comprehensive investigations of larval ecology in the field. Moreover, larval mor-
phology is increasingly included in phylogenetic considerations of modern taxonomy (see 
e.g. Pohle & Marques 2000, and earlier papers cited therein). The development of ad-
vanced microtechniques has also greatly enhanced our possibilities of measuring physio-
logical and biochemical parameters in extremely small samples, using for instance ele-
mental (CHN) analysers, gas chromatography (GC) and high-performance liquid 
chromatography (HPLC) for measurements of chemical composition; selected compounds 
can be identified and localized applying radioimmunoassays (RIA), immunocytochemical, 
or radiotracer methods; micro-respirometers and nano-osmometers have become available 
for measurements of larval oxygen consumption and hemolymph osmolality, respectively; 
computerized video techniques allow for continuous recordings of larval swimming be-
havior in the water column. 

However, in spite of this considerable increase in the precision of techniques and, con-
sequently, an enormous extension of the research on decapod crustacean larvae, the over-
whelming majority of recent publications is still dealing with morphological and ecologi-
cal themes in approximately equal proportions. Studies of larval physiology, biochemi-
stry, endocrinology, ultrastructure, and some other subjects have remained relatively 
insignificant, and thus, appear in Rice’s recent statistics of larval crab papers collectively 
as a minor category, summarized as “other” (Fig. 1.2b). 

Naturally, larval morphology and ecology will also be considered in this book, but per-
haps slightly less than should be expected from their predominance in the literature and in 
most existing review articles and books. Attempting to aid readjusting this bias, I will em-
phasize here some lesser known subjects such as larval anatomy, patterns of molting, 
growth, and metabolism, or physiological and developmental adaptations to specific envi-
ronments. As another prime goal of this book, I will try to show interrelationships be-
tween findings from different disciplines. While I surely acknowledge the necessity of an 
increasing specialization, showing here numerous examples of those invaluable contribu-
tions of specialists from various fields, I will generally advocate a multidisciplinary ap-
proach. In summary, when I describe here aspects of the biology of decapod crustacean 
larvae, I will primarily attempt to open a bit wider the black box labelled in Rice’s statis-
tics as “other”. 
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1.3 Laboratory and field studies: some methodological aspects and constraints 

In spite of significant progress in the development of techniques for both laboratory rear-
ing and field investigations, we must remain aware of specific methodological difficulties 
and constraints existing in both approaches. Experimental investigators are, in principle, 
restricted to studies conducted under more or less artificial conditions. For instance, natu-
rally variable factors must be maintained unnaturally constant in order to recognize effects 
of one or a few isolated factors that are manipulated during an experiment. In the labora-
tory, decapod larvae are normally fed with brine shrimp nauplii, rotifers, cultivated phyto-
plankton, or other food sources which they never would encounter in nature. Moreover, 
the densities of both the reared larvae and their food organisms are in general unnaturally 
high. Hence, the applicability of experimental results to the natural environments is diffi-
cult to test and may thus remain doubtful, in particular for field ecologists (for recent dis-
cussion, see Suthers 2000, Elliott & Leggett 2000). 

Field ecologists, on the other hand, know only incompletely the temporal and spacial 
variations in the environmental conditions prevailing during a restricted period of study. 
In particular, the preceding history of development and growth is normally unknown in 
plankton organisms (for instance the previous feeding conditions), and even if it were 
known, each particular study would remain unique, i.e. basically irreproducible. In the 
case of larval crustaceans, frequently even the taxonomical identity of studied materials 
cannot always be ascertained. This is often caused by lacking availability, insufficient 
quality, or poor practical serviceability of morphological descriptions. In addition, specific 
differences are frequently restricted to small morphological details such as the setation of 
mouthparts. A safe identification would thus require destructive techniques such as dissec-
tion and microscopical examination of appendages, precluding most physiological and 
biochemical measurements. In summary, generalizations of data and conclusions from ei-
ther single laboratory or field studies remain doubtful. An interdisciplinary approach, i.e. a 
combination or critical comparison of results from both sides should thus be particularly 
fruitful in future research. 

This book is primarily based upon experimental laboratory investigations, which re-
flects not only my own and my students’ line of research, but also the present limitations 
in the state of the art. The overwhelming majority of investigations on ecophysiological, 
but also on most other aspects of larval life in decapod crustaceans has been conducted in 
the laboratory, while comparative data from the field have become available only more 
recently (e.g. Lindley 1988, 1998, Lindley et al. 1994, Harms et al. 1994, Harding & Fra-
ser 1999). 

1.4 Principal processes in the postembryonic ontogeny of the Decapoda: development, 
molting cycle, and growth 

Before we review, in successive chapters, all major aspects of the larval biology of deca-
pod crustaceans, we should briefly consider a few general traits and processes of their 
postembryonic ontogeny, clarify some of the most frequently used concepts, and outline 
implications for the structure of this book. 

Larvae of decapods and other benthic invertebrates change during their development in 
all principal characters, for instance in body size, morphology, anatomy, behavior, nutri-
tion, ecology, physiology, and biochemical composition. Within this array of ontogenetic 
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changes, it appears useful to differentiate the following levels: (1) The term development 
will be used here to denote qualitative changes (e.g. in morphology or anatomy); (2) the 
growth concept shall primarily refer to quantitative changes (e.g. in body size or weight), 
although this is associated also with qualitative changes, namely in the chemical composi-
tion of living matter. In crustaceans, these major ontogenetic processes are linked through 
another phenomenon, (3) the molting cycle. In this book, I attempt to collate these differ-
ent aspects of larval biology and to show interrelationships between intrinsic processes 
(organogenesis, molting cycle) and effects of extrinsic factors such as food, temperature, 
or salinity. 

As in all arthropods, development and growth appear in decapod larvae as disconti-
nuous processes. Changes in morphology and size become visible only in successive 
stages, and these are clearly separated by events of molting. These discontinuous patterns 
are enforced by the rigid arthropod exoskeleton, the size and shape of which remain prac-
tically constant between two molts. The old cuticle must be shed as an exuvia to allow for 
a brief soft-skinned period, during which morphological progress and increases in size 
seem to take place exclusively. However, this impression of discontinuity changes, when 
we examine anatomical details more closely and more frequently, and when we measure 
growth in terms of weight rather than size. An increased temporal resolution shows then 
that each larval stage is a period rather than a point in development and growth, and the 
formation of new morphological structures and organs as well as the accumulation of liv-
ing matter occur continually during each molting cycle rather than stepwise. 

Within the category of developmental changes, it is practical to distinguish between the 
levels of external and internal morphology. In the literature, the terms morphology and 
anatomy are often used as synonyms, so that both may refer to either external or internal 
structures (see for instance the preface to the treatise “Microscopical Anatomy of Inverte-
brates”; Harrison 1992). While I acknowledge that the more general term “morphology” 
(from Greek: form, shape) may refer to any structure (external or internal), I will use it 
here in its narrower sense, referring to external body structures; this is consistent with the 
predominant use in the literature. In contrast, the more specific term “anatomy” (from 
Greek: to cut open) will denote exclusively internal structures. This allows for using the 
conceptual combination “internal morphology” as a synonym of anatomy (see Harrison 
1992), but not “external anatomy” as a synonym of morphology. However, in order to 
avoid possible confusion, I will evade both of these combinations. External and internal 
developmental changes will be reviewed separately in this book, in chapters 2 and 3, re-
spectively. 

The molting cycle comprises recurrent changes in the structure of the integument and 
other principal organ systems, which are controlled by hormonal systems. It may thus be 
understood as a special case of organogenesis which could be included in chapter 3. Con-
sistent with this view, I describe the characteristic structural features of the integument 
and of the endocrine control system in the context with anatomy (chapter 3), where also 
the principal functions of other individual organ systems are reviewed. On the other hand, 
the molting cycle is very complex, bridging morphology with anatomy and development 
with growth, and it is one of the fundamental biological processes in the Arthopoda. I thus 
treat it here in some detail separately from the other morphological and anatomical 
changes (chapter 4). In summary, chapters 2-4 cover most of the qualitative, i.e. develop-
mental aspects of the postembryonic ontogeny of the Decapoda. 
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In the subsequent chapters (5-9), the quantitative changes of body size and biomass, i.e. 
ultimately growth, will be embedded within a bioenergetic context. Hence, the quality and 
quantity of larval feeding, i.e. the basis of all growth processes, will be reviewed first 
(chapter 5), before we turn to patterns of growth (6), chemical composition (7), and me-
tabolism (8). Reviewing ontogenetic and environmentally induced changes in the overall 
partitioning of biochemical energy that is taken from food and channelled into growth and 
metabolism, I will eventually assemble an exemplary energy budget (9). Larval responses 
and adaptations to their environment will be the subject of chapter 10, where I review 
general aspects of larval ecology and behavior in the context of previously shown devel-
opmental traits and changes. An overall summary of our present knowledge, major re-
maining gaps therein, and new developments in the scientific fields of larval biology will 
conclude this volume (chapter 11). 

The bibliography cited in this volume may appear extensive, but it actually represents 
only a minor part of the existing literature on the larval biology of the Decapoda. Where 
general statements are made, I refer - as far as possible - to books or reviews rather than 
original research articles. The latter are preferably cited as sources when examples of spe-
cific results or contentions are given. In general, preference is given to recent publications, 
where older papers are cited; some older reviews or key papers are included here as well 
to facilitate the ingress of “newcomers” to specific fields of research. 

In order to facilitate both the reading of the text and the finding of important concepts 
in the index, terms appear in the text highlighted in italics when they are introduced or de-
fined (unless they appear in the heading of a section); otherwise this style is restricted to 
(1) headings, (2) genus and species names, (3) book titles and journal names, (4) lesser 
known acronyms and symbols (e.g. PNR, PRS, ETSA; but not for commonly used abbre-
viations such as HPLC, DNA, ATP, or chemical elements), (5) literal quotations, (6) 
terms adopted from other languages (e.g. vice versa, in vitro, medulla terminalis, anla-
gen). 

2 MORPHOLOGY 

The larval development of crustaceans is usually described as a sequence of morphologi-
cally distinct stages. Their external characters are meaningful not only for the description 
of the ontogeny of individual species, but may reflect also phylogenetical relationships be-
tween higher taxa (Williamson 1974, Rice 1980, 1983, Martin 1988, McWilliam 1995, 
Pohle & Marques 2000). Hence, larval forms have been included, since more than a cen-
tury, in general considerations of taxonomy (see e.g. Milne-Edwards 1834-1840, Müller 
1864). In his so-called “biogenetic law”, Ernst Haeckel (1866) speculated that larval traits 
should tend to recapulate phylogenetic changes in the adult body plan. However, it must 
be cautioned that “many larval features are secondary adaptations to larval life” and 
thus, one should rather say that “ontogeny creates and does not recapitulate phylogeny” 
(Hall & Wake 1999). 

Among the principal criteria for the classification of larval forms and developmental 
patterns, the functional morphology of feeding appendages is of utmost importance. Since 
several exhaustive reviews of these topics have recently been published by outstanding 
experts in larval morphology (Rice 1980, 1983, Williamson 1982, Gore 1985, Rabalais & 
Gore 1985, Felder et al. 1985, Martin 1988, Ingle 1992, Williamson & Rice 1996, Clark et 
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al. 1998), I will not document here the existing diversity in larval morphology of the De-
capoda, nor will I refer in detail to biophysical aspects of their functional morphology (for 
the latter, see the review by Strathmann 1987). 

In this chapter, I will thus only give a brief introduction to larval morphology, define 
some of the most broadly used morphological concepts, and categorize the principal larval 
types and developmental patterns in the Decapoda. For practical convenience, I will here 
widely follow the commonly accepted terminology given in the comprehensive treatise 
“The Biology of Crustacea” (Williamson 1982, Bowman & Abele 1982) and in textbooks 
(Kaestner 1980). It must be kept in mind, however, that the traditional classification does 
not always reflect phylogenetic relationships. In recent studies of “phylogenetic systemat-
ics”, the hierarchy of classes, orders, etc. has widely been abandoned, placing species and 
higher taxa in “monophyletic groups” (monophyla) which can be compared with closely 
related taxa of identical origin (“sister groups”) and with relatively unrelated “outgroups” 
(Griffith 1973, 1976, Ax 1987, Scholtz & Richter 1995). I will refer to those units of 
modern taxonomy where necessary, especially when larval morphology plays a role in the 
classification of decapod crustacean taxa. 

2.1  Basic concepts of morphological development 

The following concepts are particularly important and thus, should be defined here before 
we recur to the principal patterns of development: 

• Phase. This term denotes a sequence of morphologically equivalent developmental 
stages (for definition of “stages”, see below), e.g. all naupliar, zoeal, or juvenile stages 
combined (Williamson 1982). In the literature, this broad concept refers sometimes to 
other major sections of the life cycle, for instance embryogenesis or the entire course of 
larval development, regardless of the stages comprised in it (“embryonic phase”, “larval 
phase”). 

• Instar (or molting cycle, numerical stage). The terms instar and stage are in the lit-
erature often used as synonyms. In the terminology used in this book, “instar” has a 
broader meaning than “stage”: I use “instar” here as a “molting cycle” or “numerical 
stage” (Gore 1985). Hence, this concept is neutral in relation to developmental categories, 
i.e. the appearance of a new instar may or may not be associated with morphological 
changes. For instance, two successive juvenile instars differ in size but not normally in 
morphology; thus, they are not referred to as different stages, because these should imply 
characteristic morphological changes. As another synonym of instar, sometimes intermolt 
can be found in the literature (Williamson 1982). This term, however, should better be 
avoided in the context of external morphology, because it can be confounded with a par-
ticular, anatomically defined molt-stage within an instar, namely molt-stage C in Drach’s 
classification system (see chapter 4). Successive instars within a given phase are denoted 
with Roman numerals (e.g. zoea I, zoea II; crab I, crab II; etc.). In larvae, different instars 
represent normally also different stages. 

• Stage (or morphological stage). Morphologically distinguishable instars are, in gen-
eral, considered and named as different developmental “stages”. Roman numerals are 
added to denote successive stages within a given phase, e.g. zoea I, zoea II, or nauplius I, 
nauplius II, etc. (Williamson 1982). 

While this terminology seems to be clearly defined, in practice it is difficult to find a 
universally acceptable “stage” concept. Developmental variability, which is particularly 
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widespread in penaeid and caridean shrimps, complicates its use or may render it mean-
ingless. Molting is sometimes accompanied by little or no morphological change, so that a 
larva “…may then be said to repeat a stage (or morphological stage)” (Williamson 
1982). In this case, the “morphological stage” is no longer identical with the “numerical 
stage” (the instar). It thus becomes an artificial category, describing a certain level of 
morphological development regardless of the number of preceding molts and develop-
mental pathways leading to it. 

For larvae which are on a similar developmental level (i.e. belonging to the same 
“morphological stage”, yet morphologically not identical, and independent of their instar 
number), Williamson proposed the term “substages”. These are denoted with small letters 
added to the Roman numerals of the “morphological stage” (e.g. zoea Va, zoea Vb, etc.). 
However, this terminology leads to ambiguity. A particular “morphological stage”, for ex-
ample a “zoea V”, may sometimes already be reached in an earlier or later instar, varying 
among conspecific hatches, populations, or different rearing conditions. The assignment 
of a “stage” number (the Roman numeral) is then largely arbitrary, depending on intuition 
and the materials studied. Moreover, the morphological differences between “substages” 
may be considered negligible by one author but significant by others. In consequence, the 
same larva may be referred to as a zoea IVa in one paper, but as a zoea Vc, VI or VII in 
others. As an additional complication, the term “substage” has in the literature been used 
also with other meanings. In the treatise “The biology of the Penaeidae” (Dall et al. 
1990), for example, it is a synonym of our “stage” concept, while Dall’s “stage” corre-
sponds with our term “phase”. Hence, I suggest to redefine or abandon the term “sub-
stage”. 

In laboratory studies, the number of molts passed within a given developmental phase 
(i.e. the instar number) can usually be determined precisely. I thus propose that, whenever 
possible, the instar should be given as a part of the name of a larval stage, regardless of 
the presence or absence of preceding morphological changes. In the example discussed 
above, I would therefore prefer to say that a developmentally retarded larva, which is in 
instar VII but corresponds with an arbitrarily defined “morphological stage zoea V”, 
should be called a zoea VII rather than zoea Va. In such a case, however, the information 
should be added that the zoeal instars V, VI and VII were found to be morphologically 
similar or largely identical. 

In material collected from the field, the number of preceding molts is unknown, unless 
a taxon shows a relatively short and constant developmental sequence (e.g. most brachy-
urans). Larvae of species that are known or suspected to show a significant developmental 
variability (e.g. most shrimps and prawns) can only be classified properly when a com-
parison with laboratory descriptions is possible. Yet, their “natural” sequence of develop-
ment remains uncertain, because the occurrence of unknown additional stages or devel-
opmental pathways in the field cannot be excluded. In shrimp larvae isolated from the 
plankton, we can thus only describe the level of morphological development, and then es-
timate from it the approximate number of preceding molts (in our example above, we 
could say: about four to six). In field studies, Williamson’s “morphological stage” concept 
has thus a great practical value as a classification unit within an artificial scale of devel-
opmental progress. 

• Form: Variability in the developmental pathway is, as we have seen, caused by 
molts that are associated with a variable degree of morphological change. In consequence, 
morphologically different larvae may occur after a fixed number of molts, or practically 
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identical larvae may be produced after different numbers of molts. Both is common in 
shrimps, but occurs also in most other decapod groups, although less frequently. An 
analysis of developental pathways is, on principle, possible only in the laboratory, most 
precisely in individual rearing experiments. 

I propose to name morphologically distinguishable larvae being in the same instar as 
“forms” (comparable with molecular isoforms in chemistry). “Morphs” could be another 
appropriate term, but this may be in conflict with the genetical term, suggesting geneti-
cally distinct subpopulations. Different forms within a given instar can be denominated 
with small letters added to the Roman numerals, which identify the instar (e.g. zoea IVa, 
zoea IVb). As it is relatively easy to characterize the morphologically most advanced form 
occurring within a given instar, it should be convenient to assign the letter “a” to this form 
and the following letters to successively retarded larvae (Criales & Anger 1986). 

Compared with Williamson’s “substages”, this term has the disadvantage that it does 
not offer an absolute (although arbitrary) scale for the level of morphological develop-
ment. In consequence, an advanced form within a given instar (e.g. the form “zoea Va”) 
can be morphologically identical with a retarded form of a later instar (e.g. “zoea VIb” or 
“VIIc”). The developmental stage of a larva is compared within a relative scale, which 
must be experimentally determined for each instar. This has the advantage that the relation 
between the morphological “form” and the instar number allows for assessing the viability 
of different hatches or comparing the quality of different environmental conditions. While 
viable larvae developing under optimal conditions should develop through the shortest 
possible sequence of stages (normally showing “form a” in each instar), weak or stressed 
larvae should pass through a higher number of instars and show morphologically retarded 
forms. I will recur to this at the end of this chapter (section 2.5). 

• Molt-stage. The term “stage” has often been used also to classify integumental 
changes taking place within a molting cycle (Drach 1939). One should thus consistently 
add explaining attributes such as “larval stage” or “stage of the molting cycle” in order to 
avoid ambiguity. Trying to evade complicated phrasing, I will use the term “molt-stage” 
to denote developmental steps within the molting cycle (chapter 4). 

• Metamorphosis: Sudden and dramatic changes in the morphology of two subsequent 
stages, usually accompanied by changes in behavior, feeding, ecology and physiology, are 
typical of transitions between different phases of development. As in insects, such major 
transitions within a life cycle may be termed “metamorphosis” (Snodgrass 1956, Passano 
1961, Costlow 1968). Unlike some authors who apply this term more widely (Anderson 
1973, Williamson 1982), I will not consider gradual morphological changes as a metamor-
phosis (see below, section on the Caridea type of larval development). On the other hand, 
I am not entirely excluding it from the Crustacea like Kaestner (1980), nor will I restrict 
its use to the transition from the last larval to the first juvenile stage. Hence, I apply it to 
all dramatic transitions within larval development, for instance that from a nauplius to a 
zoea, from a zoea to a decapodid, or from a decapodid to the first juvenile. This implies 
that one species can pass during its development through more than one metamorphosis. 

2.2 Principal types of larvae 

In spite of a great variety of larval forms and names, we may distinguish at most three 
principal types, after which we can term the phases of larval development in the extant 
Decapoda: nauplius, zoea and decapodid. They are defined primarily by criteria of func-
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tional morphology, namely by presence or absence of locomotory appendages (William-
son 1982). In the earliest stages, swimming appendages appear only in the anterior parts 
of the larval body. In later stages they become functional in successively posterior re-
gions, while the anterior appendages assume new functions, normally as mouthparts. In 
each phase occur different larval stages, some of which are restricted to certain taxa. The 
principle types of decapod larvae are briefly explained in this section. 

When referring to the tagmata of the body plan, the current terms used in the crusta-
cean literature distinguish usually between a cephalic, thoracic, and abdominal region. In 
the Malacostraca, the term “abdomen” has generally been abandoned and replaced by 
pleon, because it is not considered as homologous with the abdomen of the other Crusta-
cea (Kaestner 1980). In the following sections, the body divisions within each region 
(head, thorax, pleon) are referred to as somites, whereas the divisions of appendages are 
termed segments. 

2.2.1 Nauplius 
The nauplius (Fig. 2.1) is generally considered as the most ancestral type of larva in the 
Crustacea (e.g. Cisne 1982; for recent review of phylogenetic implications, see Dahms 
2000; however, see also controversial discussion by Scholtz 2000). Fossil evidence from 
the famous Orsten marl deposits in Sweden (see Müller 1983) shows that it existed al-
ready in the Upper Cambrian (see Walossek 1999 and earlier papers cited therein). 
Among the extant Decapoda, the nauplius occurs as a free-living (planktonic) larval form 
only in the Dendrobranchiata, while all higher decapods (the Pleocyemata) pass through 
this phase during their embryonic development, encapsulated by the egg membrane. Its 
principal characteristic is an absence of thoracic somites, and hence, an exclusive locomo-
tion with the anterior cephalic appendages, namely with the antennules, antennae and 
mandibles (see Fig. 2.1, nauplius I). Also the posterior cephalic appendages (maxillulae, 
maxillae) are absent or rudimentary. In non-decapod crustaceans with a nauplius stage, the 
functional appendages are not only natatory, but fulfill also feeding functions; the man-
dibular protopod bears special setae for the transport of food particles to the mouth. In the 
Dendrobranchiata, however, the nauplius stages are nonfeeding larvae. As another mor-
phological character of the nauplius, this larval type bears exclusively a small median eye, 
the “nauplius eye” (see section 3.3). 
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Figure 2.1. First and last stage of the naupliar phase of a dendrobranchiate shrimp, Farfantepenaeus 
brasiliensis (= Penaeus duorarum). A1, A2, Md: antennule, antenna, mandible; Mx1, Mx2, Mxp1, 
Mxp2: non-functional buds of maxillule, maxilla, first and second maxillipeds; en, ex: endopod, 
exopod (from Dobkin 1961, with permission from NOAA, Seattle, USA; taxonomy after Pérez 
Farfante & Kensley 1997). 

 
 
Like a nauplius, the metanauplius has a median eye and natatory head appendages, but 

there are more than three somites, and rudimentary thoracic appendages may be present 
(see Fig. 2.1, nauplius V). Since the latter are non-functional, the metanauplius belongs to 
the naupliar phase of development. For convenience and in agreement with the current 
terminology, I will refer here collectively to all naupliar and metanaupliar stages as “nau-
plius”, denoting successive instars with Roman numerals (abbreviated as N I, N II, etc.). 
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Figure 2.2. First protozoea (PZ I) of a dendrobranchiate shrimp, Farfantepenaeus brasiliensis (= 
Penaeus duorarum). ) A1, A2, Md: antennule, antenna, mandible; Mx1, Mx2, Mxp1, Mxp2: first, 
second maxilla, first, second maxilliped; c: carapace; ce: compound eyes; dt: digestive tract; pl: 
pleon; th: thorax (from Dobkin 1961, with permission from NOAA, Seattle, USA; taxonomy after 
Pérez Farfante & Kensley 1997). 

 
 

2.2.2 Zoea 
This type of larva differs from a nauplius in the presence of functional thoracopods and 
usually in the presence of paired compound eyes (see Figs. 2.2 - 2.10); the latter may be 
rudimentary in early protozoea larvae of the Dendrobranchiata (Fig. 2.2). Except for pro-
tozoeal stages, the anterior cephalic appendages lose in the zoea phase their natatory func-
tion. The antennules and antennae assume functions associated with the mechanical and 
chemical perception of prey, and the mandibles are especially designed for biting food. 
The maxillules and maxillae become functional, also being involved in the feeding proc-
ess; the former bear particularly stout setae for grasping prey, as well as numerous sense 
organs (chemo- and mechanoreceptors) aiding the selection of food. In the thoracic ap-
pendages (at least two pairs of maxillipeds are functional in zoea larvae), the exopods ful-
fill in general natatory functions, while the endopods hold prey. Pleonal appendages are 
consistently absent or rudimentary, appearing only as non-functional buds. Several special 
forms and synonyms may be found in the literature, e.g. protozoea, metazoea, mysis, phyl-
losoma. 
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Figure 2.3. Protozoeal stages (PZ I-III) of a dendrobranchiate shrimp, Penaeus esculentus (from 
Fielder et al. 1975, with permission from CSIRO, Collingwood, Australia; taxonomy after Pérez 
Farfante & Kensley 1997). 

 
 

 
Depending on the subsequent larval stage to which a zoea develops at the next ecdysis, 

we may distinguish between anamorphic and metamorphic zoeae. The former type is de-
fined by molting to another, morphologically similar zoeal stage, whereas the latter (al-
ways the last zoeal stage within a developmental sequence) is ordained to undergo a 
metamorphic molt to a morphologically and behaviorally quite different decapodid stage 
(for definition see below, section 2.2.3). These two types of zoeae differ morphologically 
only in the state of development of their non-functional buds of pleonal appendages; ma-
jor differences, however, exist in their anatomy, molting cycle and physiological traits. 

• Prezoea: All Decapoda, except for the Dendrobranchiata, hatch from the egg as a 
zoea or as a prezoea. Although a prezoea has been observed in several decapod taxa (Gore 
1985, Konishi & Quintana 1987, Hong 1988a, Dupré & Guisado 1996). Williamson 
(1982) argues convincingly that it should better be considered as the last embryonic rather 
than the first larval stage. It has no functional appendages or other larval organs, does not 
eat, swims exclusively (if at all) by means of abrupt abdominal movements, and it lasts 
normally only a few minutes before it molts to a zoea or an equivalent. This molting pro-
cess is incomplete, resembling embryonic ecdyses taking place within the egg membrane 
(Helluy & Beltz 1990, 1991). In spite of not considering it a zoea, not even a larva, I men-
tion this developmental stage here, because it has often been described in the literature as 
a zoeal stage. 

• Protozoea (Figs 2.2, 2.3): In early penaeoid and sergestoid zoeae, all five pairs of 
head appendages are functional: antennules, antennae, mandibles, maxillules, maxillae. 
The antennules and the antennae maintain their ancestral natatory function as a remnant of 
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the naupliar phase, while the mandibles become feeding appendages. Compound eyes are 
developed but remain rudimentary in the first stage (Elofsson 1969). The functional mor-
phology of the protozoeal feeding appendages is, in general, designed for filter-feeding, 
although some larger prey can be captured as well by late protozoeal stages (Omori 1979, 
Emmerson 1980). In spite of showing several transitional characters between a nauplius 
and a zoea, the protozoeal stages are assigned to the zoeal phase, because they possess 
functional thoracopods, usually the first and second maxillipeds (Williamson 1982). These 
particular larval stages of the Dendrobranchiata are followed by typical zoeae, which are 
similar to those of the Caridea (mostly referred to as mysis stages; Fig. 2.4). These are 
primarily raptorial feeders, retaining only a limited capability for concentrating small food 
particulates (Strathmann 1987). 

• Metazoea: This larval form (occurring only in anomuran and some brachyuran 
crabs) is considered as a special (morphologically advanced) case of a zoea (Williamson 
1982). It is characterized by rudimentary appendages posterior to the maxillipeds or hav-
ing more than two pairs of functional thoracic exopods (Gurney 1942, Kaestner 1980).  

• Mysis: Gurney proposed this term for stages IV and subsequent of penaeoid and 
sergestoid shrimps (Gurney 1942; see Fig. 2.4). Later, it has been applied also to larvae of 
clawed lobsters and some other decapod taxa (Kaestner 1980, Factor 1995a; see Fig. 2.6). 
Morphologcally it belongs to the zoeal type of larvae (Williamson 1982). In the specific 
cases of dendrobranchiate shrimps and nephropid lobsters, we may use it in Gurney’s 
definition.  

2.2.3 Decapodid 
In order to replace Gurney’s unfortunate, inconsistently used term “postlarva” (Gurney 
1942), Kaestner (1980) proposed the general name “decapodid” (in the literature some-
times spelled “decapodit”) to denote the final larval phase preceding metamorphosis to the 
first juvenile instar. This concept has been used also in a review of “postlarval develop-
ment” in decapod crustaceans (Felder et al. 1985), although in an ambiguous manner. 
Gurney’s terminology implies a contrasting use of “larva” vs. “decapodid”, which has 
caused much confusion and largely unnecessary controversy. I thus advocate here gener-
ally the use of Kaestner’s decapodid concept and propose to restrict the use of “postlarva” 
to truely transitional forms, where a safe distinction between late larvae and early juve-
niles is impossible. 

The decapodid phase is characterized by the existence of functional pleonal swimming 
appendages, the pleopods, while all cephalic and the anterior thoracic appendages (the 
maxillipeds) assume new functions as mouthparts. The biramous pleopods are often pair-
wise coupled together by specialized hook structures on the endopods, the appendix in-
terna, so that they beat in a coordinated way during swimming. The posterior thoracopods 
(pereiopods or peraeopods) become walking legs, with or without persisting natatory 
exopods (Fig. 2.5). Their endopods show already the typical segmentation that is known 
from the adult decapod leg. Beginning proximally, their segments are termed: coxa, basis, 
ischium, merus, carpus, propodus, and dactylus. In caridean shrimps, the carpus is often 
subdivided in several or many smaller segments. Propodus and dactylus can form a chela, 
especially in the first pereiopod, which is then termed cheliped. In spite of its similarity 
with a juvenile, a decapodid can be identified by the presence of larval organs, which are 
absent in juveniles (e.g. the natatory pleopods in brachyurans and anomurans, natatory 
exopods on the pereiopods of shrimps). 
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Figure 2.4. Mysis stages (M I-III) and early “postlarva” (juvenile) of a dendrobranchiate shrimp, 
Farfantepenaeus brasiliensis (= Penaeus duorarum) (from Dobkin 1961, with permission from 
NOAA, Seattle, USA; taxonomy after Pérez Farfante & Kensley 1997). 

 
 
In the taxa Homoloidea (systematic position as ancestral brachyurans or outside the 

Brachyura under dispute) and Raninoidea as well as in all non-brachyuran Decapoda, 
somite 6 of the pleon fuses with the telson to form a pleotelson. The pleopods of the pleo-
telson are in these groups modified as uropods, forming a tail fan. In decapodids of carid-
ean shrimps, natatory thoracopodal exopods persist as zoeal features; often they disappear 
only gradually during the early juvenile phase. Thalassinid, anomuran and brachyuran de-
capodids have a juvenile-like appearance with well-developed walking legs and chelae. In 
the Anomura, the last pair of pereiopods is reduced and morphologically specialized for 
cleaning the branchial chamber and, in adults, the egg masses. 

• Megalopa (Figs 2.8-2.10): As an alternative to the term “decapodid”, Williamson 
proposed “megalopa” to replace Gurney’s “postlarva”, extending an originally brachy-
uran name to all other crustaceans (Williamson 1969, 1982). However, this has not gener-
ally been accepted by researchers working with non-brachyurans. In agreement with ma-
jor parts of the literature, I will thus use “megalopa” in a more restricted meaning, 
referring to the decapodid of brachyuran, thalassinid, or anomuran crabs. The equivalent 
stage in the Palinurida is termed puerulus or nisto (see section 2.3.4). 

• “Postlarva”: This concept is “illogical as a noun” (Williamson 1969, 1982), be-
cause it implies a non-larval nature but is applied to both larval and early juvenile stages. 
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Its use in the literature is thus highly ambiguous. In particular in papers dealing with ap-
plied aspects of the aquaculture and fisheries of shrimps, it remains often obscure whether 
the authors refer to late larvae, early juveniles, or transitional forms. In morphological de-
scriptions, the reader of a paper may be able to identify the particular meaning of “post-
larva”, while this is often impossible in studies of laval growth, nutrition, etc. Entirely in 
agreement with Kaestner’s (1980) and Williamson’s (1969, 1982) criticisms, I thus urge 
to avoid as much as possible this ambiguous term. 

As a possible exception, the original application of “postlarva” to the Euphausiacea 
and, among the Decapoda, to the Dendrobranchiata and Caridea may remain to some de-
gree justified, because these groups show a gradual transition between the late larval and 
the early juvenile phases. I thus propose to restrict the use of the term “postlarva”, for 
practical purposes, to these taxa and to this particular transitional phase, during which lar-
val organs disappear gradually while functional juvenile characters appear simultaneously 
over several molts. Strictly, however, such stages are still decapodids as long as they show 
functional larval organs such as natatory exopodids an the pereiopods. Hence, this transi-
tional phase should be considered as a part of larval development, although it shows also 
traits of the juvenile phase. 

2.3 Patterns of larval development in the major decapod taxa 

In the Decapoda, a few principal developmental patterns may be discerned, based on the 
type and number of larval stages and on the presence or absence of metamorphic transi-
tions. This rough classification is not necessarily congruent with units of phylogenetic 
systematics. Its major purpose is a simplification of the variety of developmental modes 
and sequences that are found among more than one hundred decapod families, attempting 
to facilitate comparative considerations in larval biology. 

2.3.1 Dendrobranchiata 
Among the Decapoda, the Penaeoidea and the Sergestoidea are considered as phyloge-
netically ancestral (plesiomorphic) groups; together, they constitute the taxon Dendro-
branchiata (Bowman & Abele 1982). Fossil dendrobranchiate decapods have been recog-
nized from several Mesozoic beds, but their origin is believed to date back in the 
Paleozoic, with major radiation occurring during the Mesozoic (Schram 1982, 1983). The 
Dendrobranchiata are the only decapods which develop through three larval phases, in-
cluding several free-living naupliar stages (Fig. 2.1). The uniqueness of this ancestral de-
velopmental type is one of the principal arguments for the monophyly and the isolated 
status of this taxon among the Decapoda. The remaining decapods form together, as a sis-
ter group, the Pleocyemata or “higher Decapoda” (Scholtz & Richter 1995). 

Among the Dendrobranchiata, the penaeid prawns are commercially fished and culti-
vated and, in consequence of their high economic importance, are quite well known also 
outside the scientific community. Comprehensive reviews of their taxonomy and life his-
tory were published recently (Burkenroad 1983, Dall et al. 1990, Pérez Farfante & 
Kensley 1997). The number of naupliar stages varies from five to eight (Omori 1974, Wil-
liamson 1982, Dall et al. 1990, Hashizume 1999). The zoeal phase includes three proto-
zoea and two to five mysis stages (Figs. 2.2 - 2.4). Ancestral characters can still be seen in 
the protozoea stages, where natatory antennae persist from the nauplius phase (Figs. 2.1, 
2.2). In the Sergestoidea, special names have been given for the protozoea and mysis 
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stages, respectively: elaphocaris and acanthosoma (Gurney 1942). During the subsequent 
decapodid or “postlarval” phase (in the Sergestoidea named mastigopus), juvenile charac-
ters are attained gradually over a variable number of molts. Thus, neither the transition be-
tween the naupliar and the zoeal phase nor that between late larval (decapodid) and early 
juvenile stages is truly metamorphic. The penaeid type of development is thus rather 
gradual or, in Kaestner’s terminology, “regular anamorphic” (Kaestner 1980). 

2.3.2 Stenopodidea and Caridea 
The Caridea and the Stenopodidea were originally placed (together with the Dendrobran-
chiata) in the suborder “Natantia”. In contrast to the Reptantia, however, this group is no 
longer considered as monophyletic and thus, is not a valid taxon (Burkenroad 1981, Fel-
genhauer & Abele 1983b, Abele 1991, Chace 1992). According to the fossil record, the 
caridean and stenopodidean shrimps are younger than the Dendrobranchiata, dating back 
to at least the Jurassic period (Glaessner 1969). Among the higher Decapoda (the Pleo-
cyemata), the Stenopodidea are suspected to be the sister group of the Reptantia (Scholtz 
& Richter 1995). Their oldest fossil record was recently found in layers from the Late 
Cretaceous of northern China (Schram et al. 2000). 

In the adult phase, the caridean and stenopodid shrimps differ from each other primar-
ily in their pereiopods, gills, and pleonal pleura (Kaestner 1980, Schram 1986). Most 
morphological traits of their larvae appear to be similar (see e.g. Gurney & Lebour 1941, 
Williamson 1960, 1976, 1982, Seridji 1990); however, relatively little is known about the 
development of the Stenopodidea. Thus, these two taxa are considered here together.  

Caridean and stenopodid larvae hatch as a shrimp-like zoea, normally with sessile 
compound eyes and natatory exopods on the thoracapodal appendages (Fig. 2.5). The sec-
ond stage has always stalked eyes. The number and morphology of the zoeal stages shows 
in general great inter- and intraspecifical variability. When the larvae develop functional 
natatory pleopods but still retain natatory thoracopodal exopods as larval characters, they 
comply with the definition of decapodids. According to the available description of labo-
ratory-reared larvae of a species from India, Microprosthema semilaeve, it appears that 
stenopodid shrimps do not generally pass through this developmental phase (Raje & 
Ranade 1975). Carideans, in contrast, may show several decapodid stages. 

The transition between the zoeal and the decapodid phase is gradual in most caridean 
larvae. Close microscopical examination of live shrimp larvae (e.g. Palaemonetes argen-
tinus; pers. obs.), showed that late zoeae have sometimes already sparsely setose and 
slowly moving pleopods, but these do not participate effectively in larval locomotion, be-
cause their setation, musculature and nervous coordination are not yet sufficiently devel-
oped. In such cases, it remains a subjective decision whether a researcher classifies a tran-
sitional larval form as a morphologically advanced zoea or a retarded decapodid. In 
addition to the pleopods, also the natatory exopods of the pereiopods and maxillipeds re-
main functional throughout the decapodid phase, representing a persisting zoeal character. 
They lose their functionality in the first juvenile stage, but rudiments of thoracic exopods 
may persist over several juvenile molt cycles, degenerating only gradually. Hence, both 
transitions between the zoeal and decapodid, and that between the decapodid and the ju-
venile phases are in the Caridea gradual rather than metamorphic (Fig. 2.5). 

As in the zoeal phase of the Caridea, the number of decapodid stages varies inter- and 
intraspecifically. In the brown shrimp, Crangon crangon, for instance, a late zoea (IV, V 
or VI) may molt directly to a juvenile (skipping the decapodid phase), or it may pass 



24 Klaus Anger 

through one ore a few decapodid stages (Criales 1985, Linck 1995; see section 2.5). In the 
hippolytid shrimp Nauticaris magellanica, five decapodid stages have recently been ob-
served, following a minimum of nine zoeal stages (Wehrtmann & Albornoz 1998). It ap-
pears to be a typical trait of the decapodids of caridean shrimps that their molts are often 
associated with little or no change in size, morphology, and biomass (Knowlton 1974, 
Criales & Anger 1986, Wehrtmann & Albornoz 1998, Agard 1999). 

Except for the progressing development of pleonal appendages, the decapodids of 
caridean and stenopodid shrimps remain morphologically similar to the preceding zoeae 
(Fig. 2.5), although their behavior changes. They become increasingly benthic as their 
pereiopod endopods develop to functional walking legs, and their swimming mechanism 
differs from that of the fully pelagic zoeae. Decapodids use predominantly pleonal ap-
pendages for propulsion (together with the thoracopodal exopods), whereas zoeae swim 
exclusively with the natatory exopods on the maxillipeds and pereiopods (Felder et al. 
1985). 

The two most typical traits of the Caridea type of development may thus be summa-
rized as follows: (1) morphological changes are gradual; (2) both the number of instars 
within a larval phase and the morphological characters of an instar vary intraspecifically. 
The body form of the larvae is similar to that of adult shrimps and hence, changes only 
slightly from hatching through larval and juvenile development (Fig. 2.5). No true meta-
morphoses can be observed between the different phases. Kaestner (1980) classified this 
hemimetabolic type of larval development anamorphic. As a consequence of great devel-
opmental variability, quite different larval forms may be found in identical instars of the 
same species; on the other hand, the same morphological stage may be reached in differ-
ent instars. As another typical trait resulting from this variability, caridean shrimps pass 
through an intraspecifically variable, in some cases extremely high total number of larval 
stages. In a tropical palaemonid shrimp, Macrobrachium rosenbergii, for instance, 11 
stages were distinguished in one study (Uno & Kwon 1969) but up to 17 in others (Díaz & 
Kasahara 1987, Agard 1999). 

2.3.3 Nephropoidea (Homarida) 
Bowman & Abele (1982) placed in their systematics of the Decapoda the clawed lobsters 
(Nephropoidea) and the two superfamilies of crayfish (Astacoidea, Parastacoidea) to-
gether in the infraorder Astacidea. The fossil record of this group comprises the period 
from the Late Permian-Recent, with several radiations during the Mesozoic (Schram 
1982, 1983). In a recent taxonomic revision, Scholtz & Richter (1995) separated these ap-
parently paraphyletic taxa. The new system is supported by developmental evidence: 
while the freshwater crayfish (now jointly referred to as taxon Astacida) have completely 
eliminated the pelagic larval phase, hatching from the egg as an adult-like benthic juvenile 
(Hobbs 1991, Huner 1990), the marine lobsters pass through three planktonic larval stages 
and a semibenthic “postlarva” (Phillips & Sastry 1980, Factor 1995a). 

 
 
 



The Biology of Decapod Crustacean Larvae  25 

 

 
Figure 2.5. Zoeal stages (I-VIII) and early decapodid (instar IX) of a caridean shrimp, Palaemon 
serratus (from Fincham 1983, with permission from The Natural History Museum, London, UK). 

 
 

Lobster larvae hatch from the egg as a large zoea (in the literature mostly referred to as 
a mysis), which has functional pereiopods with fully segmented endopods and natatory 
exopods (Fig. 2.6). Since a similar stage of development is normally reached only in later 
stages, this type of abbreviated larval development may be classified as “advanced” 
(Gore 1985). As another morphological trait that appears to be typical of this taxon, lob-
ster larvae show a crecent-shaped telson with a large median spine (Scholtz & Richter 
1995). The second stage shows pleopod buds. These become biramous and segmented but 
not yet functional in the mysis III; the uropods also appear in this stage. The swimming 
appendages of the pleon become functional in stage IV, which is thus no longer a zoea. 
Settlement also begins in this stage, but this behavioral change becomes more pronounced 
in the following instars, particularly in V (Templeman 1936, Ennis 1995, Lawton & 
Lavalli 1995). 
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Figure 2.6. Mysis (or zoea) stages I-III and “postlarva” of a clawed lobster, Homarus americanus; 
instar IV is morphologically a juvenile, but shows some transitional (i.e. decapodid) traits in behav-
ior and physiology (after Factor 1995a; original drawings by Hadley 1906). 

 
 

Ontogenetic changes in the functional morphology of swimming and feeding appenda-
ges of clawed lobsters were described in much detail in several original papers, review ar-
ticles, and books (Laverack et al. 1976, MacMillan et al. 1976, Neil et al. 1976, Factor 
1981b, 1989). However, there is still some terminological controversy about the nature of 
stage IV. This is in the literature usually referred to as a “postlarva” (Phillips & Sastry 
1980, Charmantier et al. 1991, Factor 1995a, Lawton & Lavalli 1995) or as a decapodid 
(Williamson 1982), i.e. basically as a larval stage. This interpretation is based on the pres-
ence of natatory pleopods and the persisting swimming behavior in stage IV. However, 
these arguments are not quite convincing, because active swimming has frequently been 
observed also in later instars of the lobster as well as in juvenile and even in adult decapod 
crustaceans that are considered as benthic species (Hartnoll 1971a). Based on this gradual 
behavioral change in juvenile Homarus spp., Hudon (1987) considers all instars from 
stage IV to those with about 25 mm carapace length (i.e. fairly large juveniles) as “post-
larvae”. On the other hand, all special larval organs such as the natatory thoracopodal 
exopods are lost in stage IV, and all morphological, anatomical, physiological and bio-
chemical traits studied so far are practically identical with those in later juvenile instars, 
although some characteristics (especially in physiology and behavior) appear to be transi-
tional. A clear metamorphosis occurs thus only between the postembryonic stages III and 
IV (see Charmantier & Aiken 1987, Charmantier et al. 1991, Ennis 1995). 
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In spite of this evidence for a non-larval nature of stage IV, the view of four larval 
stages has been maintained by most authors, including the recent treatise “The Biology of 
the Lobster Homarus americanus” (Factor 1995b). I disagree here, because I feel that 
swimming behavior should not suffice to define stage IV or later instars as truly transi-
tional, i.e. “postlarval” stages equivalent to those in euphausiids and shrimps. Since these 
instars lack special larval organs and the swimming mechanism is the same as in later ju-
veniles (using the pleopods for propulsion), I prefer to consider instar IV as the first juve-
nile, which implies that the larval development of the clawed lobsters typically comprises 
three advanced zoeal (or mysis) stages but no true decapodid or “postlarva” (Fig. 2.6). 

2.3.4 Palinura and Eryonoidea 
The taxon Palinura (in the classical taxonomy an infraorder; Bowman & Abele 1982) was 
recently renamed Achelata (Scholtz & Richter 1995). It comprises the Palinuridae (spiny 
lobsters or rock lobsters) and the Scyllaridae (slipper lobsters). These phylogenetically old 
reptantians (recorded from the Jurassic and Cretaceous, respectively; see Schram 1983, 
1986) show a quite different type of larval development compared with the clawed lob-
sters and all other Decapoda. They hatch as a characterstic zoeal form with a leaf-shaped 
carapace, called phyllosoma (Fig. 2.7). In the fossil record, this larval type has been well 
documented from the Jurassic Solnhofen Limestone of Germany (Fig. 2.8; Polz 1996). 

The zoeal phase of the Palinura comprises a variable number of phyllosoma stages (Ito 
& Lucas 1990, Booth & Phillips 1994, McWilliam et al. 1995, Mikami & Greenwood 
1997a), followed by one decapodid stage (Williamson 1982). In the spiny lobsters, the de-
capodid is called puerulus, while its equivalent in the slipper lobsters is usually termed 
nisto (Fig. 2.7). Since this type of development deviates from those in all other decapods, 
Williamson (1988) discussed the possibility of a convergent evolution of the Palinura and 
the rest of the Decapoda. Although this hypothesis has not been followed by other tax-
onomists, the aberrant phyllosoma larva supports the quite isolated phylogenetic position 
of the Palinura or Achelata among the Reptantia (i.e. among all Decapoda except the 
Dendrobranchiata, Caridea, and Stenopodida; Scholtz & Richter 1995). 

During the extended phyllosoma phase, which may take from three months to about 
two years, spiny lobster larvae pass through numerous molting cycles (for review see 
Booth & Phillips 1994). In Panulirus japonicus, for instance, up to 29 instars with 12 
morphologically distinct stages have been identified (Inoue 1978). The developmental 
progress in such a series of instars is anamorphic (Kaestner 1980). Phyllosoma larvae are, 
as most zoeal forms, raptorial feeders. In contrast to other zoeae, however, they are able to 
capture also large prey such as young fishes, which they can hold with their thoracic 
endopods (Lebour 1925; cf. section 5.2.2.7). 
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Figure 2.7. Early, intermediate, and late phyllosoma stages (I, V, VIII), and nisto (decapodid) of a 
scyllarid lobster, Scyllarus demani (from Ito & Lucas 1990; with permission from Brill, Leiden). 

 
 
The subsequent puerulus can still remain pelagic for up to another two months, before 

settlement and metamorphosis to a benthic juvenile takes place (Booth & Phillips 1994). 
In some species, the puerulus is a nonfeeding stage (Lemmens 1994). The extremely long 
pelagic development makes palinurid lobster larvae a good example of “teleplanic” or 
“long-distance larvae” (Scheltema 1971), which may be transported over wide oceanic 
distances (see chapter 10). 

In the classification system of Bowman & Abele (1982), also the Eryonoidea with their 
only family Polychelidae were included as a superfamily in the Palinura. Scholtz & Rich-
ter (1995), however, proposed that these deep sea decapods represent an ancestral sister 
group (renamed Polychelida) of all remaining Reptantia. This separation is supported by 
evidence from larval morphology: The polychelids do not have phyllosomas but develop 
through another characteristic type of larva, the eryoneicus. It shows a characteristically 
inflated carapace (Bernard 1953); morphologically it is a zoea (Williamson 1982). After a 
variable number of eryoneicus stages, the Eryonoidea or Polychelida pass through several 
decapodid stages to metamorphosis (Williamson 1982). 
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Figure 2.8. Fossil record of a palinuroid phyllosoma larva from the Jurassic Solnhofen Plattenkalks 
(Germany); right: reconstruction of thorax and carapace (from Polz 1996, with permission from 
Verlag Pfeil, München, Germany). 

 

2.3.5 Thalassinidea and Anomura 
The Talassinidea and Anomura have so much in common that taxonomists have repeat-
edly fused these two decapod groups. Since also major traits of their larval development 
are similar, I consider these independent taxa here jointly to simplify our classification of 
the principal developmental patterns. Although Scholtz & Richter (1995) redefined the 
Anomura as Anomala, I follow here McLaughlin & Holthuis (1985) who proposed to 
maintain the more commonly used term Anomura. The history of these taxa dates back 
from the Jurassic (Schram 1982, 1983). 

In both groups, hatching from the egg takes place in a shrimp-like zoea. These larvae 
pass normally through four or five stages (Fig. 2.9); as an exception, the Porcellanidae 
have consistently only two zoeal stages. In the late zoeal stages of the Anomura, the fifth 
pereiopods are slender and reduced in size, and they are inserted medially between the 
coxae of the third and fourth pereiopods; this character appears to be typical of this taxon 
and in contrast to all other reptant decapods, where the pereiopods are are arranged in a 
row, showing approximately equal size (for references, see Scholtz & Richter 1995). 
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Figure 2.9. Zoeal stages (I-IV) and megalopa of an anomuran crab (or squat lobster), Galathea in-
termedia (from Christiansen & Anger 1990, with permission from The Crustacea Society, Seminole, 
FL, USA). 
 

 
While anomuran and thalassinid zoeae are externally similar to caridean shrimp larvae, 

the total number and the morphology of the individual larval stages vary much less in the 
thalassinids and anomurans. Some intraspecific variability, however, was noted in a num-
ber of individual taxa (Gore 1979, 1985, Christiansen & Anger 1990, Strasser & Felder 
2000). Anomuran zoeae swim exclusively with natatory exopods of the maxillipeds. The 
thalassinids show a tendency toward an abbreviation of the zoeal phase, accompanied by 
an earlier appearance of advanced morphological characters. Their zoeae use a variable 
number of posterior thoracic (pereiopod) exopods and show early developed uropods. 

The decapodid (consistently one stage only) is in these groups usually named megalopa 
or glaucothoe. It is both behaviorally and morphologically similar to the benthic juvenile, 
with functional walking legs and chelae, lacking thoracopodal exopods, and with the max-
illipeds becoming mouthparts (Fig. 2.9). Its locomotory capabilities thus comprise both 
walking on the ground (with the pereiopods) and swimming in the water column (with the 
pleopods). The natatory pleopods identify the decapodid as a larva; this character is not 
present any longer after metamorphosis to the first juvenile stage. 

In summary, the anomuran type of larval development (including here that of the tha-
lassinids) is characterized by shrimp-like zoeae and a juvenile-like (benthic or semi-
benthic) decapodid. It shows little inter- and intraspecific variability in the morphology 
and number of stages, and it passes through two metamorphoses, one from the last zoeal 
stage to a morphologically different decapodid, and another from the decapodid to the first 
juvenile. The first metamorphosis is more pronounced than the second. 
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2.3.6 Brachyura 
The Brachyura appeared to the Jurassic, but with major radiation only since the Creta-
ceous (Schram 1982, 1983). These crabs show, in principle, a similar pattern of develop-
ment as the anomuran-type larvae (Fig. 2.10). This is particularly conspicuous in the two 
most ancestral groups, the Dromiacea and Archaeobrachyura, whose larvae are morpholo-
gically so similar to those of the Anomura and Thalassinidea, that their systematic posi-
tion has remained in question for a long time. 

Brachyuran larvae hatch as a zoea with natatory exopods exclusively on maxillipeds 1 
and 2. With the exception of the ancestral taxa (if these really belong to the Brachyura), 
maxilliped 3 and the pereiopods never become functional during the zoeal phase. In the 
Dromiacea and Archaeobrachyura, the zoeae have a shrimp-like (elongated) body form, 
similar to those of the anomurans and thalassinids. According to Scholtz & Richter 
(1995), this is the phylogenetically ancestral form, which has been “inherited from the 
last common ancestor” of the Brachyura and Anomura. As a quite unusual and, so far, lit-
tle accepted alternative hypothesis, Williamson (1998 and earlier papers cited therein) and 
Williamson & Rice (1996) suggest that the anomuran-like morphology of the dromiid lar-
vae is the result of hybridization (horizontal gene transfer) between anomuran and brachy-
uran species. In contrast to those presumably plesiomorphic larvae, the zoeae of the higher 
(or true?) Brachyura have a characteristic spherical carapace shape. In many eubrachyuran 
taxa, they show long dorsal, rostral, and/or lateral crapace spines. 

There is little intraspecific variability in the morphology and number of zoeal stages of 
the Brachyura, being conspicuous only in taxa which pass through a relatively high num-
ber of zoeal stages (Montú et al. 1990). The decapodid represents the typical megalopa, 
which is similar to the benthic juvenile crab. It has well-developed walking legs and che-
lae, but it can also swim with natatory pleopods (Fig. 2.10). These larval swimming ap-
pendages are reduced in the juveniles. As exceptions of these general developmental pat-
terns, no decapodid stage occurs in the Hymenosomatidae (Williamson 1982, Wear & 
Fielder 1985, Tirmizi & Kazmi 1987, Horn & Harms 1988, Salman & Ali 1996), or two 
were occasionally found in other brachyurans (Wear 1967, Montú et al. 1996). 
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Figure 2.10. Zoeal stages (I-V) and megalopa of a brachyuran crab, Uca thayeri (from Anger et al. 
1990a, with permission from Spektrum, Heidelberg, Germany). 
 

2.4 Abbreviated development 

For taxa which have, at least sometimes in their evolution, developed a pelagic mode of 
larval development, it is widely accepted that a complex life history with many larval 
stages represents a phylogenetically ancestral state, while an abbreviation of this phase is 
considered as a derived character (Makarov 1968a, b, Jägersten 1972, Strathmann 1978). 
Although this hypothesis has been challenged with alternative theories (Nielsen 1995), 
there are well-documented examples among the terrestrial and freshwater decapods, 
where abbreviated modes of development appeared only recently in evolution (see section 
10.4.2). 

Species with a reduced pelagic larval phase have been observed in most major taxa of 
the Crustacea. With the exception of the Dendrobranchiata, this occurs frequently also in 
the Decapoda, where several types of abbreviated development have been classified (Gore 
1985, Rabalais & Gore 1985). The most extreme form of abbreviation is a direct develop-
ment, where no free-swimming larvae exist, and hatching from the egg takes place in a 
benthic juvenile stage. While this developmental mode is normal in crayfish, crabs and 
many shrimps living in freshwater, it occurs only exceptionally in marine decapod taxa 
(for review, see Anger 1995a). Among the latter, the shrimp family Spongicolidae appears 
to have completely reduced the free-living larval phase, perhaps as an adaptation to a 
commensal life-style associated with deep-sea sponges (Saito & Konishi 1999). Also the 
Sclerocrangonidae, which live in high latitudes, show a direct type of development 
(Makarov 1968a, b). 
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Figure 2.11. Abbreviated larval development in a brachyuran crab, Sesarma curacaoense: zoeal 
stages I, II, megalopa, first juvenile crab. Note negligible growth from hatching through metamor-
phosis, presumably asssociated with facultatively lecithotrophy (from Anger et al. 1995; with per-
mission from Sociedade Brasileira de Carcinologia, São Paulo, Brazil). 

 
 
In species with an advanced development, the larval sequence has a “shorter duration 

than that normally occurring in a preponderance of related species in a taxon” (Gore 
1985). Hatching takes place in a morphologically advanced stage of development, in ex-
treme cases as a decapodid, or alternatively, unusually great steps of morphological de-
velopment may occur in later larval molts. As a general consequence, less larval stages are 
necessary to proceed to the juvenile phase. The duration of these instars is often shorter 
than in regular planktonic larvae, so that also the time of total larval development is short-
ened. As an example among the brachyuran crabs, Figure 2.11 shows the developmental 
sequence in a tropical grapsid species, Sesarma curacaoense, which passes through only 
two brief zoeal stages (ca. 1-3 days each) and a megalopa. By comparison, most other 
neotropical Sesarma species develop through three zoeal stages, and other grapsid crabs 
have at least four (lasting 2-5 days each). In S. curacaoense, the zoea I is morphologically 
only slightly advanced as compared with that of other grapsids, but the developmental 
step to the zoea II is unusually great (Fig. 2.11). 

A reduction or complete lack of the larval phase is particularly common among inhabi-
tants of freshwater, high latitudes, and deep sea environments (Thorson 1950, 1961, Ghis-
elin 1987, Komai & Mizushima 1993; for review see Sastry 1983a). This indicates that the 
mode of development is, within the limits of phylogenetic constraints (Strathmann 1977), 
subject to selection by environmental factors. An abbreviated or lacking larval develop-
ment has often been associated with an insufficient, unpredictable, or seasonally short 
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production of planktonic food. A key role of nutritional factors in the selection of devel-
opmental modes has been inferred primarily from another trait that is commonly associ-
ated with an abbreviated larval development: compared with species that pass through a 
regular pelagic development, those with an abbreviated mode show frequently an enlarged 
egg size. The hatching stage is thus unusually large, and is commonly also morphologi-
cally advanced. Since enhanced amounts of organic reserves may persist from the embryo 
through one or more larval stages, this allows for a partially or entirely lecithotrophic (i.e. 
food-independent; see chapter 5) mode of development. A few examples of hatching 
stages with enhanced initial energy reserves are shown in Figure 2.12. Further examples 
will be discussed in context with food uptake (section 5.1) and ecology (sections 10.2.1, 
10.4). 

In several palaemonid freshwater shrimp species living in the Amazon and adjacent 
river systems, the development from hatching to the first juvenile stage comprises only 
one or a few nonfeeding, benthic decapodid-like stages with functional pereiopods and 
segmented pleopods (e.g. Magalhães & Medeiros 1998 and several earlier studies cited 
therein; Melo & Brossi-Garcia 1999). Similar life histories have been described from nu-
merous other caridean shrimps living in freshwater streams and subterranean caves (e.g. 
Strenth 1991; see also recent papers by Villalobos & Álvarez 1999, Román et al. 2000; 
extensive reviews in Dobkin 1969, Pereira & García 1995). In Figure 2.12, the first 
postembryonic stage of Pseudopalaemon chryseus from the Amazon is shown as an ex-
ample (Magalhães 1987). Since the pereiopods have, in these species, commonly no 
exopods, even early larvae are morphologically closer to juveniles than to a regular carid-
ean decapodid. The most conspicuous difference from the adult-like juveniles is the initial 
lack of uropodes; these appear only in the third postembryonic stage. Compared with the 
degree of abbreviation in Sesarma curacaoense (Fig. 2.11), the development in these 
shrimp species is much more advanced, coming close to a direct mode of development. 
Among the brachyuran crabs, an abbreviated development through two lecithotrophic 
zoeal stages and a feeding megalopa was described in a fiddler crab, Uca subcylindrica 
(Fig. 2.12; see Rabalais & Cameron 1983, 1985). 

This crab species releases its larvae in ephemeral rainfall puddles in semi-arid regions, 
where water persists only a short time and food is not normally available. The zoea I 
hatches in a morphologically advanced state, with developed pleopod buds corresponding 
to those of the zoea V stage in all other known Uca species (cf. U. thayeri, Fig. 2.10). 
Sesarma curacaoense (Fig. 2.11) shows a similar type of development as U. subcylin-
drica, although its larvae are only facultatively lecithotrophic, i.e. they eat food when it is 
available but are capable of endotrophic development when it is absent (see section 5.1). 
In those species, a partial or exclusive utilization of internal energy reserves is reflected 
by little or no larval body growth (cf. the carapace size of successive stages in Figs. 2.10, 
2.11). 

The king crab Lithodes maja, a subarctic deep-water species, may serve as an example 
from the marine anomurans. It produces extremely large larvae (Fig. 2.12), which develop 
through three zoeal stages and a megalopa to metamorphosis; all larval stages of this spe-
cies are lecithotrophic (Anger 1996b). By comparison, most other marine anomurans have 
at least four feeding zoeal stages. 
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Figure 2.12. Lecithotrophic first-stage zoeae of decapod species with an abbreviated type of larval 
development; examples of caridean shrimps (Pseudopalaemon chryseus, Sclerocrangon boreas), 
anomurans (Paralomis granulosa), brachyuran crabs (Uca subcyclindrica; cf. regular development 
in U. thayeri, Fig. 2.10); scale bars: 1 mm (from: Magalhães 1987, with permission from INPA, 
Manaus, Brazil; Makarov 1968a, with permission from Brill, Leiden; Rabalais & Cameron 1983, 
with permission from The Crustacea Society, Seminole, FL, USA; Campodónico & Guzmán 1981, 
with permission from Brill, Leiden). 

 
 

 
While the relationship between abbreviated development and food limitation appears 

plausible in most cases, others cannot be explained with limited or extremely seasonal 
food supply. At least one tropical marine spider crab, Mithrax spinosissimus, has a leci-
thotrophic development, without showing a recognizable selective advantage (Provenzano 
& Brownell 1977, Tunberg & Creswell 1988). Further exceptional cases of abbreviated or 
lecithotrophic larval development in tropical or moderate climates are known among the 
marine Brachyura (Hale 1925, 1931, Wear 1967), Anomura (Dechancé 1963, Provenzano 
1968, Gore 1979, G.J. Morgan 1987a), Thalassinidea (Nates et al. 1997, Thessalou-Legaki 
et al. 1999), and Caridea (Dobkin 1968). 

Lecithotrophy is frequently but not necessarily associated with an abbreviated mode of 
development. In several palaemonid shrimp species which live as adults in brackish or 
freshwater habitats, the larvae are rapidly exported to adjacent estuaries or coastal zones. 
In many of these species, only the zoea I is lecithotrophic, and this may be followed by 
numerous feeding stages (see section 10.3.1). 

2.5 Variability in morphological development 

The course of larval development in the Decapoda is, in general, considered as constant 
and species-specific in terms of the number and morphology of successive stages. How-
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ever, intraspecific variability in the morphology of individual stages and in developmental 
pathways has been observed in numerous decapod taxa, both in the laboratory and field 
(e.g. Ewald 1969, Haynes 1979a, b, Criales 1985, Fincham 1985 and earlier papers, 
Charmantier & Aiken 1987, Díaz & Bevilacqua 1987, Wehrtmann 1989, Christiansen & 
Anger 1990, Minagawa 1990a, Montú et al. 1990, 1996, Linck 1995, Pestana & Ostrensky 
1995, Mikami & Greenwood 1997a, Strasser & Felder 2000, Thatje & Bacardit 2000). 
This phenomenon appears frequently in taxa with a high number of larval instars (≥5) but 
less in those with a lower number of stages. Hence, variability of developmental pathways 
is common among the penaeid and caridean shrimps as well as in spiny lobsters, while it 
has never been observed in majid crabs, which almost invariably pass through two zoeal 
stages and a megalopa (only known exception: direct development in Paranaxia serpulif-
era; see Rathbun 1914, G.J. Morgan 1987b). In the terminology of the arachnological and 
insect literature, the majid pattern of development would be termed canalized (i.e. geneti-
cally fixed), while instable pathways are termed plastic (environmentally modified; Hig-
gins & Rankin 1996). Naturally, some interpopulational variability (presumably associ-
ated with differences in average climatic conditions) may generally occur in larval body 
size, spine length, and morphometric details, even in taxa with a strongly canalized devel-
opment such as the Majidae (Pohle 1991). 

In arthropod taxa with a variable type of development, the possible range of variability 
within a species or population is bounded by genetic factors. Within these genetically set 
constraints, environmental factors may induce development through different pathways 
(Higgins & Rankin 1996). More immediately, both the number of larval molts and the 
morphological change between subsequent stages are controlled by intrinsic factors, 
namely the titer of neurohormones produced in the eyestalk ganglia and, probably, by ju-
venile-hormone-like factors such as methyl farnesoate, MF, produced in the mandibular 
organs (Knowlton 1994, Charmantier & Charmantier-Daures 1998, Abdu et al. 1998a, b; 
see chapters 3 and 4). The activity of those hormonal factors, on the other hand, is influ-
enced by both intrinsic (genetically determined) developmental programmes and extrinsic 
(e.g. seasonal) parameters. 

While the early investigators tended to consider developmental variability in decapod 
larvae as a laboratory artifact, there is at present no more doubt that the pathway of larval 
development can vary intraspecifically. In taxa where the genetically confined range of 
plasticity is wide, for example in caridean shrimps, the environmentally induced diversity 
of trajectories should be even greater in the natural pelagic environment than in the labo-
ratory, where physical and nutritional conditions are kept more uniform (Knowlton 1965). 
This has been demonstrated also in krill and other euphausids (see e.g. Makarov 1974, Si-
las & Mathew 1977, Makarov & Maslennikov 1981), suggesting that developmental vari-
ability is a common trait in the ancestral taxa of the Eucarida. 

Variable trajectories have been observed not only among conspecific hatches from dif-
ferent females, but also among sibling larvae reared together under identical conditions, 
reflecting primarily genetic variability (e.g. Christiansen & Anger 1990, Montú et al. 
1990); as an additional, non-genetic cause of variability, maternal factors such as individ-
ual variability in egg size might play a role. In larval brown shrimp, Crangon crangon, for 
instance, intraspecific developmental variability has been documented starting from the 
second zoeal stage (Linck 1995). Three forms may be distinguished in the zoea II, differ-
ing slightly in total body size and, more conspicuously, in the development of the first 
pereiopod (P1; Fig. 2.13). In the morphologically most advanced larvae (form IIa), the P1 
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has a segmented endopod and an incipient terminal setation, while this ramus is unseg-
mented in the less advanced form IIb; in both forms, the exopod bears natatory setae. In 
the most retarded larvae (zoea IIc), both the endopod and the exopod are rudimentary, 
without segmentation and setae. 

The degree of morphological variability increases in the later larval stages. In the zoea 
VI of Crangon crangon, four forms were described, differing again in body size and in the 
development of the appendages (Fig. 2.14). In the retarded form zoea VId, the P1 is simi-
lar to that in the zoea IIIa, the zoea IVb, or the zoea Vc. In the first decapodid stage, at 
least two forms can be distinguished, differing primarily in the developmental state of the 
antennae, the maxillipedes, the pereiopods, and the pleopods. Depending on its develop-
mental state, this stage may molt to another decapodid instar or directly to the juvenile. As 
an additional pathway, a morphologically advanced zoeal stage (zoea IVa, Va or VIa) can 
skip the decapodid and develop directly to a benthic juvenile (Linck 1995). 

In addition to intraspecific genetic and maternally caused variability, plastic responses 
to various environmental factors have been demonstrated in many species of decapod lar-
vae (e.g. Knowlton 1974, Minagawa 1990a). In the larvae of both Crangon crangon and 
C. allmanni, for example, unfavourable rearing conditions such as unsuitable food supply, 
low salinities, or extreme temperatures tended to increase the number of stages, and 
hence, to decrease the rate of morphological development between successive molts (Cria-
les 1985, Criales & Anger 1986, Linck 1995). This indicates that a prolonged develop-
mental sequence with additional larval stages may occur also as an unspecific effect of 
stress. Hence, it is not surprising that an enhanced number of larval instars was observed 
in shrimp (Palaemonetes pugio) larvae reared under exposure to sublethal mercury con-
centrations; as an additional enhancement of morphological variability, the pollutant 
caused also deformities, in particular in telson morphology (Shealy & Sandifer 1975). 
Other toxic substances that are released into the aquatic environments should cause simi-
lar effects and thus, enhance the variability in developmental pathways of shrimps and 
other taxa with a plastic type of larval development. 

In Crangon crangon, the principal developmental pathways vary also with season and 
geographical origin. As a consequence of seasonally varying egg size, larvae hatching in 
late winter or early spring are typically larger and have a shorter developmental sequence 
than summer larvae (Linck 1995, Paschke 1998; see section 10.2.3 of this volume). While 
this kind of variability reflects the generally high degree of plasticity in C. crangon, geo-
graphic variation might indicate that there are also genetic differences between regionally 
separated populations. According to preliminary observations, larvae originating from the 
western Baltic Sea tend to develop, under identical conditions, faster than those from the 
North Sea (Linck 1995). In seawater, larvae from the Baltic Sea population reached the 
first juvenile instar usually after only 4 or 5 stages (including normally one decapodid), 
while North Sea larvae needed 5 or 6 instars. However, this possible difference is veiled 
by high intrapopulational variability, with numerous developmental pathways and up to 8 
larval stages in both populations (Criales 1985, Linck 1995). 
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Figure 2.13. Intra-stage morphological variability in early caridean shrimp larvae; example: pereio-
pod 1 (P1) in three forms (a, b, c) of the zoea II stage of Crangon crangon; in forms a and c also 
buds of P2-5 shown, similar in form b (from Linck 1995, with permission from the author). 
 
 

 
Plasticity in developmental pathways has been observed in virtually all higher decapod 

taxa, although not usually as pronounced as in the Caridea. Among the Brachyura, it is 
commonly found in portunid and grapsid crabs, especially in species that have relatively 
many zoeal instars (Montú et al. 1990). However, plasticity is not necessarily associated 
with a variable number of instars in a given developmental phase. In less conspicuous 
cases, it may be restricted to variability in morphological details or proportions of particu-
lar larval stages. On this level, at least some degree of variability may occur universally, 
even in taxa which show a constant number of larval instars. However, only few data on 
morphological plasticity are available for decapods other than shrimps and prawns. 
Among the exceptions, climatically induced regional variability in body size and spine 
length was observed in Dungeness crab (Cancer magister) zoeae from Alaskan and Cali-
fornian waters (Shirley et al. 1987). In laboratory experiments where ovigerous females 
were held at various temperature conditions (1-15°C), significant effects were observed in 
posthatching size and morphometric traits, with larger larvae produced at lower tempera-
tures. 
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Figure 2.14. Intra-stage morphological variability in late caridean shrimp larvae; example: larval 
body size and pereiopod 1 in four larval forms (a-d) of the zoea VI stage of Crangon crangon (from 
Linck 1995, with permission from the author). 

 

 
As another example of morphological plasticity in brachyuran crab larvae, we observed 

environmentally induced variability in the zoeae of Eriocheir sinensis, the Chinese mitten 
crab (Furigo & Anger, unpubl. data). After hatching (at 20 ‰), the larvae were reared at 
salinities of 15, 25, and 32 ‰, and growth in successive zoeal stages was measured as in-
crease in total length (TL; defined as the distance from the tip of the rostral spine to the tip 
of the dorsal spine) and carapace length (CL). Interestingly, TL was observed to grow 
generally faster than CL, and this allometry was consistently stronger at reduced salinities. 
In consequence, the TL/CL ratio increased not only ontogenetically, but also with decreas-
ing salinity (Fig. 2.15). Since this quotient is an indicator of spine length in relation to ac-
tual larval body size, these patterns may be interpreted as a morphological response to a 
decreasing boyancy both in lower salinities and in successively heavier larval stages. Pro-
portinally longer carapace spines may thus help the larvae to maintain their vertical posi-
tion in the water column, reducing their energetic costs for swimming against negative 
boyancy. 

The developmental plasticity of Eriocheir sinensis larvae is not restricted to presum-
able morphometric responses to changes in boyancy. Under unfavourable combinations of 
low temperatures with low salinities, an additional zoeal stage (VI) and occasionally an 
additional megalopa was observed (Anger 1991b, Montú et al. 1996). The same phe-
nomenon has been documented also in other grapsid crab species, including Chasmag-
nathus granulata (Pestana & Ostrensky 1995, Giménez 2000), Armases (= Metasesarma) 
rubripes, and several others (see Montú et al. 1990). Since plasticity in larval morphology 
and developmental pathways is closely linked with morphogenesis, the molting cycle, and 
growth, we will revisit this phenomenon of larval biology in the following sections. 
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Figure 2.15. Morphometric relation (quotient, mean ±SD) between carapace length (CL) and total 
length (TL) from the tip of the rostral spine to the tip of the dorsal spine in the zoeal stages (ZI-V) of 
the Chinese mitten crab, Eriocheir sinensis, reared at different salinities (15, 25, 32 ‰; incubation 
of embryos and hatching at 20‰ (after Furigo & Anger, unpubl. data). 
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3 ANATOMY AND ORGANOGENESIS 

Anatomical structures of adult decapod crustaceans are well documented in several text-
books and review articles (see Johnson 1980, Kaestner 1980, McLaughlin 1983, Bell & 
Lightner 1988, Felgenhauer 1992a, b, Harrison & Humes 1992, Forest 1994). However, 
the ontogeny of the general body plan and of the individual organs (organogenesis) have 
been studied much less until about two decades ago. Only recently has an increasing 
number of investigations addressed the anatomical features of decapod larvae. These stud-
ies suggest that most internal structures which are known from adult decapods appear 
early during embryonic or larval development, and they change only little in the later life-
history phases. After a thorough investigation of the anatomy of crab larvae, Trask (1974) 
concluded that “the major difference between the first, intermediate and last larval forms 
is basically one of size of the various systems involved, rather than absolute complexity.” 
However, there are also several conspicuous ontogenetic changes, which are generally as-
sociated with changes in life style, ecology, nutrition, or behavior. 

In the internal organization of the larval body, nervous and alimentary systems occupy 
proportionally more space than in adult crustaceans (Figs. 3.1, 3.2); in the latter, muscle 
and gonad tissues are relatively larger. The ontogenetically early appearance of an ad-
vanced central nervous system is probably necessary for an adequate coordination of 
complex larval orientation and swimming behavior (see chapter 10), while an early devel-
oped alimentary system reflects the great nutritional requirements for sustenance of larval 
development and growth (see chapter 5). On the other hand, changing food sources ex-
ploited by larval and adult decapods, respectively, require significant ontogenetic changes 
in the functional morphology of the digestive tract and other organs involved in the acqui-
sition and processing of prey (Factor 1989). In many decapods, particularly in estuarine 
species, the successive life-history stages also experience changes in the physico-
chemical conditions of their particular environments, e.g. in salinity. Hence, conspicuous 
changes occur also in the anatomy and functionality of osmoregulatory organs and tissues 
(Bouaricha et al. 1994). 

In this chapter, I review the general anatomy and principal organ systems of larval 
decapods, paying special attention to those structures which change ontogenetically, as 
these are most relevant for various aspects of larval biology. Where no major differences 
between larval and adult anatomy are known or suspected, I will sometimes infer details 
from well-documented adult features. This includes the use of some illustrations which 
were not available with similar clarity or completeness from published studies of larval 
decapods. 

3.1 Integument 

Comprehensive reviews of the “Dynamics of the Integument” of the Crustacea (Stevenson 
1985), the “External Anatomy and Integumentary structures” of the Decapoda (Felgen-
hauer 1992a), and even an entire book on “The Crustacean Integument - Morphology and 
Biochemistry” (Horst & Freeman 1993) have recently been published, including historical 
accounts of important studies from the past two centuries. In general, the crustacean cuti-
cle is similar to that in insects and other arthropods, for which further books and reviews 
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are available (see Neville 1975). It will thus suffice to summarize in this section the prin-
cipal cuticular structures. Characteristic changes during individual molting cycles will be 
reviewed below (chapter 4). 

 
 

 

 
Figure 3.1. General anatomy of decapod larvae, whole mount parasagittal sections: [a] Hyas ara-
neus, zoea II; paraffin-carved section (from Höcker 1988, with permission from the author; for de-
scription of paraffin-carving see Oshel 1985, Felgenhauer 1987); [b] Carcinus maenas, megalopa 
(from Harzsch & Dawirs 1993, with permission from BAH, Helgoland, Germany). B: brain; CEC: 
circumesophageal connective; CG: commissural ganglion; CS: cardiac stomach; H: heart; HG: 
hindgut; HP: hepatopancreas; MG: midgut; PG 1-6: pleon ganglia 1-6; PS: pyloric stomach; S: 
stomach; SEG: subesophageal ganglia; TG 1-5: thoracic ganglia 1-5; VNC: ventral nerve cord. 

 
 
In larvae, the integument is generally thinner than in juvenile and adult crustaceans, but 

it has basically the same structure (Christiansen & Costlow 1982, Freeman 1993). It is 
comprised of a basement membrane, a single layer of low columnar to cuboidal epidermis 
cells which is covered by a thin membranous layer of proteins and chitin (the latter only in 
benthic forms), and the three-layered cuticle. A hypodermis with dermal glands is found 
beneath the epidermis (see sections 3.5, 3.7). Ducts of these glands as well as fine pore 
canals with extensions of epidermal and nerve cells pass through the adult cuticle; how-
ever, pore canals appear to be absent in crustacean larvae (Freeman 1993). 
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Figure 3.2. Anatomy of a decapod larva (megalopa of the yellow rock crab, Cancer anthonyi; recon-
struction from parasagittal sections). A1: antennule; A2: antenna; An: anus; B: brain; Co: cornea of 
compound eye; Com: commissure; CS: cardiac stomach; DA: descending arteria; EM: extensor 
muscles; Eso: esophagus; ES: eye stalk; FC: ferment cells of digestive gland (hepatopancreas); FM: 
flexor muscles; H: heart; HG: hindgut; Hp: hepatopancreas; LA: lateral arteria; MA: mandibular ad-
ductor muscles; MG: midgut; Mxp 1-3: maxillipeds 1-3; OG: optic ganglia; Om: ommatidium of 
compound eye; ON: optic nerve; P: pereiopod stumps; PA: posterior aorta; PN: pleon nerve; PS: py-
loric stomach; PL: pleopods; SA: sternal arteria; T: telson; VN: ventral nerve mass (after Trask 
1974; with permission from Springer, Heidelberg, Germany). 

 
 

 
Based on mitotic activity and morphogenetic specialization, we may distinguish six dif-

ferent cell types in the epidermis of larval crustaceans (Freeman 1993): (1) Larval epi-
dermal cells show rapid replication in the cell cycle that accompanies the molting cycle. 
As a consequence of their high mitotic activity, they have a low cytoplasm to nuclear vol-
ume ratio and remain unspecialized. They may differentiate to one of the following cell 
types. (2) General epidermal cells show a slower replication rate and a proportionally lar-
ger cytoplasm volume. They are involved in the formation of cuticle structures. (3) Ar-
throdial membrane cells are found beneath the specially thin cuticle that is characteristic 
of the regions between segments or somites, in particular at sites of epidermal invagina-
tion (see section 4.1.3). (4) Seta and spine cells form so-called “setal organs”, which con-
trol the complicated mechanism of setagenesis during the molting cycle. At least in Ar-
temia, they may become polyploid. (5) Tendinal cells (also termed tendon or tendonal 
cells) are characterized by microtubules and microfilaments, and by a pronounced periph-
eral location of the nucleus. Their function is the attachment of muscles to the cuticle. (6) 
Gill cells are specialized epidermal cells in regions where gills or related structures de-
velop. They show greatly folded membranes in the apicolateral cell region and in general 
little attachment to the cuticle. 

Within the cuticle, the innermost, relatively thick layer is termed endocuticle. It is fol-
lowed by the exocuticle and, on the surface, by a thin epicuticle. At the electron-
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microscopical level, each of these principal layers appears multilayered, revealing a 
highly complex structure. The epicuticle is comprised of tanned lipoproteins and is, at 
least in adult crustaceans, free of chitin (Johnson 1980, Stevenson 1985). The other two 
layers contain densely packed lamellae of chitin-protein microfibrils, usually in a charac-
teristic helical appearance. While the exocuticle is chinone-tanned, this appears not to be 
the case in the endocuticle. In benthic stages, both the endocuticle and exocuticle may be 
further strengthened by calcium salts, the deposition of which is controlled by cytoplas-
matic extensions of the underlaying epidermal cells. These reach through the pore canals 
to the basis of the epicuticle. The exocuticle may be impregnated with melanin pigments. 

 
 
 

 

 
Figure 3.3. Ultrastructure of the larval integument (TEM): Pagurus bernhardus (Anomura), zoea II; 
Ed: epidermis; En: endocuticle; Ep: epicuticle; Ex: exocuticle (from Jarminowski 1990, with per-
mission from the author). 
 

 
The endocuticle of planktonic decapod larvae is generally unmineralized and much 

thinner than in benthic juveniles and adults, especially in relation to the exocuticle; the 
membranous layer is still lacking (Christiansen & Costlow 1982, Freeman 1993). This 
structure (Fig. 3.3) is typical of pelagic crustaceans in general (Pütz & Buchholz 1991), 
probably because increasing energetic costs for swimming would not allow for the devel-
opment of a heavier cuticle. Since a pelagic or semipelagic life style is considered as an-
cestral in the Decapoda, the thin larval cuticle may represent the phylogenetically original 
condition (Scholtz & Richter 1995). 

After the metamorphic molt from the last pelagic zoeal stage to the semibenthic mega-
lopa (especially in brachyuran and anomuran crabs), the endocuticle becomes proportion-
ally thicker and shows an incipient mineralization, at least in the carapace region (Höcker 
1988). This fortified integumentary structure may provide a mechanical protection against 
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parasites and small benthic predators. The pelagic stages, in contrast, may escape from 
predation by rapid jumping (or “flying”; Verity & Smetacek 1996). This behavioral re-
sponse is possible due to the light cuticle and a relatively high investment in the formation 
of pleonal and/or thoracal musculature. As an additional (morphological) adaptation, 
zoeae show frequently long carapace spines which may serve against both small pelagic 
predators (e.g. fish fry) and passive sinking (see sections 2.5, 10.1.6).  

Conspicuous developmental changes in the integument should be expected also in 
cases where the benthic adults show a special life style. One of the most peculiar adap-
tations was described in hermit crabs (Pagurus bernhardus), where the pleonal cuticle is 
unusually thick and uncalcified, showing deep wrinkles, grooves and funnel-shaped gland 
ducts (Erri Babu & Anger 1987). These structural modifications function as an adhesive 
organ which, together with proteinaceous secretions from underlying gland cells, attach 
the surface of the pleon to the inner walls of the snail shell. These structures begin to de-
velop in the megalopa stage (Jarminowski 1990), which is known to settle and to accept 
early a shell (Dawirs 1981). 

3.2 Gills and associated structures 

Besides fulfilling a protective function, the integumentary system is also a route for the 
transport of gases and ions between the external medium and the body fluid (respiration, 
excretion, osmoregulation, ion regulation). In adult decapods, these transport processes 
take place in the gills and other specialized, permeable regions of the body surface, 
namely in the inner walls of the lateral carapace folds, the branchiostegites and adjacent 
tissues of the branchial chamber. Comprehensive reviews of morphological, histological, 
ultrastructural, biochemical and biophysical properties of transport tissues and cells were 
given by Mantel & Farmer (1983), McMahon & Wilkens (1983), Felgenhauer (1992b), 
Taylor & Taylor (1992), Schoffeniels & Dandrifosse (1994), Péqueux (1995), and Char-
mantier (1998). Regardless whether their main function is in the transport of gases or in 
that of ions, these organs have some features in common: a thin and uncalcified cuticle 
(increased permeability), an amplification of the surface area, an external ventilation of 
the medium (not in early larval stages), and an internal perfusion with hemolymph. Ex-
change processes depend on both diffusion and membrane transporters. 

Gills arise in the Decapoda near the dorsal junction of the coxae of thoracic appendages 
with the body wall and extend into a branchial chamber, which is formed by the ventro-
lateral extensions of the carapace. While blood vessels perfuse the gills and branchio-
stegites internally, external ventilative currents are created by the scaphognathites (fused 
exopods and epipods of the maxillae); these are also referred to as “gill bailers” (Felgen-
hauer 1992b). Water enters the branchial chamber through ventral and posterior openings 
(in adult crabs only through an inhalant opening above the second maxilliped) and usually 
leaves it near the mouth. Van Dover et al. (1982) compared and classified the ontogeny of 
the scaphognathites in 340 species of anomurans and brachyurans, obtaining eight types 
of larval morphology. These features are considered also as valuable criteria in the taxo-
nomical classification of higher decapod taxa. 

In adult Decapoda, we distinguish up to four principal gills in each thoracic segment, 
depending on their position of attachment (Fig. 3.4): (1) a pleurobranch inserted in the 
body wall above the base of the appendage, (2) an anterior and (3) a posterior arthro-
branch attached to the arthrodial membrane between the coxa and the body wall; (4) a po-



46 Klaus Anger 

dobranch inserting in the coxa of the thoracopod. In addition, sometimes an epipod (also 
termed flabellum or mastigobranch) and small setobranchs are present on the coxa. While 
the number and arrangement of gills (the gill formula) are considered as a phylogenetic 
criteria and thus, are used in the taxonomic classification of the Decapoda, the gill surface 
area changes with habitat conditions and individual growth. 

 
 
 

  
 
 
In different taxonomical groups of the Decapoda, three principal morphological types 

of gill are distinguished: (1) dendrobranchiate (only in the Penaeioidea and Sergestoidea), 
(2) trichobranchiate (in crayfish, lobsters, some dromiacean crabs), and (3) phyllobran-
chiate (in Caridea, Anomura, and most Brachyura); also intermediate forms have been 
found. The dendrobranchiate type has a central axis, from which paired lateral branches 
arise, each showing numerous secondary rami. The latter are consistently absent in tricho-
branchiate gills, where tubular rami arise in a serial order from the central axis. The struc-
ture of phyllobranchiate gills is similar, but their rami are leaflike in shape. Despite differ-
ences in the vascularization and gross morphology of these gill types, their functional 
anatomy is basically the same. As a result of specialization of the branchial epidermis, 
some distinctive types of tissues and cells occur in all gills and associated structures (for 
comprehensive review of histological and ultrastructural details, see Taylor & Taylor 
1992). 

In brachyuran crabs (but not in lobsters and crayfish), there are striking morphological 
and functional differences between the anterior and posterior portions of each gill. The 
former have predominantly a respiratory function (although also showing responses to 
osmotic changes), while the latter serve primarily in osmoregulation and ion regulation. 
Particularly thin epithelial structures are found in the anterior parts, where gas transport 
takes place. In the posterior areas, the presence of numerous mitochondria and extensive 
infoldings in the basal and lateral membranes are considered as characteristic features of 
cells that are involved in ion transport (ionocytes). In this region, at least six different cell 

Figure 3.4. Terminology of gills and associated 
structures in adult decapods (schematic presen-
tation; note: not all of these structures are neces-
sarily present on a single appendage); AR: ar-
throbranch; EN: endopod; EP: epipodite; EX: 
exopod; MA: mastigobranch; PL: pleurobranch; 
PO: podobranch; SE: setobranch (from Hong 
1988b, with permission from Taylor & Francis, 
London; see www.tandf.co.uk). 
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types occur in the Decapoda (Felgenhauer 1992b, Taylor & Taylor 1992). Similar anato-
mical structures were observed in the branchiostegites. 

Although functional gills are generally absent in the early larval stages (at least in 
crabs; this is probably different in lobsters), a capacity of hyper-osmoregulation in dilute 
media occurs in several decapod taxa from the time of hatching (Charmantier 1998; cf. 
section 10.1.2 of this volume). However, there is little information about the ontogeny of 
the underlaying mechanisms. In nauplius larvae, the entire body surface may participate in 
respiration, excretion and other processes of transport and regulation. The zoea, in con-
trast, has a more rigid exoskeleton and a lower relation of body surface:volume and thus 
requires specialized integumentary structures. In histological and electron microscopical 
investigations, ion transporting tissues could be detected in the larval branchiostegites and 
adjacent structures associated with the branchial chamber (Talbot et al. 1972a, b, Felder et 
al. 1986, Furigo 1993, Bouaricha et al. 1994). As typical traits, they feature an attenuated 
cuticle, stain with silver techniques, and show structural modifications that are known 
from adult gills (see Mantel & Farmer 1983, Péqueux 1995). These comprise enlarged 
epidermal cells with deep basal infoldings of the cytoplasmic membrane, an apical micro-
villi border, and numerous elongated, cristate mitochondria (Fig. 3.5). 

 
 
 

 
 
 
Figure 3.5. Ultrastructure of a putative ion-transporting cell (ionocyte) from the gill region of a lar-
val mitten crab, Eriocheir sinensis (left); comparison with a non-transporting epidermal cell (right); 
schematic views (reconstructed from TEM); bL: basal labyrinth; BLm: basal lamina; Cu: cuticle; M: 
mitochondia; MV: microvilli; N: nucleus (from Furigo 1993, with permission from the author). 

 
 
Gill buds have been observed from the late zoea phase, initially inserting in the basi-

coxal part of the developing thoracopods, before they migrate to their final positions. La-
mellate, functional gills are typically found only in decapodids and juveniles (Hong 
1988b, Furigo 1993, Bouaricha et al. 1994). The Chinese mitten crab, Eriocheir sinensis, 
may be an exception. It lives in freshwater during the juvenile and adult life-history 
phases, but its larvae hatch and develop under brackish or marine conditions. The gills are 
highly developed and show an early lamellisation, suggesting that they may become par-
tially functional in the last zoeal stage (Fig. 3.6). Thus, the ontogenetic return of mitten 
crab larvae from the lower to the upper estuarine zones (i.e. from saltwater toward limnic 
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conditions) may begin already during the metamorphic transition from the pelagic zoea V 
to the semibenthic megalopa. 

Due to the application of electron-microscopical and new vascular casting techniques, 
the understanding of the structures and functions of gills and associated tissues has greatly 
increased in the past two decades. For instance, recent studies have shown a particularly 
great importance of the brachial septum or analogous structures for the separation of 
unoxygenated and oxygenated hemolymph, and the return of the latter to the pericardial 
sinus (Taylor & Taylor 1992). However, details of the ontogeny of respiratory structures 
in gills and lungs have remained widely unknown. The same applies to the ontogeny of 
ion transporting cells and tissues (Charmantier 1998). 

 
 
 

 

Figure 3.6. Ontogeny of gills in the larval stages (zoea I-V, megalopa) of the Chinese mitten crab, 
Eriocheir sinensis. MXP2, 3: maxillipeds 2, 3; P1-5: pereiopods 1-5 (from Furigo 1993, with per-
mission from the author). 

 

3.3 Sensory organs 

Integumentary sensory structures are quite common and frequent on the entire body sur-
face, where physical and chemical signals from the surrounding environment must be de-
tected. Besides some specific sensors that perceive only one kind of information (mech-
anoreceptors, chemoreceptors), most are bimodal (mechanochemoreceptors), combining 
the anatomical features and functions of the two types. Other sensors monitor the move-
ments and positions of own joints (proprioreceptors). The highest concentrations of in-
tegumentary sensors are found in the antennules, antennae, mouthparts, and walking legs, 
where the encounters with food and substrates are most frequent. Extensive reviews of 
morphology, ultrastructure, electrophysiology and functions of integumentary and propri-
oreceptive sensors were given by Derby (1989), Wiese et al. (1990), Felgenhauer (1992a), 
Fingerman (1992), Govind (1992), and Chaigneau (1994b). A brief summary of the most 
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common types and their occurrence in larvae should thus suffice in this section. Besides 
mechano- and chemoreceptive sensors, crustacean larvae possess dorsal organs with prac-
tically unknown functions, as well as nauplius eyes and two major types of compound 
eyes, which will be reviewed below. 

In larval decapods, the maxillipeds are in general the most important feeding append-
ages, and hence, show the highest density of mechano- and chemoreceptive sensors (for 
general review of larval sense organs see Laverack 1988a, b). Their number on larval 
limbs is low in early stages but increases gradually during development. The same should 
apply to muscle receptor organs and other proprioreceptors, but practically nothing is 
known about their ontogeny. Each sensor is innervated by at least one neuron, usually by 
more. In aesthetascs, up to about 350 primary afferents were counted. As a consequence 
of the increasing number of receptors and new axons, the central nervous system develops 
an increasing number of appropriate new junctions. 

3.3.1 Mechanoreceptors 
Structure, functional mechanisms, anatomical classification, and numerous other aspects 
of mechanoreceptive organs have been extensively reviewed in the treatise “The Biology 
of Crustacea” (Bush & Laverack 1982). Among these sensors, some are proprioreceptive, 
others perceive water currents and mechanical contacts with food or predatory organisms. 
While various types of muscle receptor organs and further proprioreceptive sensor types 
are located within the body, primarily monitoring movements and posture of muscles and 
skeletal elements, cuticular and supracuticular mechanoreceptors are found on the body 
surface (Govind 1992). Most of the existing knowledge has been obtained from adult 
rather than larval crustaceans, but the available evidence suggests that most organs are al-
ready present and structurally similar in the free-living larval stages. 

Mechanoreceptive setae (sensillae; Fig. 3.7) belong to the most frequent integumentary 
organs. They have usually a movable socket at the base and various other cuticular com-
ponents that are produced by enveloping cells. Information of mechanical deformations is 
conveyed by bipolar hypodermal neurons. Several types of sensillae have been identified 
(Felgenhauer 1992b), for instance “cuticular articulated peg” organs that occur in clus-
ters on walking legs and mouthparts of lobsters (but not on brachyuran crabs). When they 
are located around joints, they may also function as proprioreceptors. On the flexible 
joints of walking legs, also “funnel canal organs” have been observed, presumably with 
similar functions. Low-frequency vibrations may be detected by “hair-fan organs”, func-
tionally comparable with the lateral line systems of fishes. Furthermore, “scale organs” 
and “tuft organs” were described as putative mechanoreceptors. Also the statocyst, which 
is normally located in the base of the antenna, may be considered as a mechanoreceptor. 

Nishida & Kittaka (1992) described the morphology and location of seven different 
types of integumental mechanoreceptors in final-stage phyllosoma larvae of a spiny lob-
ster, Jasus edwardsii. Comparison with the structure of adult receptors suggests that the 
sensory organs on the dorsal surface of the larval cephalosome function as current sensors. 
While the number of sensillae increases in general during the course of larval develop-
ment, some may be specific larval organs and thus, disappear or change their form after 
metamorphosis (Laverack 1988b). 
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3.3.2 Chemoreceptors 
Chemical signals convey information about the quality of water or benthic substrata, the 
presence and adequacy of food (odor, taste), presence and sexual state of conspecifics 
(pheromones), or the presence of predators (kairomones) (Derby & Atema 1988, Laverack 
1988a, Rittschof 1992, Hallberg et al. 1997). In late larval stages, waterborne cues from 
the adult habitat, e.g. from estuaries or salt marshes, play a crucial role in the metamor-
phosis of decapod species (see section 10.5.1 of this volume). All those environmental 
signals are perceived with specialized sensory organs on the body surface, referred to as 
chemoreceptors (for review see Ache 1982, Govind 1992) In addition, there are also in-
ternal chemoreceptors which stimulate the mechanical and chemical digestion in the fore-
gut, midgut and hepatopancreas; putative chemosensory cells have been detected in the 
developing stomach of lobster embryos (Meier & Reichert 1990). The innervation of the 
various chemoreceptors was reviewed in detail by Govind (1992). 

Two major types of chemoreceptive setae may be distinguished, with and without api-
cal pores. Communication between the environment and microtubules in the receptor may 
thus be provided either by means of open pores (Fig. 3.8) or through a very thin cuticle. 
The pore type is typically found in the aesthetascs (sensory hairs of the antennules), which 
are widespread among larval decapods (Laverack 1988a, Nishida & Kittaka 1992, Hall-
berg et al. 1992). Other chemoreceptors are commonly found on the maxillipeds and other 
mouthparts and on the dactyls of the pereiopods, some of these responding to changes in 
salinity. In the gills of a clawed lobster, a putative receptor for oxygen concentration was 
detected and described morphologically and ultrastructurally (Laverack & Saier 1993). 

 

Figure 3.7. Mechanoreceptive sensilla (schematic 
drawing) of a shrimp, Atya innocous. CR: ciliary 
region; D: dendrites; DS: dendritic sheath; EC: en-
veloping cells; LC: liquor cavity; M: mitochon-
drium; N: nucleus; OR: occluded region; PJ: pseu-
dojoint; R: rootlet; S: seta; SS: support structure 
(from Felgenhauer & Abele 1983a, with permission 
from The Crustacea Society, Seminole, FL, USA). 
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3.3.3 Dorsal organs 
This organ complex occurs in a wide range of crustaceans. In decapod larvae, it is located 
in the frontal carapace region between the eyes. While it was originally considered as pe-
culiar of the zoeal and decapodid phases of larval development (Laverack 1988b), a more 
recent paper describes it also from adult shrimps (Laverack et al. 1996). It is not identical 
with the embryonic “dorsal organ” of many arthropods (Kaestner 1980), but it appears 
similar to the glabella of trilobites (Barrientos & Laverack 1986). At present, however, it 
remains uncertain if these organs are homologous. 

The morphology, histology and ultrastructure of dorsal organs have been extensively 
studied by M.S. Laverack and collaborators (see Laverack 1988b, 1990, Laverack et al. 
1996). They consist in general of one central glandular portion and four peripheric sensory 
grooves, each with a diameter of a few micrometers. According to histological and ultra-
structural studies, the dorsal organs fall into two major categories. One shows a great 
morphological diversity and probably various, widely unknown functions, the other is the 
“sensory dorsal organ” of Laverack. Its innervation originates at the tritocerebrum region 
of the brain, reaching the dorsal organ indirectly through the tegumentary nerve (Laverack 
& Sinclair 1994). The body of available evidence suggests that the sensory dorsal organ 
may be a pressure detector (baroreceptor; Laverack et al. 1996). 

3.3.4 Nauplius eye and frontal organs 
The ancestral nauplius eye is typical of the naupliar phase, but it persists in most decapods 
(except for most Brachyura) throughout the adult phase. Together with ventral and dorsal 
frontal organs, it forms a median eye complex (Elofsson 1963, 1966). The term “frontal 
organ”, however, has sometimes also been applied to the organ of Bellonci, which is 
treated in section 3.9.3. 

In early penaeid larvae, the unpaired nauplius eye is the only functional eye. It consists 
of three or four pigment-cup eyes with variable numbers of photoreceptor cells. The glo-
bose pigment-cup eyes are enclosed in a cup-shaped layer of pigment cells. Photoreceptor 
cells are located in the proximal-central region, forming a dense border of microvilli, the 

Figure 3.8. Chemoreceptive sensilla (tip) 
of a shrimp, Atya innocous. ap: apical 
pore; SEM, x30.000 (from Felgenhauer 
& Abele 1983a, with permission from 
The Crustacea Society, Seminole, FL, 
USA).
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rhabdomeres. Dense layers of endoplasmatic reticulum, the phaosomes, function as a 
primitive lense. From each photoreceptor cell, a nerve axon passes towards the proto-
cerebrum. Since the pigment-cup eyes have a partial pigment screen for the retina, some 
directional vision and a perception of different light intensities is possible during the nau-
plius phase. This allows for an initiation of the “shadow response” (see section 10.1.3.3), 
but not for forming an image (Cronin 1988). 

The ontogeny of the median eye complex was studied in much detail in the larvae of 
several decapod species, mostly in those of penaeid and caridean shrimps (Elofsson 1963, 
1966). A gradual development throughout the naupliar phase was observed in larval Den-
drobranchiata, while the higher Decapoda hatch from the egg with well developed and 
functional nauplius eyes and dorsal organs (see Fig. 3.13). In penaeids, the nauplius eye is 
present from hatching, but becomes functional only from the fourth or fifth nauplius stage. 
Both the dorsal and ventral frontal organs are in this taxonomic group reduced, both in the 
adults and larvae. 

3.3.5 Compound eyes 
The compound eyes of the Decapoda and other crustaceans have been subject of intensive 
research throughout the past two centuries (for review of their anatomy and physiology 
see Cronin 1986, 1990, Fordyce & Cronin 1989, Hallberg & Elofsson 1989, Nilsson 1989, 
Dall et al. 1990). Some authors suggested that the structure of compound eyes may be a 
conservative character within broad taxonomical limits and thus, should represent a useful 
criterion in phylogenetic considerations (Shaw & Stowe 1982, Cronin 1986, Fincham 
1980, 1984, 1988, Land 1980, Gaten 1998, Harzsch et al. 1999a). Others, however, argued 
against taxonomical relationships between optical design and phylogenetic position. Since 
the optic design of compound eyes varies not only among different taxa but also during 
ecologically and behaviorally different phases of the life cycle (e.g. planktonic larvae vs. 
benthic adults), it may represent an adaptation to differential needs rather than a phylo-
genetically conservative trait (Nilsson 1983, Nilsson et al. 1986, Douglass & Forward 
1989). 

Compound eyes consist, in general, of numerous stereotyped subunits, the ommatidia, 
and each of these has a fixed number (usually eight) of concentrically arranged light-
sensitive retinular cells. The inner face of these cells is characterized by closely packed 
microvilli that are concentrated in the light path. This photosensitive membrane structure 
is termed rhabdom. Between the photoreceptor cells there are optically isolating pigment 
cells, while groups of cone cells form the crystalline cone above them. These are covered 
by transparent sections of the cuticle, the outer cornea. This array of optical elements in 
each ommatidium shields the rhabdom against scattered light and thus enhances the direc-
tionality of vision. At the proximal end, bundled axons pass from the retinula cells 
through holes in the basement membrane to the optic ganglia of the central nervous sys-
tem. 

As an inevitable consequence of this optical design, there is a trade-off between light 
sensitivity and resolving power. This can be shown in the two main types of compound 
eyes, which can be distinguished according to the distance between the crystalline cone 
and the rhabdomeres of the retinula cells. In the apposition eye, the retinular cells touch 
apically the base of the cone cells. In the superposition eye, the retinular and cone cells are 
separated by a wide space of crystalline threads. Since each of their rhabdomeres receives 
light also from neighbouring ommatidia, this eye type has, in general, a lower optical 
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resolution than the apposition type; however, this disadvantage is mitigated by special op-
tical modifications (Gaten 1998). On the other hand, this eye type is more light-sensitive 
and thus, advantageous for species that live under dim light conditions (most aquatic crus-
tacea). Within each of these two principal eye types, several specific designs may be dis-
tinguished in the Decapoda (Nilsson 1989). 

 
 
 

 

 
Figure 3.9. Ommatidia (schematic drawing) of the zoea I of oplophorid shrimps (Meningodora 
vesca, Oplophorus spinosus) and brachyuran crabs (Hyas araneus, Carcinus maenas). bm: base-
ment membrane; c: crystalline cone; cc: crystalline cone cell; cl: corneal lens; co: corneagenous cell; 
dp: distal pigment; drh: distal rhabdom; np: nucleus of pigment cell; nr: nucleus of retinula cell; rh: 
rhabdom; rp: reflecting pigment; sp: shielding pigment (from Gaten & Herring 1995, with permis-
sion from Wiley, New York, USA; from Harzsch & Dawirs 1995a, with permission from Spektrum, 
Heidelberg, Germany). 

 
In a recent review, Gaten (1998) suggests that the reflecting superposition eye is a 

symplesiomorphic trait, i.e. it was probably present already in the ancestor of the Deca-
poda. It was evolved only once (probably during the Devonian) from the ancestral type, 
the apposition eye. According to this hypothesis, it was later lost in some taxa, either as an 
adaptation to particular new habitats (e.g. in the families Aristeidae and Aeglidae) or by 
progenetic paedomorphosis (in the paguroid hermit crabs and the higher brachyurans). 
The latter phenomenon is a particular type of heterochronic development, where “sexually 
mature adults possess features characteristically found in early developmental stages of 
related forms (e.g. juvenile or larval features)” (Brusca & Brusca 1990). Comparing the 
ontogeny of compound eyes and neurogenesis in various decapod crustaceans and in 
hemimetabolous insects, Harzsch et al. (1999a, p. 294) found “considerable similarities in 
the mechanisms by which accretion of compound eyes and growth of the optic lobes is 
achieved, suggesting an evolutionary conservation of these mechanisms”. 
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Among the Decapoda, the ontogeny of complex eyes was studied in penaeid and carid-
ean shrimps (Elofsson 1969, Fincham 1984, Douglass & Forward 1989, Gaten & Herring 
1995), anomurans (Fincham 1988), crayfish (Hafner et al. 1982), clawed and spiny lob-
sters (Parker 1890, Meyer-Rochow 1975), and in brachyuran crabs (Harzsch & Dawirs 
1995a). In general, decapod larvae hatch with apposition eyes (Fig. 3.9). These are retain-
ed throughout all life stages in some Brachyura. In most other decapods, the apposition 
eyes are gradually transformed to the superposition type during the late larval and/or the 
juvenile phase. As exceptions, some pelagic and hydrothermal vent shrimps (Oplophori-
dae, Bresiliidae) with an abbreviated (advanced) type of development hatch with superpo-
sition eyes (Gaten & Herring 1995, Gaten 1998, Gaten et al. 1998a, b). 

In penaeid shrimps, the freshly hatched nauplius has not only a functional nauplius eye, 
but also clearly developed anlagen of compound eyes. These consist of two flat optical 
discs that are located between the bases of the antennules (Elofsson 1969). Their cells 
have large nuclei and show frequently mitotic activity. In consequence, the anlagen in-
crease in size and differentiate gradually throughout naupliar development, together with 
neuronal, vascular and muscular structures of the future eyestalk. Remarkably, fully 
formed compound eyes with ommatidia and optic centra appear only in the second proto-
zoea stage. Hence, the protozoea I is, in this respect, transitional between a nauplius and a 
zoea larva, although it has been assigned to the zoeal phase of development according to 
its external functional morphology (see section 2.2). The gradual development of the 
compound eyes proceeds in penaeid shrimps throughout the subsequent protozoea, mysis, 
and “postlarval” stages, showing an increase in the number and packing of ommatidia. 
The adult structure is approximated in the final (“postlarval”) phase of larval develop-
ment. There is still a considerable discrepancy in the state of development in early “post-
larval” and adult eyes, indicating that the gradual perfection of their structures continues 
in the juvenile phase (Elofsson 1969). 

Compared with the Dendrobranchiata, the Pleocyemata have a more condensed type of 
development, passing through the naupliar phase within the egg membrane. In conse-
quence, the larvae hatch from the egg in a more advanced state of development, with fully 
functional compound eyes. These show hexagonally packed, roughly circular lenses with 
apposition optics. In later stages of larval and juvenile development, they are gradually 
squared and eventually, acquire the superposition optics (Fincham 1984, 1988).  

In shrimp and anomuran larvae, the eyes appear to be more developed in the dorsal and 
posterior parts, with larger and more densely packed lenses, while the ommatidial units in 
the ventral and anterior parts are set further apart. The former, which show a particularly 
high resolution, face upwards in the normal swimming position. This arrangement allows 
for scanning the water column above, which is probably an adaptation for planktonic lar-
vae to regulate their depth position according to light levels and to avoid approaching 
predators. The anterior and ventral parts of the eyes, in contrast, have a lower resolution 
but an enhanced sensitivity. At least some species appear to use superposition optics in 
these eye parts and can thus perceive weaker light signals from the water column below 
(Fincham 1988, Gaten & Herring 1995). 

The larvae of brachyuran crabs hatch with apposition eyes which are similar to those of 
the adults. Besides the optical design, the visual pigments (rhodopsins) also show an early 
appearance of the species-specific adult type (Cronin et al. 1995). In a comparative study 
of two species, the spider crab Hyas araneus and the portunid Carcinus maenas, differ-
ences in the size of the eyes as well as in the numbers and lengths of ommatidia were ob-
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served, corresponding with differences in larval body size (Harzsch & Dawirs 1995a). The 
relative length of the rhabdom appears to be species-specific, remaining rather constant 
during larval development (ca. 57 to 60% of total ommatidium length in C. maenas, 64 to 
68% in H. araneus). The diameter of the hexagonal facets, in contrast, varies only little 
(between 14 and 17 µm), independent of the species and developmental stage. During the 
course of development, in both species, more ommatidia are added and packed at an in-
creasing density. Consequently, the interommatidial angle tends to decrease, which en-
hances the power of optic resolution. Consistently smaller angles and higher numbers of 
ommatidia in H. araneus suggest that the spider crab larvae have a better vision than lar-
val shore crabs, but otherwise, only minor histological differences were found between 
these species. During later development, changes of proportions take place within the eyes 
of both species. In particular a lengthening occurs in the crystalline cone in relation to the 
corneagenous cells. The pigment shield becomes more elaborate with pigment cells ap-
pearing between the crystalline cones. In caridean shrimp larvae, the late development of 
the adult eye pigment pattern has been interpreted as an adaptation to larval life in the 
plankton, where a transparent appearance may serve as a camouflage and thus reduce pre-
dation (Nilsson 1983, 1989, Douglass & Forward 1989). 

3.4 Circulatory System 

Among the Crustacea, the circulatory system of the Decapoda and other Malacostraca is 
relatively well developed (for review see Kaestner 1980, McLaughlin 1983, Felgenhauer 
1992b, Martin & Hose 1992, Gribble 1994, McMahon 2001). However, as a consequence 
of the general coelom reduction in the Arthropoda, it is also here partially reduced and 
open, so that the blood and coelomatic fluids are mixed (therefore named hemolymph). 
The circulatory system of larval decapods is very similar to that of the adults (see Fig. 
3.2). Veins are almost absent and functionally replaced by open sinuses, from where the 
venous hemolymph returns to the pericardium, and eventually, through paired ostia (in the 
Decapoda most commonly three) into the heart. The direction of the hemolymph flow is 
controlled by valves in the ostia and aortae. The heart lies in the pericardial sac, directly 
beneath the dorsal integument of the posterior (“cardiac”) carapace region. As main ves-
sels, an anterior (or ophthalmic) and a posterior aorta (AA, PA), a descending artery (DA), 
and two paired lateral arteries (LA) have been identified in both adult and larval decapods. 
The AA and PA may be considered as extensions of the heart although they do not have 
muscles (Kaestner 1980). The AA branches into several progressively smaller arterioles 
and provides the brain and the eyestalks with hemolymph; in many adult decapods it is 
functionally supported by an “auxiliary heart”, the cor frontale. The PA serves the pleonal 
musculature, and the LAs the alimentary system, the antennal glands, mouthparts, and 
swimming appendages. The LAs branch off from the anterior part of the heart. The DA 
(originally paired) leaves the heart from the posterior portion, passing ventrally through 
the nerve cord and then continuing both anteriorly and posteriorly as a sternal or subneural 
artery (Fig. 3.2). It transports hemolymph to the thoracopods, mouthparts, and the ventral 
nerve cord. All arteries open sooner or later into the large ventral sinus or other open 
spaces, from where the hemolymph passes through body cavities and respiratory organs 
(gills or branchiostegites) before it eventually returns to the heart. 

The hemolymph consists of the serum fluid and several types of blood cells (hemo-
cytes) suspended therein. The former has its principal functions in the transport of respira-
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tory gases and excretory, nutritional and hormonal compounds. The latter are primarily 
involved in coagulation (wound repair) and immunological and pathological functions 
such as phagocytosis of foreign particles and dead cells. The unpigmented hemocytes are 
produced in hematopoietic tissues, which are located near the rostrum (in shrimps), or at-
tached to the cardiac stomach (in lobsters and crabs). They vary in morphological, physio-
logical and biochemical characters (Williams & Lutz 1975, Martin & Hose 1992, Clare & 
Lumb 1994). Small hyaline cells are believed to develop to larger granulocytes (filled 
with mucopolysaccaride granula), cyanoblasts (probably specialized in hemocyanin pro-
duction), and presumably also to much larger amoeboid reserve cells (carrying lipoprotein 
stores). The latter are involved in the production of new cuticle layers before and after 
each ecdysis. However, the genealogy, classification and cytochemical separation of 
blood cells has remained a matter of controversy and thus needs further investigation 
(Martin & Hose 1992). While this applies even to adult decapods, the ontogeny of the 
hemocytes is yet less known. 

Developmental and environmentally induced changes have been described in the mo-
lecular structure of the major blood pigment, hemocyanin (Markl 1986, Terwilliger & 
Terwilliger 1983, Wache et al. 1988, Terwilliger 1991, Brown & Terwilliger 1998, Ter-
williger & Dumler 2001). Hemocyanin is characterized by a central copper atom (in con-
trast to hemoglobin, where it is iron), and several protein subunits. Some of these subunits 
are lacking in embryos and larvae but expressed in the juvenile phase. Hemocyanin is 
produced in the hepatopancreas. It is blue when it is oxidized, but otherwise colourless. It 
occurs in several forms with molecular weights between 450,000 and 1,000,000, binding 
up to six times more oxygen than hemoglobin (24 vs. 4 atoms per molecule). 

3.5 Tegumental glands 

In the hypodermis (beneath the epidermis; see section 3.1) there are frequently exocrine 
dermal glands which are connected to the cuticle surface by ducts passing through the lay-
ers of the epidermis and cuticle (Fig. 3.10). These tegumental glands are predominantly 
involved in lubrication and tanning of the cuticle, probably they have also bacteriostatic 
and antifouling functions, and they show structural changes related to the molting cycle. 
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Figure 3.10. Tegumental glands. [a] duct openings at the cuticular surface of the mouth region (la-
brum) of a spider crab (Hyas araneus) megalopa; SEM; [b] rosette tegumental gland (schematic 
drawing, reconstructed after TEM); c: individual secretory cell; cc: central collecting canal; d: col-
lecting duct; id: intercellular duct ([a] from Höcker 1988; [b] from Felder & Felgenhauer 1993, with 
permission from Blackwell, Oxford, UK). 

 
 
The morphology, location, and physiological functions of the various types of tegu-

mental glands have been reviewed for adult Decapoda (Felgenhauer 1992a, Fingerman 
1992, Talbot & Demers 1993). They occur ubiquitously in most regions of the external 
body surface and have been reported from most decapod taxa. While they are usually scat-
tered all over the body, higher concentrations have been observed on mouthparts, walking 
legs, pleonal appendages, setal sockets, and eyestalks. They occur frequently also on in-
ternal integumentary surfaces, for instance in the foregut and hindgut, gills and statocysts. 
In the alimentary canal, they probably lubricate the passage of food with mucus secre-
tions. The pleopodal tegumental glands of adult female lobsters were observed to show 
secretory activity patterns that are associated with both the ovarian and the molting cycle 
(Talbot & Zao 1991). 

Tegumental glands may consist of one, a few, or a larger group of hypodermic gland 
cells (in the latter case termed rosette gland; Fig. 3.10), a duct, and a funnel-shaped pore 
at the cuticle surface. The duct is lined by a thin epicuticle layer. In multicellular glands, 
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secretory products leave the cells through a system of small intercellular ducts and pass to 
a larger central collecting canal. Rosette glands are particularly common in gills, pleo-
pods, and in the hindgut. The ultrastructure of the gland cells is characterized by a nu-
cleus, numerous mitochondria, rough endoplasmatic reticulum, and stacked Golgi pro-
files. Membrane-bound secretory products are frequent during periods of high activity, 
which is regulated by molting, digestive, or other cycles, depending on the site and func-
tion of a particular gland. 

In an anatomical study of spider crab (Hyas araneus) larvae, tegumental glands were 
found in late embryos (prezoea) and freshly hached zoeae (Höcker 1988). Typical rosette 
glands were found particularly concentrated on the mouthparts and the labrum of the lar-
vae. Within the gland cells, numerous droplets of secretory products could be demonstrat-
ed with histological staining techniques. 

The nuclei were generally located near the periphery of each cell group, opposite to the 
central collection duct. In an electron-microscopical image, the secretory function of the 
tegumental glands was reflected in numerous vacuoles and a well-developed Golgi appa-
ratus. As in the adults, typical ducts and funnel-shaped pores could be detected. These ob-
servations suggest that the tegumental glands of the brachyuran crabs develop their final 
structures and functions early in ontogeny, attaining full functionality at hatching. The 
same appears to apply to caridean shrimps, wherein typical tegumental glands were his-
tologically described for larvae (Hubschman 1971). 

3.6 Excretory organs 

The decapod excretory glands (or “kidneys”) are located near the base of each antenna. 
They are evident at the onset of larval development in shrimps (Palaemonetes; Hubsch-
man 1971) and crabs (Cancer anthonyi; Trask 1974). However, it has remained unclear if 
the excretory organs are fully functional in larval stages. Compared to adults, a low level 
of magnesium excretion was measured in larval crabs (Cancer magister; Brown & Terwil-
liger 1992) and lobsters (Homarus americanus; Newton & Potts 1993), suggesting that the 
antennal glands may not have reached their full functional capacity. 

Comprehensive reviews of the anatomy and function of antennal glands and other exo-
crine organs in adult decapod crustaceans have recently been given within the treatise 
“Microscopic Anatomy of Invertebrates”. The predominant traits of the antennal glands 
can be summarized as follows: hemolymph filtrate is delivered by an arteriole to a termi-
nal saccule of the antennal gland, the coelomosac, which is interpreted as a remnant of the 
coelom (Fig. 3.11). It is composed of mesodermally derived podocytes, which perform an 
ultrafiltration function comparable to the glomerular nephron of the vertebrates. From the 
coelomosac, the urine passes to a spongy labyrinth, where selective reabsorption of pro-
teins takes place. It is then transported through a tubule of variable length, the nephridial 
canal, into a bladder. Eventually, the urine is released through an excretory pore at the an-
tennal base, the nephropore. It appears that, beyond the mere existence in larvae, nothing 
is known about the ontogeny of this organ. Inferring from its role in adult estuarine crabs, 
it might be involved in the regulation of magnesium ion concentrations in the blood 
(Dehnel 1967). 
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Figure 3.11. Antennal gland (schematic drawing; from  Holliday & Miller 1984; with permission 
from The American Zoologist). 

 

3.7 Musculature and connective tissues 

Details of the ultrastructure, histochemistry and function of connective and muscle tissues 
as well as muscular stretch receptors have been reviewed for adult decapods (Mellon 
1992). The musculature of the Crustacea shows in general three principal groups of mus-
cles: (1) paired dorsal and ventral longitudinal muscles, which pass through almost the en-
tire body, inserting on intraskeletal elements in each segment; (2) three pairs of dorsoven-
tral and one pair of horizontal muscles in the thoracic somites; (3) two groups of lateral 
appendage muscles. The muscles are attached to the cuticle via specialized epidermal 
cells, the tendinal cells (Freeman 1993; see section 3.1). 

First anatomical descriptions of the musculature in decapod larvae were given more 
than half a century ago (Daniel 1930, 1931; for a more recent account see Trask 1974). 
According to these studies, it appears to be simpler but, in principle, similar to that of 
adult decapods. In the lobster (Homarus americanus), for instance, it could be shown that 
the lateral pleonal muscles which later become involved in larval locomotion are very 
early developed, with a functional innervation appearing during embryogenesis, long be-
fore the external swimming appendages are formed (Kirk & Govind 1992; see also litera-
ture on the ontogeny of neuromuscular systems in crustaceans cited therein). A more 
complex sequence of ontogenetic changes can be seen in the pleonal musculature of 
brachyuran crabs. It shows its highest stage of development in the megalopa stage, includ-
ing longitudinal extensor and flexor muscles that control the overall position of the pleon 
as well as segmental locomotory pleopod muscles. In benthic juveniles, in contrast, these 
muscles are no longer needed for swimming, and thus, are greatly reduced after metamor-
phosis. 

The connective tissues consist of cells and extracellular fibers, with fibrils of collagen 
or other, chemically similar fibrous components (Mellon 1992). As a typical component 
of connective tissues in the Crustacea, there is an amorphous extracellular matrix. They 
form protective coats on the inner surface of other internal organ systems, in particular in 
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association with the nervous system, arteries, and muscular stretch receptors. Major con-
centrations are found also near the intestine and its caeca, predominantly serving as stor-
age sites for proteins, fats and other reserve substances. Hardly anything is known about 
the ontogeny of connective tissues. 

3.8 Chromatophores 

Morphological colour change and its neuroendocrine control in decapod crustaceans has 
been studied for at least a century (Rao 1985). It is based on mesodermally derived pig-
ment cells, the chromatophores. Four major types may be distinguished in adult Crusta-
cea: melanophores (black), erythrophores (red), leucophores (white), and xanthophores 
(yellow). Colour change is achieved by hormonally controlled movements (contraction or 
dilation) of pigments within the cytoplasm, while the shape and size of the chromatophore 
cells remain constant. 

In larval decapods, chromatophores are generally believed to serve as a camouflage 
against visually oriented predators (however, see controversial results by Morgan & 
Christy 1997), and they are important as a sunscreen that protects the larvae against dam-
age caused by ultraviolet light in the surface layer of the water column (see section 
10.1.6.1). Studies of the regulation of chromatophore activity in decapod crustacean lar-
vae were carried out with several species of caridean shrimps and brachyuran crabs 
(Broch 1960, Costlow 1961, 1968, Hubschman 1963, Rao 1967). Chromatophorotropic 
effects exerted by eyestalk removal or exposure to extracts of nervous tissues indicated 
consistently that larval chromatophores are under neuroendocrine control, similar to those 
of adult crustaceans (for recent review, see Charmantier & Charmantier-Daures 1998; cf. 
also following section). 

3.9 Nervous and neuroendocrine systems 

Comprehensive reviews of the neuroanatomy and neurophysiology of adult decapod crus-
taceans were given by Sandeman (1982), Wiese et al. (1990), Govind (1992), Sandeman 
et al. (1992, 1993), and Chaigneau (1994a). In adult and larval decapods, the central nerv-
ous system comprises the dorsal brain (or supraesophageal ganglion), which is composed 
of a proto-, deuto-, and tritocerebrum, and the ladderlike ventral nerve cord. The optic 
nerves, which are extensions of the protocerebrum, pass to the eyestalk ganglia and the si-
nus gland (Fig. 3.12). In some deep sea shrimps living associated with hydrothermal 
vents, the eyestalks are reduced, and associated organs such as the organ of Bellonci and 
the sinus gland are found near the cerebral ganglia (Charmantier-Daures & Segonzac 
1998). The ontogeny of the unusual thoracic eyes in these species is not completely 
known, and their evolution from stalked compound eyes of an ancestral deep sea shrimp is 
under discussion (Gaten et al. 1998a, b). 

3.9.1 General anatomy of the nervous system 
A pair of circumesophageal commissures connects the brain with the subesophageal gan-
glion in the ventral nerve cord, where the ganglia of the mouthparts and maxillipeds are 
fused. The ventral cord reaches from the head to the anal region, consisting of a chain of 
large paired ganglia (mostly 17 in the Malacostraca), corresponding with the three postan-
tennal cephalic, the eight thoracic, and the six pleonal appendage pairs (Kaestner 1980). 
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The segmental structure of the ventral nerve mass is well recognizable in larval decapods 
(Figs. 3.1, 3.2, 3.12). In the adults, in particular in the Brachyura, there is a fusion of gan-
glia, resulting in a partial compression of the central nervous system. 

Although the size and complexity of the neural structures increases during early devel-
opment, most of these structures are already present in embryonic and larval stages, at 
least in the Pleocyemata (Trask 1974, Frydel 1979, Laverack 1988c, Helluy & Beltz 1990, 
Harzsch & Dawirs 1993, Helluy et al. 1993, 1995). In freshly hatched penaeid shrimp 
nauplii, the nervous system comprises only a neuropile including a ring around the stomo-
daeum and nerves that pass to the cephalic appendages (Elofsson 1969). The differentia-
tion begins with a local concentrations of nerve cells, representing an incipient formation 
of ganglia. In later naupliar stages, the size and differentiation of the neuropile increases 
gradually, commissures develop, and ganglionic swellings become visible near the buds 
of the anterior thoracic appendages (maxillipeds 1 and 2). The development of the nervous 
system proceeds gradually also throughout the subsequent protozoeal, mysis, “postlarval”, 
and juvenile stages. The stomatogastric nervous system appears in the second protozoeal 
stage. 

Complementing neuroanatomical studies, the ontogeny of neurotransmitter systems has 
recently been studied in decapod crustaceans. In the lobster (Homarus americanus) the 
production of serotonin, proctolin, and others could be demonstrated in early embryonic 
stages (Helluy & Beltz 1990, Beltz et al. 1992, Kilman et al. 1999). Incipient immunore-
activity in the protocerebrum indicated that the development of the brain starts, in this 
taxon, at about 11% of the time of embryogenesis; almost the entire central nervous sys-
tem is already fully developed at ca. 50% (except for the accessory lobes of the deuto-
cerebrum). Also dopamine immunoreactivity has been detected in this embryonic stage 
(Cournil et al. 1995). Further details of the ontogeny of the nervous system (neurogene-
sis), in particular of the brain, have been elucidated in recent studies on lobster and crab 
embryos (Harzsch et al. 1998, 1999b). 

While the innervation of motoric organs appears to be widely complete at hatching, 
that of the sensory system develops more gradually in successive larval stages. The num-
ber of sensory neurons grows enormously during development and exceeds considerably 
that of the motor and inhibitory neurons (Laverack 1988c). In addition, however, there are 
developmental changes in the functional morphology of appendages (particularly in 
metamorphic transitions; e.g. from a natatory to a mouthpart function), and new locomo-
tory organs such as the pereiopods or pleopods must be rapidly activated in the posterior 
body regions. This requires major neuronal reorganizations, which have been studied re-
cently (Kirk & Govind 1992, Harzsch & Dawirs 1993, 1994, 1995b, 1996a, 1996b). As a 
consequence of dramatically increasing needs for nervous coordination in both sensory 
and locomotory organs, the central nervous system, in particular the brain, inceases during 
postembryonic development significantly in size. In spider crab (Hyas araneus) larvae, 
from hatching to the first juvenile stage more than a ten-fold increase was recorded in the 
olfactory lobe, and a more than 100-fold growth occurred in the neuropile volume of the 
thoracic ganglia (Harzsch & Dawirs 1994, 1996a). In the American lobster, the olfactory 
lobe grows from hatching to adulthood more than 600-fold, representing a conspicuous 
centre of neurogenesis (Helluy et al. 1995). 
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Figure 3.12. Central nervous system of a late brachyuran crab larva (megalopa of Carcinus maenas; 
schematic model). ALN: antennulary nerve; AMC: anterior medial cells; ATN: antennary nerve; 
CB: central body; CEC: circumesophageal connective; CG: commissural ganglia; E: esophagus; 
LG: lamina ganglionaris; LPNP: lateral protocerebral neuropile; MCC: medial cell column; ME: 
medulla externa; MI: medulla interna; MPNP: medial protocerebral neuropile; MT: medulla termi-
nalis; PEC: postesophageal commissure; PG 1-6: pleon ganglia 1-6; OGT: olfactory globular tract; 
OL: olfactory lobe; PCT: protocerebral tract; PVC: posterior ventral cells; R: retina; SA: sternal ar-
tery; SEG 1-6: neuromeres 1-6 of the subesophageal ganglion with segmental commissures and 
nerve roots; TCNP: tritocerebral neuropile; TG 1-5: thoracic ganglia 1-5 with segmental commis-
sures and nerve roots; TN: tegumentary nerve (from Harzsch & Dawirs 1993, with permission from 
BAH, Helgoland, Germany). 

 
The postembryonic organogenesis of the nervous system has been studied in particular 

detail in crab larvae (Harzsch & Dawirs 1994, 1995b, 1996a, b). It includes a continuous 
proliferation of neuroblasts in the brain and the ventral nerve cord throughout zoeal de-
velopment. During the megalopal molt cycle, the mitotic activity of neuroblasts decreases 
dramatically, while previously produced neurons are continually differentiated, i.e. inte-
grated in already existing neuronal networks. Only in the olfactory lobe of the brain does 
some proliferative action appear to persist through both metamorphoses (zoea-megalopa, 
megalopa-juvenile), as certain clusters of ganglion mother cells delay their final mitosis. 
New immunohistochemical methods allow for an identification of specific neuron classes 
and thus, for more detailed studies of their maturation during the course of larval devel-
opment. 
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3.9.2 The X-organ-sinus-gland complex and other neuroendocrine systems 
Neurosecretory and neurohemal sites have been identified in the brain, the eyestalks, the 
post-commissural organs, and the pericardial organs of adult crustaceans (Cooke & Sulli-
van 1982, Fingerman 1992). Among these organs, the eyestalk system has been studied 
most extensively, including numerous species of decapod larvae (for recent review, see 
Charmantier & Charmantier-Daures 1998). It comprises typically the following ganglia 
(in an order from the proximal to the distal end of the eyestalk; Fig. 3.13): medulla termi-
nalis, medulla interna, medulla externa, lamina ganglionaris.  

While the two former ganglia develop from cells of brain anlagen, the two latter appear 
to derive from optic discs (anlagen of compound eyes; Elofsson 1969). These ganglia bear 
endocrine cell groups, the X-organs, which transmit their secretions through nerv tracts to 
an adjacent neurohemal organ, the sinus gland (for extensive discussion of the various 
types of terminals and release mechanisms: see Fingerman 1992). From this collection 
vesicle, which is normally located between the medulla interna and medulla externa, neu-
rohormones are released into the circulatory system. In spite of a predominant neurohemal 
nature of the sinus gland, the historical name “gland” (Hanström 1937) may be justified to 
some extent, as a minor part of the hormones appears to be produced by intrinsic cells 
(May & Golding 1983). However, probably more than 90% of the axonal terminals in the 
sinus gland belong to the major neurosecretory site, the medulla terminalis X-organ 
(Cooke & Sullivan 1982); additionally, medulla externa and medulla ganglionaris X-
organs occur, as well as giant neurons which are considered as presumptive neurosecre-
tory cells (Hubschman 1963, Rotllant et al. 1994). This system is found also in unstalked 
compound eyes (e.g. in embryos and first-stage zoea larvae of the Pleocyemata), but ap-
parently not in the naupliar eye. In penaeid nauplii, however, Elofsson (1969) observed 
structures that he interpreted as non-functional primordia of compound eyes. In eyestalk-
less crustaceans such as isopods, these ganglia remain parts of the brain. In several ano-
murans and some shrimps, an emergence of ganglia from the eyestalk back to the proto-
cerebrum may have occurred secondarily in evolution (Fingerman 1992). 

The eyestalk system or X-organ-sinus-gland complex was discovered several decades 
ago and soon identified as the major neuroendocrine centre in the Crustacea (review of 
older literature: Knowles and Carlisle 1956). Numerous studies of its structures and func-
tions have been published since, and a great variety of eyestalk neurohormones, biogenic 
amines, and other endocrine factors has been identified, chemically characterized and/or 
localized with immunocytochemistry (Cooke & Sullivan 1982, Kleinholz 1985, Skinner 
1985a, b, Quackenbush 1986, Fingerman 1992, Govind 1992, Keller 1992, Charmantier et 
al. 1996, Wainwright et al. 1998, Tang et al. 1999). These include the molt-inhibiting, the 
mandibular organ-inhibiting, the gonad-inhibiting, the hyperglycemic, the red pigment-
concentrating, the pigment-dispersing, and the distal retinal pigment light-adapting hor-
mone. In addition to specific invertebrate hormones, biologically active substances could 
be identified in decapod eyestalks, which were originally known from vertebrates, e.g. 
opioid neuropeptides such as leucine-enkephalin, secretin, and “substance P” (Mancillas 
et al. 1981, Fingerman et al. 1985, Jaros 1986, 1990, Fingerman 1992). 
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Although the eyestalk system is known mostly from studies of adult crustaceans, sev-

eral observations center on embryos and larvae (Christiansen 1988, Rotllant et al. 1994, 
1995, Chan et al. 1998, Charmantier 1998, Charmantier & Charmantier-Daures 1998). Or-
lamünder (1942) observed in embryos of a terrestrial anomuran, the coconut crab Birgus 
latro, cells corresponding to the X-organ of adult crustaceans. Pyle (1943), studying em-
bryos and larvae of lobsters (Homarus americanus) and pea crabs (Pinnotheres macula-
tus), described for the first time the ontogeny of the X-organ-sinus-gland complex. An-
other early account of the embryogenesis of the X-organ was given by Dahl (1957), who 
studied the marine shrimp Crangon allmanni. Subsequently, detailed studies were carried 
out on the development of neurosecretory and sensory structures in the eyestalks of larval 
shrimps (both penaeid and caridean), anomuran and brachyuran crabs, and clawed lobsters 
(recent review: Charmantier & Charmantier-Daures 1998). 

 

 

Figure 3.13. Ontogeny of the neuro-
endocrine centres in the eyestalk of the 
European lobster, Homarus gammarus 
(schematic drawing). LG: lamina gan-
glionaris; ME: medulla externa; MI: 
medulla interna; MT: medulla termi-
nalis; MTXO: medulla terminalis X-
organ; NE: nauplius eye; OB: organ of 
Bellonci; Om: ommatidia; PSSG: pre-
sumptive site of the sinus gland; SG: 
sinus gland (from Rotllant et al. 1995, 
with permission from Balaban, Reho-
vot, Israel). 
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Figure 3.14. Eyestalk ganglia in an early larva with unstalked eyes, the zoea I of the spider crab, 
Hyas araneus. B: brain; E: esophagus; LG: lamina ganglionaris; ME: medulla externa; MI: medulla 
interna; MT: medulla terminalis; PCT: protocerebral tract (from Höcker 1988, with permission from 
the author). 

 
 
 
While the eyestalk system of the Dendrobranchiata develops gradually through the 

naupliar and zoeal stages (Elofsson 1969), most of its structures are in the Pleocyemata 
present at hatching (Figs. 3.13, 3.14). In some larval carideans, however, the sinus gland 
and associated neuroendocrine structures (e.g. the giant neurons) were found only in later 
larval stages (Hubschman 1963, Bellon-Humbert et al. 1978). In taxa with an abbreviated 
or lacking larval development (e.g. in crayfish and potamid freshwater crabs), the sinus 
gland and X-organs are always present at hatching (Matsumoto 1958, Gorgels-Kallen & 
Meij 1985). Their early functionality was demonstrated in European lobster (Homarus 
gammarus) larvae applying immunocytochemical and in situ hybridization techniques 
(Webster & Dircksen 1991, Rotllant et al. 1993, 1994, 1995). In the brain of late embryos 
and freshly hatched larvae of a swimming crab (Charybdis feriatus) Chan et al. (1998) de-
tected with a PCR technique the expression of genes coding for neuropeptides that are 
typically released from the eyestalk system. 

Even where the eyestalk system is well developed at hatching, its neuropiles increase 
significantly in size throughout larval development. In spider crab larvae, for instance, this 
increase in volume is about ten-fold from hatching to the first juvenile stage. In the devel-
opment of the retina and optic neuropils of the brachyuran eyestalk system, probably three 
separate proliferation zones are involved (Harzsch & Dawirs 1995a, Harzsch et al. 
1999b). These regions of cell multiplication can be localized with a relatively new tech-
nique: a synthetic thymidine analogue (5-bromo-2’-deoxyuridine; BrdU) is incorporated 
into the DNA of mitotic cells and then detected with a monoclonal antibody (Harzsch & 
Dawirs 1994). In future research, this and other immunohistological methods will allow 
for achieving deeper insights in the course and mechanisms of neurogenesis and, in gen-
eral, in organogenesis. 

In summary, the available evidence suggests that decapod neurohormones are produced 
in larval eyestalks, fulfilling largely the same regulatory functions as in juvenile and adult 
life-history stages (Charmantier & Charmantier-Daures 1998). Among others, these func-
tions comprise control of the molting cycle, morphogenesis, regeneration, carbohydrate 
and calcium turnover and other metabolic functions, chromatophore and retinal activity, 
osmo- and ionic regulation, growth, and sexual maturation.  

Among the neuroendocrine factors of the eyestalk system, the molt inhibiting hormone 
(MIH) may be one of the most important in the context of larval development and growth. 
Its presence was recently demonstrated in late embryos and early larvae of a crab (Chan et 
al. 1998). Besides MIH, also the crustacean hyperglycemic hormone (CHH) and the go-
nad-inhibiting hormone (GIH) have been immunocytochemically detected in the eyestalks 
of larval decapods (Rotllant et al. 1993, Giulianini et al. 2000). In addition to the X-organ-
sinus-gland complex, several other neuroendocrine sites have been identified (Fingerman 
1992). Among these, the postcommissural organs of the Decapoda emerge from the trito-
cerebral commissure behind the esophagus, controlling several chromatophorotropic ac-
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tivities such as black, white, and red pigment concentrations. The pericardial organs re-
lease neurohormones that were shown to influence the rate of heart beat. The anterior 
ramifications, which were detected close to the pericardial organs of brachyurans, repre-
sent probably neurohemal organs. To my knowledge, none of these neuroendocrine struc-
tures has been studied in larval decapods. 

3.9.3 The organ of Bellonci 
There has been much confusion of the organ of Bellonci with the X-organs, and even its 
functional classification as part of the nervous system (Chaigneau 1994b) or as a non-
neural endocrine gland (Felgenhauer 1992b) is controversial. After several name changes, 
it was eventually named after its discoverer who observed it first in an isopod, more than 
one century ago (Bellonci 1881). Since very little is known about its presence and ana-
tomical features in larvae, the following description is based on observations from adult 
decapods. 

The organ of Bellonci is normally located in the eyestalks, usually near or attached to 
the medulla-terminalis X-organ, and closely associated with a sensory pore (Chaigneau 
1978). The latter, however, is poorly developed or absent in most brachyuran crabs, and it 
may be absent also in some deep sea shrimps (Segonacia mesatlantica; Charmantier-
Daures & Segonzac 1998). In other deep sea species (Rimicaris exoculata, Charocaris 
chacei), no eyestalks are developed, and the organ of Bellonci is located in front of the 
cerebral ganglia (Charmantier-Daures & Segonzac 1998). When the organ of Bellonci ap-
pears separated from the medulla terminalis, these structures stay in connection by a nerve 
(Chaigneau 1994b). 

While the ultrastructure of its cells appears rather uniform, their overall shape and ar-
rangement, their position, and even their presence appears to vary among decapod taxa 
(Fingerman 1992). One of its most typical traits is the presence of laminar and tubular 
structures, the so-called onion bodies. The ultrastructure of Bellonci organs was described 
in detail for caridean shrimps, e.g. Paratya tasmaniensis (Lake & Ong 1970), Palaemon 
serratus (Bellon-Humbert & Chaigneau 1982), Macrobrachium rosenbergii (Hallberg & 
Kauri 1992), and the shore crab, Carcinus maenas (Smith 1974). Dense layers of rough 
endoplasmatic reticulum (“phaosomes”) in the Bellonci organ of an atyid shrimp resemble 
the anatomy of the nauplius eye and may thus represent sensory structes (Juberthie-Jupeau 
& Chaigneau 1975). However, it has remained under dispute, whether this organ has a 
sensory or a secretory function. According to its ultrastructure in crabs and shrimps, it 
may have both (Smith 1974, Bellon-Humbert & Chaigneau 1982). It was speculated that 
sensory inputs may stimulate the release of endocrine factors, similar as in the pineal or-
gan of ectotherms. 

In penaeid shrimp larvae, the organ of Bellonci appears near the developing medulla 
terminalis of the last naupliar stage, the nauplius V (Elofsson 1969). In larvae of caridean 
shrimps (Alpheus leptodactylus, Crangon allmanni, Palaemonetes spp., Palaemon spp.), 
anomuran crabs (Pisidia longicornis) and nephropid lobsters (Homarus gammarus), the 
organ of Bellonci is present at hatching (Dahl 1957, Hubschman 1963, Little 1969, Bel-
lon-Humbert et al. 1978, Iman 1982, Le Roux 1989, Rotllant et al. 1994). In shrimp lar-
vae, it appears initially enclosed in the medulla terminalis, showing the typical onion bod-
ies. It grows during subsequent larval development to almost six-fold size, differentiates, 
and migrates within the eyestalk system (Bellon-Humbert et al. 1978). Vacuolization, 
however, which is considered as an indicator of beginning secretory activity, starts from 
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an intermediate zoeal stage (IV). Also the giant neuron appears at this time and grows un-
til metamorphosis to three-fold size. There seems to be no or only a loose association be-
tween the organ of Bellonci and a minute “larval sensory pore”; the main sensory pore 
develops in the last decapodid or in the first juvenile stage. Several typical adult traits of 
the organ of Bellonci were first observed in the decapodid-juvenile transition, namely: the 
final (rostroventral) position within the eyestalk, partial extrusion out of the medulla ter-
minalis, formation of a connecting nerve tract between this ganglion and the organ of Bel-
lonci, the appearance of contact zones with the main sensory pore complex and the neu-
rosecretory cells of the medulla terminalis X-organ. In lobster larvae, in contrast, both the 
vesicular and an onion-body type of cells were observed from hatching in the organ of 
Bellonci, which is located near the perikarya of the medulla interna and medulla termi-
nalis and distally associated with the sensory pore complex (Rotllant et al. 1994). 

3.10 Non-neural (epithelial) endocrine glands 

3.10.1 Y-organs 
Gabe (1953) discovered in the cephalothorax of 25 decapod and numerous other mala-
costracan crustacean species a paired organ, which he tentatively named “Y-organ”. Its 
structure resembled that of the molting glands of insects, and its cells showed cyclic vatia-
tions throughout the molting cycle, suggesting that this newly discovered organ was in-
volved in the regulation of molting. This hypothesis was soon confirmed experimentally 
(Echalier 1954, 1955). In a treatise on the “Endocrine Control in Crustaceans” (Carlisle 
& Knowles 1959), the Y-organs were homologized with the prothoracic glands of insects. 
However, it took another decade to show in crustaceans the presence of the already known 
insect molting hormone, ecdysone (Butenandt & Karlson 1954), although in a slightly 
modified form, 20-hydroxyecdysone (usually referred to as 20-OH-ecdysone, in the older 
literature also as “crustecdysone”; Hampshire & Horn 1966). Activity variations in this 
and chemically similar steroid hormones were detected within the molting cycle (Carlisle 
& Connick 1973, Willig & Keller 1973), and after the appearance of new techniques 
(chromatography, radioimmunoassay), the Y-organs could be identified as the site of syn-
thesis (Chang et al. 1976, Keller & Willig 1976). Some authors suspected that the nervous 
system might be involved in the formation of the Y-organs (Echalier 1954, Chaudonneret 
1978), however, this speculation could not be corroborated by later histological and ultra-
structural studies. Most of the available evidence suggests an ectodermal origin (Char-
mantier et al. 1996). 

In both adult and larval decapods (except for naupliar stages, where a documentation is 
lacking so far), the Y-organs are associated with the epidermis, usually located in the 
maxillary or maxillular somite, where they are attached to the inner walls of the branchio-
stegites (Fig. 3.15a). In larval crabs, the Y-organs are integrated in the epidermis, showing 
an insertion zone, i.e. a direct contact of Y-organ cells with the inner carapace cuticle 
(Höcker 1988). This is otherwise typical of the Astacidea, which are considered phyloge-
netically more ancestral than the Bachyura (Lachaise et al. 1993). In juvenile and adult 
crabs, in contrast to their larvae, the Y-organ has separated from the cuticle and can 
clearly be distinguished from the underlaying epidermal tissues. It may thus be speculated 
that this ontogenetic change in the position of the Y-organs reflects an evolutionary ten-
dency, in agreement with Haeckel’s so-called “biogenetic law” (Haeckel 1866). Compara-
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tive observations of early ontogenetic changes may be worth-while to elucidate this possi-
ble developmental tendency. 

 
 
 

 
 
 
The Y-organs show a uniform structure with only one cell type (Fig. 3.15b). This is 

characterized by a basement membrane, folded cell membranes and numerous mitochon-
dria, but a poorly developed Golgi apparatus and a lack of obvious secretory granules. In 
the higher Crustacea, they appear to become functional during embryogenesis (Le Roux 
1983a, Christiansen 1988, Lachaise et al. 1993, Charmantier & Charmantier-Daures 1998, 
Subramoniam 2000). This generalization is consistent with an early appearance of ecdy-
steroids and a conspicuous increase in their titer as soon as embryonic Y-organ structures 
are differentiated (Spindler et al. 1987, Goudeau et al. 1990, Lachaise et al. 1993). 

Recent anatomical studies of the embryonic development in lobsters have shown that 
there are molt-cycle-like processes already within the egg membrane, which may be con-
trolled by the same hormonal system as in later life-history phases (Goudeau et al. 1990, 
Helluy & Beltz 1991). In embryonic and larval decapods, including various species of 
crabs, shrimps and lobsters, the Y-organs have been identified and histologically de-
scribed (McConaugha 1980, Le Roux 1982a, Buchholz 1984, Höcker 1988). According to 
these investigations, there is a gradual increase in size and lobulation, but no other con-
spicuous ontogenetic changes were found during the course of larval development in their 
histology or ultrastructure. There are, however, structural changes that are related to activ-
ity changes during individual molting cycles (see below, section 4.3).  

 

3.10.2 Mandibular organs 
Located near the base of the mandibles, the Crustacea bear another pair of ductless endo-
crine glands, the mandibuar organs (MO). Le Roux (1968) discovered and described them 
briefly from 20 decapod species. However, since their exact location and shape remained 
unclear from the early descriptions, the MO were initially often confused with Y-organs 
(clarified by Sochansky et al. 1972, Le Roux 1974; for recent review of anatomical and 
functional features of the MO, see Hinsch 1990, Fingerman 1992, Charmantier et al. 
1996). While these organs vary among species in size, shape and histological details, their 

Figure 3.15. Y organ (Y) in the zoea I of a spi-
der crab, Hyas araneus; [a] position on the 
proximal inner surface of the branchiostegites; 
[b] histological structure; mb: maxillar base; 
Cf: carapace fold; vnc: ventral nerve cord (from 
Höcker 1988, with permission from the author). 
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ultrastructure has some traits in common, e.g. a central location of the nucleus, highly 
folded cell membranes, a well-developed smooth endoplasmatic reticulum (SER), numer-
ous ring-shaped mitochondria, a Golgi apparatus of variable appearance, and usually a 
poorly represented rough endoplasmatic reticulum (RER). In the lobster (Homarus ameri-
canus), three different cell types were described (Borst et al. 1994), which may be sepa-
rated in two histologically distinct regions (Le Roux 1968, 1969). At least in some spe-
cies, the SER appears to change through the molting cycle (Aoto et al. 1974, Byard et al. 
1975). 

The function of the MO has remained widely unclear and is under current investigation. 
At least one highly interesting function could be established: in the MO of a spider crab 
(Libinia emarginata), Laufer and collaborators discovered methyl farnesoate (MF), a 
compound that is structurally similar to a juvenile hormone (JH III) of the insects (Laufer 
et al. 1986, Borst et al. 1987; for recent review see Charmantier et al. 1996, Charmantier 
& Charmantier-Daures 1998). The production and release of MF and its precursor, farne-
soic acid, was shown also in vitro in the MO of several crab and shrimp species. In adult 
decapods, these substances stimulate ovarian development and vitellogenesis, comparable 
with the corpora allata of the insects (Charmantier et al. 1996). The hemolymph titer of 
MF in crabs is correlated with reproductive readiness (Ahl et al. 1996, Wainwright et al. 
1996a). The MO and its secretory product, MF, appear thus to be involved in the devel-
opment of the reproductive system. Moreover, there is recent evidence suggesting that MF 
may be involved in osmoregulation (Lovett et al. 2001). 

So far, only few indications of the classical JH functions have been found in larval de-
velopment and metamorphosis. In contrast to insect JH III, exogenous MF caused in lar-
val lobsters (Homarus americanus) only a small delay in metamorphosis and no morpho-
logical effects (Borst et al. 1987). In late palaemonid prawn (Macrobrachium rosenbergii) 
larvae, juvenoid-like effects such as retarded larval development and an occurrence of in-
termediate morphological forms were recently observed (Abdu et al. 1998a). The opposite 
effect, however, i.e. stimulated metamorphosis, was observed in barnacle larvae (Yama-
moto et al. 1997). Effects of experimental eyestalk ablation and MO implantation in adult 
decapods indicated consistently that both organs are involved in the control of the molting 
cycle, probably stimulating the production of ecdysteroids (Charmantier et al. 1996). 

The presence of the MO has been demonstrated in larvae of various decapod species, 
located near the limit between the mandibles and the maxillules (Le Roux 1974, 1991). 
According to histological observations after eyestalk ablation, their synthetic activity is 
controlled by factors of the X-organ-sinus-gland complex (Le Roux 1983b, Charmantier 
et al. 1996). The mechanisms of the neuroendocrine regulation of MF biosynthesis are 
currently under intense investigation using adult Cancer crabs as a model (Wainwright et 
al. 1996a, 1998, Tang et al. 1999). In vitro experiments with MO cell cultures have shown 
that a neuropeptide produced in the eyestalks, the mandibular organ-inhibiting hormone 
(MO-IH), inhibits a key enzyme in the biosynthesis of MF, the farnesoic acid-O-
methyltransferase. Also recent experiments with eye stalk removal and sinus gland injec-
tions in crayfish confirmed that the production of MF is under neuroendocrine control by 
the eye stalk system (Chaves 2001). 

While exogenous insect JH or synthetic mimics thereof have repeatedly been shown to 
affect larval development and metamorphosis (Charmantier et al. 1988), very little infor-
mation is available on the presence and role of endogenous MF or related substances in 
larval decapods. In lobster and prawn larvae, MF was detected only in low concentrations 
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(Borst et al. 1987, Abdu et al. 1998b). Several observations of reduced morphogenesis and 
delayed metamorphosis in the presence of exogenous insect JH suggest that the mode of 
action of the chemically related putative “crustacean juvenile hormone”, MF, may be 
similar as in insects (see Charmantier & Charmantier-Daures 1998, Abdu et al. 1998a). 

3.10.3 Androgenic gland 
As another epithelial endocrine organ of the Malacostraca, the androgenic gland is in-
volved in the development of the male sexual structures of crustaceans. Although it was 
anatomically discovered in a crab (Callinectes sapidus; Cronin 1947), its function was 
first demonstrated in amphipods (Charniaux-Cotton 1954). In decapods, it is always lo-
cated near the subterminal ejaculatory part of the vas deferens. Its anatomy, however, var-
ies greatly among species, and several chemical compound classes have been discussed as 
possible androgenic hormones produced therein; among the candidates, again JH-like 
substances such as farnesylacetone have been detected (Kleinholz 1985, Fingerman 1992). 

The expression of the androgenic gland is under the control of sex-determining genes 
(Ginsburger-Vogel & Charniaux-Cotton 1982). During larval development, it occurs in 
both sexes, but later it is reduced in females (Le Roux 1991). As in the mandibular organ, 
its activity is under neuroendocrine control of the eyestalks. After eyestalk ablation in 
several larval decapods, the androgenic gland cells became hypertrophic and the devel-
opment of male sexual organs was accelerated, causing spermatogenesis to begin as early 
as in the megalopa stage (Payen et al. 1971, Le Roux 1982b, 1984). 

3.11 Alimentary system 

Comprehensive accounts of the anatomy and function of the digestive system in adult De-
capoda were recently given in the treatise “Microscopical Anatomy of Invertebrates” 
(Felgenhauer 1992b, Icely & Nott 1992), in the book series “The Biology of Crustacea” 
(Dall & Moriarty 1983) and “Crustacean Issues” (Felgenhauer & Abele 1989), and in 
textbooks such as Grassé’s “Traité de Zoologie” (Ceccaldi 1994). Except for the lecith-
otrophic nauplius stages of the Dendrobranchiata, which have only an incompletely de-
veloped, non-functional gut without lumen (Dall et al. 1990), the alimentary system of 
larval decapods is less complex but otherwise already similar to that of the adults (for ex-
tensive bibliography and review, see Icely & Nott 1992). Hence, much of the existing evi-
dence from studies of adult decapods can be extrapolated to decapod larvae. 

3.11.1 General organization of the digestive tract 
In both adult and larval decapods, the alimentary canal is typically divided into three dis-
tinct parts: foregut, midgut and hindgut (Trask 1974, Factor 1989). In contrast to the ecto-
dermally derived foregut and hindgut regions, the midgut (including its blindly ending 
caeca and the midgut gland or hepatopancreas) is of endodermal origin and thus, the only 
portion that is not lined by a cuticle layer. Anatomy and principal functions of this system 
will be briefly described here, following the direction of the passage of food. Numerous 
further details and specific modifications in individual decapod taxa can be found in the 
books and review articles cited above. 
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3.11.2 External feeding structures and esophagus 
Larvae grasp food particles with their mouthparts, in particular with the maxillulae, maxil-
lae and maxillipeds. In brachyuran zoeae, the pleon is bent anteriorly to press large prey 
items against the mouth region (Herrnkind 1968). Advanced forms such as the mysis 
stages of clawed lobsters (see Factor 1995a) or the decapodids of most other groups use 
also functional pereiopods. Food is then masticated by the mandibles, before it passes 
through the mouth into the anterior part of the foregut, the esophagus. Its lumen can be 
adjusted to prey size by means of longitudinal folds in the walls, and food passage is fur-
ther facilitated by lubricating mucus secretions from surrounding tegumental glands (see 
section 3.5). After passing an esophageal sphincter (in many higher Decapoda also an 
elaborate esophageal vent), the food passes further into the cardiac stomach chamber (in 
the terminology of Dall & Moriarty 1983 and Dall et al. 1990 named anterior proven-
triculus). Sphincter and valve prevent a reflux from to the esophagus. 

3.11.3 Cardiac stomach and gastric mill 
During the zoeal phase, some mechanical maceration of food may be achieved by peristal-
tic movements of the cardiac stomach, where longitudinal cuticle folds are found on the 
inner surface (Höcker 1988). This process of extracellular digestion, however, becomes 
more efficient when the decapodid or juvenile phase of development is reached. In the 
higher Decapoda, additional longitudinal cuticle ridges, ossicles and teeth appear as robust 
skeletal elements in the cardiac chamber. They are connected to one another by ligaments 
and moved by the extrinsic foregut musculature. This complex (and in later developmen-
tal stages increasingly calcified) apparatus is termed “gastric mill”. Its principal compo-
nents are a median tooth, a pair of lateral teeth, and often accessory lateral teeth (Fig. 
3.16). Various forms of ossicles have been described and classified for adult Decapoda; 
they can be assigned to three basic types (Felgenhauer & Abele 1989). In some decapod 
groups, the complexity and robustness of the gastric mill appear to be related to the pre-
dominant food source of a given species, but numerous exceptions suggest that also its 
phylogenetic history may have a strong influence on the structure of the foregut (Icely & 
Nott 1992). A gastric mill is lacking or vestigial in penaeid and caridean shrimp larvae, 
where the cardiac portion of the foregut remains structurally simple compared with that in 
all other decapod groups (Le Roux 1971, Regnault 1972, Lovett & Felder 1989, Abubakar 
& Jones 1992). 
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Figure 3.16. Cardiac stomach of the megalopa of a spider crab, Hyas araneus. ct: cuticular teeth. 
SEM (from Höcker 1988, with permission from the author). 

 
 
Factor (1989) suggested adaptive ontogenetic changes in the structure of the feeding 

system of decapod larvae. Zoeae show consistently a complex morphology in their exter-
nal mastication organs, the mandibles, but only simple cuticular structures in the cardiac 
stomach chamber. In the decapodid and juvenile phase, the mandible structure becomes 
less complex, while the cardiac stomach develops a gastric mill. These metamorphic, in-
versely directed changes in the complexity of external and internal feeding structures re-
flect an abrupt ontogenetic change in feeding ecology and habit, namely from a suspen-
sion-feeding planktonic zoea to a demersal stage that predominantly feeds on solid benthic 
prey (e.g. juvenile molluscs, small crustaceans). The latter type of food is apparently mac-
erated more efficiently in the gastric mill than by the mandibles. In addition to structural 
changes (formation of the filter apparatus), the zoea-decapodid transition appears to be as-
sociated with a steep increasing in the hepatopancreas volume and activity of digestive 
enzymes produced therein (Kumlu & Jones 1995a). 

In clawed lobsters, these changes occur between postembryonic stages III and IV. 
Similar patterns were found in studies of the functional morphology of crab (Minagawa & 
Takashima 1994, Li & Li 1995) and palinurid lobster larvae (Nishida et al. 1990). In the 
latter, however, these changes in feeding structures occurred not at the settling stage (the 
puerulus) but in the subsequent juvenile. A gastric mill is here absent during the phyllo-
soma phase and in the puerulus, but appears in the first juvenile. As in other decapods, the 
external mouthparts lose their morphological complexity during this metamorphosis 
(Lemmens & Knott 1994). This delay of metamorphic changes in the feeding structures of 
palinurids may be explained by absense of food uptake in the puerulus and a recom-
mencement of feeding activity in the first juvenile, as there is evidence from several spe-
cies of palinurid lobsters that the puerulus is a secondarily nonfeeding stage (see section 
5.2.1). 

A different pattern was observed in a scyllarid (shovel-nosed) lobster, Ibacus ciliatus 
(Mikami & Takashima 1993a, Mikami et al. 1994). The nisto stage (equivalent to the pu-
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erulus of the palinurids) shows a proventriculus structure which is similar to that of the 
adults (for literature on adult stomach anatomy in scyllarids, see Factor 1989). However, 
cuticular spines, grooves, teeth, and a filter press, which are already present in the phyllo-
soma phase, become secondarily reduced in the nisto. In this case, this is not consistent 
with the authors’ interpretation of a change from soft planktonic to solid benthic food. It 
might rather suggest that the nisto stage shows, similarly as the puerulus of spiny lobsters, 
a reduced or even lacking food uptake. Since larval feeding was not checked in this or 
other cultivation experiments with scyllarid lobsters (review: Marinovic et al. 1994), fur-
ther data are necessary for a better understanding of the functional morphology of the ali-
mentary system in the Scyllaridae. Similar observations have been reported from anomu-
ran king crabs (Paralithodes spp.), where transitorily reduced structures in the alimentary 
tract suggest that the decapodid is a nonfeeding stage (Abrunhosa & Kittaka 1997a, b; see 
section 5.1.2). 

3.11.4 Pyloric stomach 
After internal mastication in the cardiac stomach, small and medium-sized food particles 
pass over the cardiopyloric valve into the dorsal part of the pyloric stomach chamber (or 
posterior proventriculus). Food is compressed here by a complex system of filtering setae, 
the filter press, which allows only small particles to pass to the ventral part of the pyloric 
chamber (Fig. 3.17). This filter system is lacking in the protozoeal stages of the Dendro-
brachiata (Lovett & Felder 1989), but exists in all other zoeae, although usually less com-
plex. After being screened by one or two layers of setae, the filtrate of the gastric juice 
passes through the fine gland filter (or ampulla), into the ampullary chambers. From there, 
the liquid passes through the ampullary channels into the midgut gland (hepatopancreas), 
where intracellular digestion takes place. Larger residual particles (in general those above 
ca. 1 µm size) pass from the dorsal part of the pyloric chamber through a pylorointestinal 
valve directly into the midgut, and from there to the hindgut and anus. 

3.11.5 Hepatopancreas 
The larval hepatopancreas is, in most decapod crustaceans, anatomically similar to that of 
the adults. During the course of development, it grows considerably in size, in general 
without significant structural changes (Hinton & Corey 1979, Storch & Anger 1983, An-
ger et al. 1985, Sasaki et al. 1986, Factor 1989, Abubakar & Jones 1992, Biesiot & 
McDowell 1995, Li & Li 1998). Conspicuous reconstruction processes may occur, how-
ever, in species where the early larval stages are nonfeeding, followed by planktotrophic 
stages (see section 5.1.1).  

The hepatopancreas is a bilobed system of blind ending tubuli which occupies most of 
the space within the cephalothorax; in hermit crabs, it extends into the pleon. The tubuli 
open into paired collection canals that pass ventrolaterally to the pyloric portion of the 
stomach (sometimes to the midgut or to the transition between midgut and pyloric stom-
ach). While digestive fluid is delivered here, the filtered gastric fluid is transported in the 
opposite direction into the hepatopancreas (for detailed discussion of the circulation of 
fluids, see Icely & Nott 1992). The glandular tubuli of the hepatopancreas are surrounded 
by a basal lamina, which is underlain by striated muscle cells and extensions of pigment 
cells. The intertubular space is occupied by hemolymph sinuses. 
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Figure 3.17. Pyloric stomach (not to scale); [a] Litopenaeus setiferus, “postlarva” (schematic draw-
ing); [b] Hyas araneus, megalopa (transversal section); [c] Pagurus bernhardus, zoea II (TEM, 
x3100; note presence of food particles in lower ampullary chambers). ar: ampullary ridge; ass: am-
pullary setal screen of the gland filter; dlpc: dorsolateral pyloric channel; dpch: compaction struc-
tures in the dorsal region of the pyloric chamber; dpf: dorsal pyloric fold; fp: filter press of the gland 
filter iar: interampullary ridge; lach: lower ampullary chamber; ppo: prepyloric ossicle; pss: pyloric 
setal screen for dorsolateral pyloric channel; uach: upper ampullary chamber ([a] from Lovett & 
Felder 1989, with permission from Wiley, New York, USA; [b] from Höcker 1988, with permission 
from the author; [c] from Jarminowski 1990, with permission from the author). 

As suggested by its name, the hepatopancreas fulfills hepatic, pancreatic as well as in-
testinal functions. Besides numerous digestive enzymes, the respiratory blood pigment 
hemocyanin also is produced in the midgut gland (Gelissen et al. 1991), as well as pro-
teins that are involved in the detoxification of alien substances (xenobiotics; James & 
Boyle 1998). Its cells show an activity rhythm that follows the cyclic uptake of food and 
appears to be hormonally regulated by the eyestalk complex. In both adult and larval 
decapods, the hepatopancreas epithelium consists of four principal cell types (Fig. 3.18): 
“embryonic”, “fibrillar”, “resorptive”, and “blisterlike” cells (E-, F-, R- and B-cells; for 
comprehensive review of the ultrastructure, nomenclature and genealogy of these cell 
types, see Gibson & Barker 1979, Hopkin & Nott 1980, Icely & Nott 1992, Vogt 1993, 
Biesiot & McDowell 1995). An additional type, the “midget” or M-cells, was first de-
scribed from adult penaeid prawns (Al-Mohanna et al. 1985), but found also in caridean 
shrimps and other higher Decapoda (Icely & Nott 1992). Their occurrence in larval deca-
pods, however, has not been documented. Probably, the M-cells store organic reserves. 
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Figure 3.18. Anatomy of a hepatopancreas tubule (schematic drawing) in a penaeid shrimp, Penaeus 
semisulcatus; location of cell types (B, E, F, M, R) during intermolt. E cells are located at the blind 
end in the distal region, from where they devide, differentiate, and replace lost cells in the other re-
gions; F cells are confined to the mid-distal region; B cells extend from the mid- to proximal region; 
R cells are most frequent along the tubule epithelium, M cells are relatively rare (from Al-Mohanna 
& Nott 1989; with permission from Springer, Heidelberg, Germany). 

 
 
The E-cells are located at the blind ends of the hepatopancreatic tubules (Fig. 3.18). 

They are undifferentiated and mitotically active. Arising from these “embryonic” cells, 
the other cell types fulfill specialized physiological functions. These have been elucidated 
with electron-microscopical, immunocytochemical, radiotracer, and energy dispersive X-
ray analysis. The available evidence suggests that the larval hepatopancreas is morpholo-
gically and functionally similar to that of the adults (Storch & Anger 1983, Abubakar & 
Jones 1992, Biesiot & McDowell 1995). 

The F-cells are characterized by a basally located nucleus, a well developed rough 
endoplasmatic reticulum (RER), abundant golgi profiles and mitochondria, and a con-
spicuous brush border. Their major functions are the uptake of nutrients by means of pi-
nocytosis or contact digestion and subsequent molecular absorption on the microvilli, and 
the secretion of digestive enzymes. Using immunocytochemical techniques, individual di-
gestive enzymes could be identified, and it could be shown that they are synthesized in the 
highly basophilic F-cells, transported to the pyloric stomach, and eventually stored in their 
active molecular form in the cardiac chamber (Vogt et al. 1989). When nutrients are se-
questered into the supranuclear vacuoles, these may expand to large vacuoles, and the F-
cell may transform into a B-cell. 

The B-cells have primarily secretory functions, producing most of the digestive en-
zymes, and they can absorb nutrients by pinocytosis (Gibson & Barker 1979). Their blis-
terlike appearance is caused by large vacuoles, which squeeze the cytoplasm with the nu-
cleus, the RER, and other organelles to the periphery. In the apical cell portion, there are 
numerous membrane invaginations which form channels extending into the interior of the 
cell. 
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Figure 3.19. Ultrastructure (schematic drawing) of an R-cell in the hepatopancreas of an early larval 
spider crab, Hyas araneus, zoea I; [a] continually fed larva; [b] after 16 days of starvation; [c] 12 
days of starvation and subsequent feeding (4 days). BM: basal membrane; EDI: electron-dense in-
clusions; ER: rough endoplasmatic reticulum; G: glycogen granules; LV: lipid vacuole; M: mito-
chondria; MVB: apical microvilli border; N: nucleus. Note: swollen mitochondria, only partially re-
pleted lipid vacuoles, and atypical glycogen storage after starvation (from Storch & Anger 1983, 
with permission from BAH, Helgoland, Germany). 

The R-cells have a columnar shape, bear a prominent brush border, the nucleus is locat-
ed at a central position, and their cytoplasm contains numerous storage vesicles (Fig. 
3.19). They are the most numerous cell type in the hepatopancreas, fulfilling predominant-
ly functions of intracellular absorption and storage of nutrients and minerals. The final 
products of digestion are stored in vacuoles or transferred to the hemolymph system. 

In freshly hatched crab and lobster zoeae, large lipid vacuoles with stored yolk materi-
als from the egg are the most prominent feature (Storch & Anger 1983, Anger et al. 1985). 
They persist under favourable feeding conditions, but are conspicuously reduced when 
food is absent or not accepted (Storch & Anger 1983, Anger et al. 1985, Mikami et al. 
1994, Nishida et al. 1990, Takahashi et al. 1994). Also other cell organelles such as the 
mitochondria, the endoplasmatic reticulum and the basal membrane may show effects of 
nutritional stress (Fig. 3.19). Some of these ultrastructural alterations can become irrever-
sible after prolonged starvation, in particular swollen mitochondria and reduced lipid 
vacuoles, indicating a severe damage to the enzymatic system of lipid conversion and 
storage (Storch & Anger 1983, Anger et al. 1985).  

Characteristic structural changes in the R-cells and F-cells were observed not only dur-
ing starvation, but also in response to other stress factors such as pollutants (Storch et al. 
1982, Vogt 1990) or bacterial and viral diseases (Vogt 1992a, b). Hence, the hepato-
pancreas as a whole has been referred to as a “mirror of the environment” (Storch 1985) 
or a “monitor organ” (Vogt et al. 1985) indicating the physiological condition of crusta-
ceans. 
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3.11.6 Midgut and hindgut 
The anatomy of the midgut (or intestine) is relatively simple, although its basement mem-
branes may develop an unusually complex, three-layered structure (Factor 1981a). In most 
decapod larvae, it shows blindly ending tubules, the anterior and posterior caeca (or diver-
ticulae). These are particularly well developed in the herbivorous early stages (proto-
zoeae) of penaeid shripmps, but they are absent in the larvae of caridean shrimps, or re-
duced in nephropid lobster and brachyuran crab larvae (Jones et al. 1997a). 

Since this portion of the alimentary canal has an endodermal origin, it is not lined by a 
cuticle. It is dominated by only one type of cells, whose ultrastructure suggests mainly ab-
sorptive and osmoregulatory functions. Moreover, the intestine plays an immunological 
role, is involved in the excretion of waste metabolites from the hemolymph, and produces 
the chitinous peritrophic membrane, in which fecal matter of most decapods is wrapped. 
Putative neuroendocrine cells have been described beneath and within the intestinal epi-
thelia (Mykles 1979, Factor 1981a). Furthermore, bacteria are commonly found in the 
midgut lumen and may supply nutrients and vitamins (Dall & Moriarty 1983).  

The ontogeny of the midgut was extensively investigated in larvae of penaeid prawns 
(Talbot et al. 1972c, Lovett & Felder 1989, Abubakr & Jones 1992). In the lecithotrophic 
nauplius stages, the midgut has no lumen and cannot be identified easily. In the subse-
quent protozoeal stages, the intestine consists of a simple tube and well-developed ante-
rior caeca. According to their large size and complex ultrastructure, which resembles that 
of the midgut gland, the caeca fulfill hepatopancreatic functions. Since both the external 
feeding appendages and the gastric mill show a simple structure, this intestinal anatomy 
suggests, corroborated by enzymatic data, that the breakdown of larval food is primarily 
enzymatic (Galgani & Benyamin 1985, Lovett & Felder 1990a). Stomach contractions act 
here primarily to mix ingested food particles with enzymes, playing an insignificant role 
in the mechanical breakdown of food (Jones et al. 1997a, b). The retainment of both di-
gestive and absorptive functions in the anterior midgut caeca throughout the zoeal phase 
appears to be a unique feature of the penaeids (Lovett & Felder 1990b). The activity of 
digestive enzymes decreases to a minimum in the transition between the late mysis and 
the early “postlarval” phase, when the midgut caeca decline while the hepatopancreas is 
not yet fully developed (Lovett & Felder 1990a). In clawed lobsters (Homarus ameri-
canus), in contrast, the larval midgut has a similar morphology as that of the juveniles, in-
cluding reduced caeca and a well-developed hepatopancreas (Hinton & Corey 1979, Fac-
tor 1981b, Biesiot & McDowell 1995).  

The posterior portion of the alimentary canal, the hindgut, is lined with a cuticle and 
shows in many decapods cuticular spines and scales. These appear to direct fecal pallets 
towards the anus, which is located in the telson. As in the esophagus, there are tegumental 
glands that probably lubricate the passage of fecal pellets. The epithelium is involved in 
ion transport (Mykles 1979). As in the midgut, ontogenetic changes of the hindgut were 
studied in penaeid larvae and juveniles (Lovett & Felder 1989). It appears in the first pro-
tozoeal stage as a simple tube, and during the mysis phase it developes gradually increas-
ing cuticular ridges that are covered with setae. 

3.12 Reproductive system 

As in the other principal organ systems of decapod crustaceans, a review of the structure 
of reproductive organs has been given in the treatise “Microscopic Anatomy of Inverte-
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brates” (Krol et al. 1992). Again, most of the available evidence originates from studies 
of adult decapods, while ontogenetic changes are known only little. Decapods become 
sexually mature only after passing through a more or less extended juvenile phase includ-
ing numerous molting cycles; however, the gonads may begin to develop much earlier 
(Charniaux-Cotton & Payen 1985). Their ontogeny is particularly interesting in those spe-
cies which show a sex reversal, for instance several pandalid and other caridean shrimps 
(Shumway et al. 1985). 

Primordial gonad tissues have been identified in the second thoracic somite of embry-
onic and larval stages of several carideans, anomurans, and brachyurans (Payen et al. 
1971, Payen 1974, Le Roux 1976, 1992, Schultze 1993). From eyestalk ablation experi-
ments can be inferred that sexual differentiation is not under direct neuroendocrine con-
trol. There is, however, an indirect control via the androgenic gland, at least in male indi-
viduals (see section 3.10.3). In a protandric hermaphrodite, the shrimp Pandalus 
montagui, the freshly hatched zoea I stage bears five to seven gonad cells near the ventral 
proximal part of the pericardial sac (Schultze 1993). During the course of larval develop-
ment, these cells show continuous mitotic activity, eventually forming an H-shaped gonad 
in the first juvenile stage. In the European lobster, Homarus gammarus, a similar structure 
is visible at the end of the embryonic period, and the first zoeal stage shows a pair of 
gonoducts (Le Roux 1992). In the anomuran crab Pisidia longicornis, sexual differentia-
tion is in the megalopa stage far enough advanced to allow, at least in some individuals, 
distinguishing between male and female larvae; the genital orifices become visible in the 
second juvenile instar (Le Roux 1976). In the Norway lobster, Nephrops norvegicus, the 
genital openings appear in the first juvenile (Farmer 1974), while this is later in another 
clawed lobster, H. gammarus, where the genital openings allow for an identification of 
sex only in later juveniles with about 8 mm carapace length, and pleopod and thelycum 
morphology differentiate still later (Le Roux 1992). In some brachyuran crab species 
(Callinectes sapidus, Rhithropanopeus harrisii, Menippe mercenaria), differential mor-
phology of pleopods was observed in second-instar juveniles (Payen 1974). 

In summary, the primary reproductive organs develop usually very early, i.e. in the late 
embryonic or early larval phase, although they become functional much later, in sexually 
mature adults. Secondary sexual characters such as modified pleopods, in contrast, are ab-
sent in larvae and appear only during juvenile growth. From numerous studies it appears 
that malacostracan crustaceans are primarily hermaphroditic, possessing the genetic pro-
grammes for the expression of both sexes. The decision as to which is eventually utilized 
may depend on the concentration of androgenic hormone that is produced in the andro-
genic gland and, possibly, in the anlagen of secondary sexual characters (Charniaux-
Cotton & Payen 1985). 
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4 THE MOLTING CYCLE 

When, more than half a century ago, the French zoologist P. Drach studied the anatomy of 
the integument in adult edible crabs (Cancer pagurus), he noted that the structures of the 
cuticle and the underlying epidermis are subject to conspicuous changes between subse-
quent molts (Drach 1939). He named these recurrent periods “cycle d‘intermue” (“inter-
molt cycle”) and described them primarily as an integumentary cycle. Drach’s classifica-
tion system for the molting cycle was later further elaborated and generalized for the 
crustacea (Skinner 1962, Tchernigovtzeff 1965, Drach & Tchernigovtzeff 1967), and has 
been applied, in a simplified form, to decapod larvae (Broad & Hubschman 1963, Free-
man & Costlow 1980, Anger 1983, Hatfield 1983), and even embryos (Helluy & Beltz 
1990, 1991). It comprises five principal molt-stages, each of which can be further divided 
into several hierarchically lower orders of substages. In Drach’s terminology, successive 
molt-stages are denoted by capital letters from A to E, substages by subscript Arabic nu-
merals (e.g. D1, D2). Since the term “intermolt” has been widely accepted to denote a par-
ticular stage within the molting cycle (see below), I will not use it here as a synonym of 
“molting cycle”, as Drach and several other authors did. 

In this chapter, I will first describe the principal anatomical events of the molting cycle, 
with special reference to changes in the integument of crab larvae. In this context, changes 
associated with the development of external morphological characters of successive larval 
stages (for instance, changes in body shape, formation of new spines or appendages; see 
chapter 2) are referred to as morphogenesis. Subsequently, I will briefly consider cyclic 
changes that have been observed in other organs (hepatopancreas, blood), and account for 
the intrinsic regulation of the molting cycle. 

Like most cyclic phenomena in biology (e.g. reproductive cycles, seasonal migration 
patterns), the molting cycle is principally under endocrine control. I will thus briefly recur 
later to the major hormone-producing organs, i.e. the Y-organs, the X-organ-sinus-gland 
complex, and the mandibular organs, the principal anatomical and functional traits of 
which are described in chapter 3. Several effects of intrinsic and extrinsic factors, or inter-
actions thereof, are limited to certain periods within the molting cycle. Hence, “critical 
points” in development, which determine the appearance or strength of controlling and 
modulating effects, will be another subject of this chapter. Among the extrinsic factors af-
fecting the molting cycle, temperature and nutrition are of utmost importance (see sections 
6.2.1, 6.3). The light rhythm is another potentially significant environmental parameter in-
fluencing larval growth, molting, and development (Aiken 1969, Aiken & Waddy 1976, 
Mikami & Greenwood 1997b, Charmantier & Charmantier-Daures 1998). 

The anatomical and physiological changes related to the molting cycle have important 
implications for most other aspects of larval biology. Hence, the molting cycle and its 
control will be considered as determining factors also in the following chapters of this 
book, explaining variations in larval feeding, growth, chemical composition, metabolism, 
energy partitioning, behavior, and ecology. 
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4.1 The stages of the integumentary cycle 

In large adult crustaceans, a thick multilayered integument (see section 3.1) and long molt 
cycle intervals allow for recognizing small histological and histochemical changes and 
hence, for establishing a fine system of molt-stages and substages. These dynamics were 
reviewed in Volume 9 of the treatise “The Biology of Crustacea” (Skinner 1985b, Steven-
son 1985) and in the book “The Crustacean Integument - Morphology and Biochemistry” 
(Horst & Freeman 1993). 

Compared with adult decapods, planktonic larvae have a thinner integument with a less 
complex structure and shorter instar durations. The subdivision of the molting cycle re-
mains thus less elaborated, with broader categories than in adults. As a technical advan-
tage, however, larvae have generally a transparent integument, which allows for a micro-
scopical routine examination of entire individuals without using time-consuming histolo-
gical techniques. Similarly, only transparent body parts such as epipodites or pleopods are 
used in microscopic routine checks of the principal stages in adults, although this implies 
a loss of information on substages. 

Since integumental changes occur not entirely synchronously and cannot be equally 
well recognized in all body regions of a larva, a well-defined reference region must be se-
lected. The larval telson is particularly suitable, because it is transparent and can easily be 
mounted in an horizontal plane (Fig. 4.1). In decapodid stages, pleopods can additionally 
be used to check for integumentary changes (Anger 1983). Also antennae and carapace 
spines have been used to study the molting cycle in larvae (Freeman & Costlow 1980) 
and, in non-brachyuran Decapoda, the uropods represent another suitable reference struc-
ture (Smith & Dall 1985, Dall et al. 1990). 

Complete or partial descriptions of larval molting cycles have become available for 
brachyuran crabs (Freeman & Costlow 1980, McConaugha 1980, Anger 1983), caridean 
shrimps (Broad & Hubschman 1963, McNamara et al. 1980), and American lobsters (Rao 
et al. 1973, Sasaki 1984). Detailed descriptions were given also for the molting cycle in 
early juvenile crayfish (referred to as “larvae”; van Herp & Bellon-Humbert 1978) and 
“postlarval” penaeid shrimps (Huner & Colvin 1979). In addition, histological, histo-
chemical and ultrastructural details were studied in the integument of larval crabs and pa-
laemonid shrimps (Christiansen & Costlow 1982, Christiansen et al. 1984, Christiansen 
1986, Freeman 1990, 1991). 

In a description of the successive molting cycles in spider crab (Hyas araneus) larvae, I 
distinguished only the principal molt-stages (Anger 1983): A-B (early and late postmolt 
combined); C (intermolt), which may be combined with A-B, as the transitions between 
these molt-stages are gradual and not always clear in light-microscopical observations of 
whole-body mounts); D (premolt) with substages D0, D1, and D2-4 (early, intermediate and 
late premolt); E (the short process of ecdysis). 

In the following account of the integumentary cycle in developing decapod larvae, I 
will widely use Hyas araneus as a model to demonstrate gross structural changes in the 
larval integument (Fig. 4.1). Information on the epidermal cell cycle and other ultra-
structurural details is based upon several investigations by J.A. Freeman and coworkers, 
who used predominantly brine shrimp (Artemia), but also brachyuran crab and caridean 
shrimp larvae as models (for review, see Freeman 1993, 1995). However, the general ap-
plicability of Freeman’s classification system of the epidermal cell cycle and the various 
cell types remains to be ascertained in further decapod larvae. 
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Figure 4.1. Schematic presentation of integumentary changes in a crab zoea during the molting cy-
cle; upper left: reference region in the telson; A-B, C, D0, D1, D2-3: principal stages and substages of 
the integumentary cycle (from Anger 1992, with permission from Spektrum, Heidelberg, Germany). 

 
 

4.1.1 Postmolt (A-B) 
During and shortly after ecdysis, in molt-stage A or early postmolt, aquatic crustaceans 
take up considerable amounts of water. Consequently, they increase rapidly in body size, 
evaginate spines, setae and appendages, and stretch their thin and limp cuticle. The extent 
of this stretching process depends mainly on the increase in epidermal cell number 
achieved prior to ecdysis (Cheng & Chang 1993). The attainment of final size and mor-
phology of the new instar is a rapid process. In larvae, the early postmolt period lasts only 
a few minutes; it takes longer in juveniles, but usually less than one hour. During this brief 
stage, aquatic crustaceans perform pumping movements and drink water; otherwise they 
remain behaviorally inactive. In consequence, pelagic larvae tend to sink in the water col-
umn during ecdysis and in early postmolt. 

During molt-stage A, the epidermis has a spongy structure with numerous large lacunae 
(Fig. 4.2a). The new cuticle consists initially of only two principal layers: the exocuticle 
and epicuticule. Synthesis of the endocuticle begins immediately and continues through-
out postmolt and intermolt (cf. section 3.1). Since the animals do not eat while they are 
soft-skinned, postmolt cuticle formation is initially based on stored materials (see section 
4.2.1). A short nonfeeding period is enforced not only by the softness of the external feed-
ing appendages. Also, the cuticular structures in the foregut and the gastric mill (where 
present) are too limp for an effective mechanical maceration of food particles. 
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Figure 4.2. Integumentary changes in a crab larva during the molting cycle (Hyas araneus, zoea I, 
telson); early and intermediate molt-stages (after Anger 1983a, with permission from BAH, Helgo-
land, Germany). [a] early postmolt (molt-stage A; immediately after hatching): spongy epidermis 
with spacious lacunae, thin cuticle; [b] late postmolt (molt-stage B; <10% of instar duration, ID): 
condensing epidermis, shrinking lacunae; [c] intermolt (molt-stage C; 20% ID): condensed epider-
mis, thickened cuticle; [d] early premolt (molt-stage D0; 35% ID); principal characteristic: begin-
ning epidermal retraction from the cuticle (apolysis, ap), first visible at setal bases; maximum thick-
ness of cuticle and epidermis. 

 
 
As soon as the body has reached its final dimensions (molt-stage B, late postmolt), the 

epidermal tissues begin to attain a denser appearance (Fig. 4.2b), and the cuticle is 
strengthened. These processes continue throughout the postmolt and most of the intermolt 
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stages. Cuticle synthesis is apparently independent of external food materials. In zoea I 
spider crab (Hyas araneus) larvae, the chitin content increased after hatching more than 
four-fold, regardless whether the larvae were fed or starved (Anger & Nair 1979). Plank-
tonic zoeae show, in general, an uncalcified cuticle (see section 3.1), implying that their 
growth is restricted to the addition of organic layers, especially in the endocuticle. In 
megalopae and benthic juveniles, in contrast, the cuticle is more rigid and partially calci-
fied. Calcium deposition begins here soon after molting and continues through intermolt. 
In marine decapods, Ca2+ is taken up from the surrounding water, while terrestrial and 
freshwater forms mobilize previously deposited carbonates from the hepatopancreas. 

On the ultrastructural level, a pronounced cell cycle accompanies the molting cycle 
(Freeman 1993). Many epidermal cells (in particular the “larval epidermal cells”; see 
section 3.1) have undergone mitosis shortly before ecdysis and thus, show a small average 
cell size and a low cytoplasm to nuclear volume ratio. Their average cell size increases 
gradually during postmolt, so that the epidermal structure shows an increasing tissue den-
sity and decreasing lacunar spaces. Endocuticle secretion does not appear to depend much 
on microvilli, as probably the entire apical cell surface or at least specific sites thereof are 
involved in the completion of the postmolt cuticle.  

During postmolt and early intermolt, resting epidermal cells may enter the cycling (rep-
licating) population, while previously cycling cells may differentiate and become perma-
nently nonreplicating (Freeman 1993). In crab larvae, the postmolt-stages A and B com-
bined take usually less than about 10% of total instar duration (Anger 1987a). 

4.1.2 Intermolt (C) 
In adult crustaceans, the beginning of the intermolt period (molt-stage C1) is defined by 
the termination of chemical changes in the preecdysial cuticle (Drach 1939, Stevenson 
1985). Although this criterion is difficult to ascertain in larvae without using histological 
or ultrastructural techniques, molt-stage C appears also here as a period of developmental 
arrest. The endocuticle is fully developed, and total cuticle thickness has reached its 
maximum. The epidermis, however, continues to grow throughout intermolt. This is mi-
croscopically visible as a continually increasing density and extension of epidermal tis-
sues and a decrease of lacunar spaces (Fig. 4.2c). This phase of epidermal growth is not 
primarily based on cell proliferation but on an increase in average cell volume (Freeman 
1993). 
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Figure 4.3. Integumentary changes in a crab larva during the molting cycle (Hyas araneus, zoea I, 
telson); intermediate and late molt-stages (after Anger 1983a, with permission from BAH, Helgo-
land, Germany). [a] early premolt (molt-stage D0; 55% of instar duration, ID): as in Fig. 4.2e but 
with advanced apolysis (ap); [b] intermediate premolt (molt-stage D1; 65% ID): principal character-
istic: morphogenesis, with folds of epidermal invagination (fi) at setal bases, appearance of secon-
dary spinules (ss) on the surface of retracted setal epidermis; [c] late premolt (molt-stageD2-3; 90% 
ID): characteristic: new cuticle clearly visible on the surface of the retracted epidermis, morpho-
genesis terminated, maximum infoldings; [d] late premolt (molt-stage D4; immediately prior to ec-
dysis, molt-stage E); withdrawal of epidermis from old cuticle. 

 
 
The co-occurrence of maximal growth with minimal development may be the most 

typical trait of molt-stage C. In adult crustaceans, the exoskeleton continues to harden, 
reaching the final state of rigidity in substage C3; when the formation of the membranous 
layer is completed, the final substage, C4, begins. However, planktonic crustaceans have 
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generally a poorly hardened and uncalcified cuticle which lacks also a membranous layer 
(Pütz & Buchholz 1991). Hence, these criteria cannot be applied to decapod larvae, mak-
ing a subdivision of their intermolt phase impractical. 

During the intermolt period of anamorphic zoeae (i.e. in those developing to another, 
morphologically similar, zoeal stage; see section 2.2.2), there are no dramatic structural 
changes in the integument. In metamorphic zoeae which develop to a decapodid or juve-
nile, by contrast, some morphogenesis begins already during molt-stage C. This may be 
observed in the buds of pereiopods and pleopods, which become functional in the subse-
quent megalopa (Anger 1983a). It seems to be a typical trait that this morphogenesis be-
gins first near the arthrodial membranes, probably indicating an early differentiation of the 
arthrodial membrane cells (Freeman 1993). 

On the ultrastructural level, the apical membrane of the epidermal cells shows during 
molt-stage C a planar conformation, being fully attatched to the cuticle, while the Golgi 
apparatus is poorly developed, reflecting a minimal secretory activity. In late intermolt, 
however, an incorporation of radiolabelled bases was shown experimentally (Wittig & 
Stevenson 1975, Freeman 1993), indicating that DNA replication begins during this molt-
stage. It continues throughout the intermediate or late premolt stages as a preparation for 
epidermal mitoses. It is at present not known whether or how ecdysteroids stimulate DNA 
synthesis in larval crustaceans (Freeman 1993, Chang 1995). 

In first-stage larvae of several decapod species, the total duration of molt-stages A to C 
combined was about one third to one half of the total instar duration, with about 20 to 
40% in intermolt alone (Anger 1983a, 1987a). In successively later larval stages of Hyas 
araneus, there was an increasing trend in both the absolute and relative length of molt-
stage C, from ca. 22% in the zoea I to 37% in the megalopa. In juvenile and adult crusta-
ceans, intermolt is the longest molt-stage; it becomes the final state in adults that have 
reached terminal anecdysis (Hartnoll 1985, Skinner 1985a, b). 

4.1.3 Premolt (D) 
D0 (early premolt). This substage was introduced later into Drach’s classification system 
(Charniaux-Legrand 1952, Skinner 1962, Drach & Tchernigovtzeff 1967). Soon after the 
integument has attained what appears to be its final thickness and structure, a character-
istic event occurs: the beginning withdrawal of the epidermis from the cuticle (Fig. 4.2d). 
This process, termed apolysis (Jenkin & Hinton 1966), is facilitated by proteolytic and 
chitinolytic enzymes (Spindler-Barth et al. 1990, Peters et al. 1999). It initiates morpho-
genesis in all regions of the body, representing the most typical event of substage D0. 
Apolysis begins first in those structures which are programmed to undergo marked 
morphogenetic changes, in particular at the base of newly formed setae, spines and appen-
dages, before it proceeds through other body regions. On the surface of major setae, an in-
cipient formation of secondary spinules is apparent soon after apolysis. The epidermis ap-
pears highly condensed and attains an increasingly fibrous structure, particularly in setae 
that are withdrawing from the old cuticle sheath (Fig. 4.3a). Ultrastructurally, the apical 
region of the epidermal cells demonstrates a change from a planar conformation to one 
with numerous microvilli (Freeman 1993). These surface structures continue to grow in 
height during premolt, while the epicuticle is secreted at the tips of the microvilli. 

In metamorphic zoeae, morphogenesis of the posterior thoracic and pleonal appendages 
may begin earlier, proceeding throughout premolt. These processes begin with myomere 
formation and advance rapidly with the differentiation of limb buds and associated struc-
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tures. In the zoea II of Hyas araneus, for instance, this can be observed particularly well 
in the pereiopods (Fig. 4.4). These thoracic appendages develop from initially undifferen-
tiated buds to walking legs and chelae, becoming functional immediately after the molt to 
the megalopa. While the duration of the intermolt period (C) increased in successive larval 
stages of Hyas araneus, D0 tended to become shorter, from 26 to 15% of total instar dura-
tion. In the zoea I of several other decapod species, average D0 durations between 18 and 
28% were observed. 

D1 (intermediate premolt). Whilst apolysis continues in some regions of the larval 
body, the reference structure (in our example the telson) undergoes another conspicuous 
change: the beginning invagination of epidermal tissues. As in apolysis, this morpho-
genetic event becomes first visible near the base of setae and spines (Fig. 4.3b). Compared 
with the relative durations of molt-stages C and D0, the intermediate premolt period (D1) 
remained fairly constant (about 15-18%) in the successive larval stages of Hyas araneus. 

During the second half of this substage of the molting cycle, the setae become fully 
separated from the old cuticle, and only thin epidermal filaments connect the tips of the 
retracted setae with the inner distal end of the old cuticle sheath (Fig. 4.5). Morphogenesis 
is now conspicuous, with new setae and spines being formed, and well-developed secon-
dary spinules appearing on their surfaces. In some body regions, the epidermis attains a 
pleated appearance, indicating continued tissue growth and increasing surface area. 
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Figure 4.4. Morphogenesis during the molting cycle of a metamorphic zoeal stage of a crab (Hyas 
araneus, zoea II): formation of dactyl spines (ds), new setae (ns), and secondary spinules (ss) under 
the cuticular sheaths (cu) of the developing pereiopods (after Anger 1983a, with permission from 
BAH, Helgoland, Germany). [a] early intermolt (molt-stage C; 25% of instar duration, ID): pereio-
pods undifferentiated; [b] late intermolt (molt-stage C; 40% ID): epidermal retraction from the cuti-
cle, cu, and incipient morphogenesis: beginning of segmentation and dactyl spine formation; [c] 
early premolt (molt-stage D0; 60% ID): advanced formation of dactyl spines and new setae on dac-
tylar segment; [d] late premolt (molt-stage D2-3; >90% ID): formation of dactyl spine and new setae 
terminated, new cuticle (ncu) conspicuous on epidermal surface. 
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At the end of D1, the folds of invagination reach their maximal depth in the telson se-
tae. In contrast to C, molt-stage D1 is characterized by a maximum rate of morphogenesis 
and decreasing epidermal tissue growth. Besides the formation of new structures, there is 
a considerable enhancement of the surface area in already existing body parts. These inva-
ginations and other internal folding processes are major prerequisites for later postmolt 
growth. They are achieved by an enlargement of epidermal cells, which may in some body 
regions double in height (Freeman 1993). 

In adult crustaceans, substages D1’ to D1’’’ may be distinguished based on the depth of 
invagination (Stevenson 1985). The mechanisms of setal development (setagenesis) have 
been under considerable dispute, in particular the question of invagination vs. splitting of 
epidermal tissues (Aiken 1973, Tchernigovtzeff 1976, Dexter 1981, Graf 1986, Freeman 
et al. 1992). 

Reconstruction processes such as setagenesis, including a lengthening of previously ex-
isting setae and spines, and the formation of new structures are typical morphogenetic 
events. In metamorphic zoeae, significant degeneration processes occur too. In the zoea II 
of Hyas araneus, for instance, the furca of the telson is reduced, so that the outer rami and 
the inner setae disappear gradually (Fig. 4.5). Deep epidermal retraction and subsequent 
resorption belong here to the most typical events of substage D1, resulting in the morpho-
genesis of the typical megalopa telson (lacking a furca; Fig. 4.5c). Likewise, the dosal 
carapace spine is greatly reduced at the transition from the last zoeal stage to the mega-
lopa (in many species it disappears completely; see Freeman & Costlow 1983). Such 
processes may be associated to some degree with programmed cell death or apoptosis of 
differentiated cells, which typically occurs in remodelled regions of the integument (Wyl-
lie et al. 1980). 

D2-4 (late premolt). The onset of the late premolt period (substage D2) is indicated by 
the first appearance of a new cuticle on the epidermal surface of setae and spines. It is mi-
croscopically visible as a thin yellowish layer, chiefly representing exocuticle material. 
The results of the preceding morphogenesis become thus more conspicuous in late pre-
molt, when the new structures are fixed and optically pronounced by the new cuticle on 
their surfaces (Figs. 4.3c, d). Since the development of the new cuticle is a gradual proc-
ess, a further subdivision of the late premolt period into substages is difficult in small lar-
val decapods, although it may be possible in larger forms such as lobster larvae (Sasaki et 
al. 1986). 
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Figure 4.5. Morphogenesis during the molting cycle of a crab (Hyas araneus) megalopa (after An-
ger 1983a, with permission from BAH, Helgoland, Germany). [a] intermediate premolt (molt-stage 
D1; 75% of instar duration, ID): retraction and degeneration of epidermal tissues in the zoeal furca; 
epidermis of inner telson spines reduced to thin filaments (fil), incipient reduction of outer rami; [b] 
as in [a], close-up; [c] late premolt (molt-stage D2–3; >90% ID): advanced resorption of epidermal 
tissues, outer rami reduced to thin filaments, formation of the bilobed megalopa telson; (d) retrac-
tion and resorption of epidermal tissues in the dorsal carapace spine, with distal parts reduced to a 
thin epidermal filament. 
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A closer examination with transmission electron-microscopy (TEM) shows that an ec-

dysial membrane and an increasing gap of apolysis separate the new from the old cuticle 
(Fig. 4.6). The thickness of the new cuticle may eventually reach about one third of that in 
the old one. Its surface area is substantially enlarged by deep wrinkles and invaginations. 
This allows, during and immediately after ecdysis, for a rapid inflation of tissues with wa-
ter taken up from the environment, and hence, for postmolt increase in larval body size 
(see section 6.2.2). In contrast to adult crustaceans with a thick and calcified cuticle, at 
least the pelagic zoeal stages do not show signs of a significant resorption of old cuticle 
material. This process might play a certain role, however, in benthic or semibenthic deca-
podid stages with a more rigid exoskeleton. 

For the cycling population of epidermal cells, late premolt is typically the period of 
replication (Freeman 1993). After mitosis, there are no signs of an immediate increase in 
cell volume. The epidermal cells remain small with closely packed nuclei. The mechanism 
of surface enlargement at ecdysis remains little understood. It is probably associated with 
changes in cell shape and distribution in the early postmolt epidermis. The duration of the 
late premolt period appears to be highly variable among decapod species, ranging from 
less than 10 to almost 30% of total instar duration (Anger 1987a). 

4.1.4 Ecdysis (E) 
In larval decapods, the molting process is a very brief process of usually less than a min-
ute. It is preceded by a conspicuous, sometimes macroscopically visible uptake of water at 
the end of the late premolt period (substage D4). As in adult decapods, the old cuticle rup-
tures between the carapace and the pleon, where the larva begins to draw itself out of the 
old exoskeleton. The exuvia is eventually stripped off with the aid of the posteriorly bent 
pleon. 

4.2 Other cyclic changes 

In addition to the cyclic dynamics of integumentary structures in crustaceans, molt-cycle 
related changes occur also in the anatomy, biochemistry, and physiology of other organ 
systems (Yamaoka & Scheer 1970, Skinner 1985a, b, Chang 1995). Most cyclic proc-
esses, however, are known from adults rather than larvae. I will treat here only some con-

Figure 4.6. Cuticle of a crab larva 
(Hyas araneus, zoea II) in late pre-
molt (D3); TEM. em: ecdysial mem-
brane; ncu: new cuticle; ocu: old cu-
ticle (from Höcker (1988, with 
permission from the author). 
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spicuous changes in the hepatopancreas and the hemolymph, while cyclic patterns in feed-
ing, growth, chemical composition, respiration, and excretion will be reviewed in the fol-
lowing chapters. 

4.2.1 Hepatopancreas 
Several structural, physiological and biochemical traits of the hepatopancreas undergo cy-
clic changes associated with nutrition and molting (Icely & Nott 1992, Chang 1995). 
However, this has received little attention in larval decapods, and it is sometimes difficult 
to conclude whether such changes are controlled directly by the molting cycle and its 
hormonal regulation system, or indirectly, as a consequence of cyclically varying feeding 
activity. Since the available evidence suggests that the typical structures and functions of 
the hepatopancreas appear early in the ontogeny of the Decapoda (see section 3.11.5), I 
will review here some typical patterns that have been observed in adults, assuming that 
they are similar in larval stages. In a particularly detailed investigation, Al-Mohanna & 
Nott (1989) found the following molt-cycle related changes in the various hepatopancreas 
cell populations of adult penaeid shrimps, Penaeus semisulcatus. 

During the nonfeeding postmolt stages (A-B), the F-cells (fibrillar cells) dominate in 
the tubular epithelia of the hepatopancreas, together with the R-cells (resorptive cells). 
The F-cells cells produce and secrete zymogen for extracellular digestion and take up ma-
terial for intracellular ingestion. From the beginning of molt-stage C, i.e. soon after the 
first ingestion of food, the frequency of F-cells begins to decrease, as they differentiate 
into B-cells (blister-like cells). This takes place particularly in the mid and proximal re-
gions of the hepatopancreas tubules. The F-cells reach their minimal concentration in 
early or intermediate premolt (D0-D1), but increase again in late premolt ( D2-4). 

The B-cells, which originate from F-cells, pinocytose materials from the tubular lumen 
for intracellular ingestion, beginning in early molt-stage C. The digested materials are 
stored in vacuoles, until the whole cells are eventually extruded into the lumen. Secretory 
granules that are discharged from the F-cells may aid in the extracellular digestion of bro-
ken-down B-cells. During the premolt phase, the abundance of B-cells decreases with de-
creasing feeding activity. 

As another event that is initiated by food uptake in early intermolt (C), a burst of mi-
totic activity occurs in the population of E-cells (embryonic cells). These differentiate into 
other cell types that are extruded into the lumen. E-cell proliferation, which takes place at 
the distal ends of the tubules, decreases gradually from the intermolt throughout the pre-
molt stages, while feeding activity declines concomitantly. Both the uptake of food and 
the mitotic activity of the E-cells cease before ecdysis (molt-stage D4). 

The abundance of R-cells remains comparatively constant during the molting cycle, 
usually dominating within the hepatopancreas epithelia. However, cyclic changes were 
observed in their typical lipid and glycogen inclusions. R-cells absorb soluble nutrients 
from the lumen and store them, predominantly as lipids, in conspicuous vacuoles and par-
ticles (Fig. 3.19). These reserves increase through the intermolt stages and reach their 
greatest extension in early premolt, D0. During the subsequent premolt stages, they dimin-
ish again, concommitantly with the decrease in feeding. During the later premolt stages, 
R-cells are partly discharged into the tubular lumen, in particular in vicinity to B-cells. 
Broken-down R-cells are replaced by newly divided and subsequently differentiating E-
cells.  
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Since there is no uptake of food during the period from late premolt to early postmolt, 
B-cells take up nutrients that originate from discharged R-cells to sustain the animal dur-
ing temporary fasting. During molt-stages A-B, large vacuoles in the B-cells, concurring 
with a lack of enzyme vacuoles in the R-cells, reflect the absence of exogenous nutrients. 
In the R-cells, an extensive smooth endoplasmatic reticulum, large vacuoles, and various 
residual materials are conspicuous during this period of the molting cycle. As another 
consequence of the nonfeeding period, total weight of the hepatopancreas decreases to a 
minimum. These losses of both organic and inorganic reserves are replenished during the 
subsequent molting cycle.  

4.2.2 Hemolymph 
The molting cycle is associated with major changes in the balance of water and ions, and 
consequently, there are cyclical changes in the chemistry of the hemolymph. Also in this 
respect, very little is known about larval stages, but again, extrapolations from adults seem 
to be justified. This includes cyclic changes in the permeability of transport tissues (gills, 
branchiostegites) and variations in the activity of nephridial organs (antennal glands), 
which are probably under neuroendocrine control. 

Due to a significant uptake of water during and shortly after ecdysis, the overall con-
centration of ions and organic molecules, i.e. the osmolality of hemolymph, is generally 
minimum in early postmolt (Mantel 1985). As a consequence of a transitorily increasing 
permeability of their integument, the osmoregulatory capacity of decapod larvae was ob-
served to decrease immediately after ecdysis (Charmantier et al. 1994, 1998). It increased 
again during the subsequent intermolt stages, as the water and ion permeability of the in-
tegument decreased. During premolt, water losses may be reduced by lowering the rates 
of urination and ammonia excretion (Regnault 1979, Mantel & Farmer 1983). 

The composition of crustacean blood changes also due to cyclic variations in the pro-
duction of hemocytes (hematopoiesis; see section 3.4). During early postmolt, only very 
few hemocytes were found in the hematopoietic tissues of penaeid shrimps (Martin & 
Hose 1992). This was followed by an increasing mitotic activity through molt-stage D0. 
During the subsequent stages of the premolt period, the newly produced hemocytes were 
released into the lumen of hemolymph sinuses, while the rate of hematopoietic mitoses 
declined. A similar cycle was observed in the shore crab, Carcinus maenas, but with high 
mitotic rates through late premolt, D3 (Marrec 1944). Since hemocytes occur already in 
larval stages, we may expect similar cycles in hematopoietic tissues and hemolymph. 

Numerous cyclical changes in the biochemical and mineral composition of crustacean 
blood have been described in the literature, but it remains unclear which of those patterns 
apply also to larvae. For example, the blood serum protein may typically increase 
throughout the premolt stages, as a consequence of partial resorption of cuticular protein 
(Yamaoka & Scheer 1970). However, cuticular resorption should not play a significant 
role in planktonic zoeae, and the protein content of their hemolymph may thus remain 
constant. On the other hand, minimum protein concentrations during the period of endocu-
ticle synthesis should occur in both adult and larval decapods. Improved microanalytical 
techniques applied in future studies will show the extend to which we can infer, in this re-
spect, larval traits from observations in adults. 
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4.3 The hormonal control of the molting cycle 

The molting cycle is primarily controlled by steroid hormones that are produced in paired 
epithelial glands in the cephalothorax, the Y-organs or molting glands. The secretory ac-
tivity of these endocrine organs, on the other hand, is regulated by neuropeptides that are 
produced in the X-organs of the eyestalk ganglia, namely by molt-inhibiting hormones 
(MIH). Additionally, also a stimulating factor from the mandibular organs (MO) may be 
involved in the control of the Y-organs. General anatomical and functional aspects of 
these hormone-producing organs were treated in the preceding chapter (sections 3.9.2, 
3.10.1, 3.10.2), while the following sections focus on their significance for the control of 
the molting cycle.  

4.3.1 Y-organs and molting hormones (ecdysteroids) 
In both adult and larval decapod crustaceans, molt-cycle controlling ecdysteroid hormones 
are produced in the Y-organs. All available evidence suggests that in principle no ontoge-
netic changes take place after hatching, so that observations from adult decapods should 
apply also to their larval stages (Charmantier et al. 1996, Charmantier & Charmantier-
Daures 1998). As in other steroid-secreting glands, the secretory products are not stored in 
conspicuous amounts in the cytoplasma, and thus, no granules can be used as cytological 
indicators of the secretory activity in Y-organs. However, consistent with their role in the 
regulation of the molting cycle, characteristic variations in organ size and in histological 
and ultrastructural traits occur during the course of the molting cycle (Fingerman 1992, 
Charmantier et al. 1996). In several species of brachyuran crabs (Matsumoto 1962, 
Simione & Hoffman 1975, Bressac 1976b) and crayfish (Burghause 1975), the size of the 
Y-organs was observed to increase after eyestalk removal or near the intermolt-premolt 
transition, i.e. when an increasing secretion of ecdysteroids should be expected. 

Signs of a gland hypertrophy were observed also in the Y-organs of larval crabs (Can-
cer anthonyi), where an increasing number and size of cytoplasmatic vacuoles suggested 
an increase in the synthetic activity at early premolt (McConaugha 1980). This change 
was more pronounced in cells located near the hemocoelic sinus, indicating that secretory 
products should be released soon into the hemolymph. Also cell divisions in the Y-organs 
were seen exclusively during premolt. This observation is consistent with an increasing 
mitotic activity in the Y-organs of adult crabs both after eyestalk ablation (Bressac 1976a) 
and during premolt (Bressac 1978, 1988). 

In adult freshwater shrimps (Palaemon paucidens), cyclic changes were primarily ob-
served in the average cell size of Y-organs (Aoto et al. 1974). It was minimum in molt-
stage C. In early premolt (D0), the cells began to grow substantially, and until late premolt 
(D3-4) they reached approximately twice their average intermolt size. After ecdysis, the Y-
organ cells decreased again in size. Also the morphology and size of the mitochondria and 
the smooth endoplasmatic reticulum showed distinct changes during the molting cycle, the 
most conspicuous being a 15-fold increase in mitochondrial size during late intermolt and 
early premolt. At the transition of intermolt and early premolt, an increase in number as 
well as changes in morphology were seen also in the mitochondria of Y-organ cells of two 
brachyuran crab species, Cancer antennarius and Portunus trituberculatus (Hinsch et al. 
1980, Taketomi & Hyodo 1986). 

Similar observations were made in larval spider crabs (Hyas araneus), where cyclic ac-
tivity patterns in the mitochondria of the Y-organs suggested an increasing synthetic rate 
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during the second half of the molting cycle (Höcker 1988). These changes were accompa-
nied by changes in nucleus size. It was largest during the early molt-stages, before the nu-
clei passed through mitoses; they became smaller in premolt, sometimes showing signs of 
degeneration. The latter phenomenon was observed also in adult crabs and shrimps after 
eyestalk ablation, and interpreted as a possible indication of a holoendocrine mode of se-
cretion (Simione & Hoffman 1975, Bressac 1978, Le Roux 1974, 1977). In the Y-organs 
of adult crabs, changes were observed also in the number of infoldings in the cell mem-
brane, showing an increase during premolt (Hinsch et al. 1980, Taketomi & Hyodo 1986). 
Consistently, these morphological and ultrastructural changes indicate a peak production 
of ecdysteroids near the epidermal event of apolysis (transition between molt-stages C and 
D0) and throughout premolt. 

The chemical nature of the endocrine products of the Y-organs, the ecdysteroids, was 
first demonstrated by D.H.S. Horn’s working group, who analysed great amounts of waste 
from spiny lobster (Jasus lalandii) fisheries (Horn et al. 1966, Hampshire & Horn 1966). 
Many details of the structure and function of the molting glands as well as molecular 
mechanisms of hormonal regulation have been elucidated since. Endocrinological aspects 
were exhaustively reviewed, for instance, in the book “Ecdysone, from Chemistry to 
Mode of Action” (Koolman 1989) and in several recent articles (Birkenbeil 1990, Spaziani 
1990, Fingerman 1992, Charmantier-Daures & Charmantier 1994, Charmantier & Char-
mantier-Daures 1998, Chang 1995, Charmantier et al. 1996). 

 
 
 

 
Ecdysone, which is chemically identical with the molting hormone of insects, is in the 

higher Crustacea produced in the Y-organs, from where it is secreted into the hemolymph. 
In the hepatopancreas, the epidermis, and in several other tissues, it is then hydroxylated 
to 20-OH-ecdysone (Fig. 4.7). Besides these two principal molecular forms of ecdy-
steroids, some further metabolites such as 3-dehydroecdysone and 25-deoxyecdysone 
have been described (Chang 1995). The epidermis, where specific receptors have been 
found (Londershausen et al. 1982), is considered as the primary target tissue of ecdy-
steroids. 

Figure 4.7. Structure of some crus-
tacean hormones: [a] two species of 
ecdysteroids or molting hormones 
(ecdysone and 20-hydroxyecdy-
sone; arrow indicates the additional 
hydroxyl group at the C-20 atom), 
with their precursor, cholesterol; 
[b] comparison of the putative cru-
stacean juvenile hormone (methyl 
farnesoate, MF) with the insect ju-
venile hormone III. 
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In order to study the ontogeny of the hormonal regulation of the molting cycle, effects 
of exogenous ecdysteroids were tested in fourth-stage American lobsters (Homarus 
americanus; see Rao et al. 1973) and in zoeae of brachyuran crabs (Cancer anthonyi, 
Rhithropanopeus harrisii; see McConaugha 1979, Freeman & Costlow 1983, 1984, 
McConaugha & Costlow 1981). These experiments showed that ecdysteroids, which were 
already known from insect endocrinology, exert great influence on the molting cycle and 
morphogenesis in larval and early juvenile decapods, including crucial integumental proc-
esses such as apolysis and, in metamorphic zoeae of crabs, dorsal spine resorption. For in-
stance, exogenous 20-OH-ecdysone was shown in vitro to initiate the typical premolt 
changes  in isolated integumentary tissues of crabs (R. harrisii), while crude extracts from 
the eyestalks of larval shrimps (Palaemonetes vulgaris) inhibited these effects (Freeman 
& Costlow 1984). 

These experiments show not only the interaction of two hormonal factors but also sug-
gest that major molecular structures and functional mechanisms may be universal among 
the Decapoda. Moreover, the available evidence suggests that the hormonal control sys-
tem of the molting cycle is widely developed at hatching, i.e. it is similar in larval and 
adult decapods. This is corroborated by studies of the early ontogeny of ecdysteroid pro-
duction in eggs of crayfish, caridean shrimps, and brachyuran crabs (for references, see 
Spindler et al. 1987, Charmantier & Charmantier-Daures 1998). It could be shown by ra-
dioimmunoassay (RIA) that ecdysteroid production begins already during embryogenesis. 
As in insects, rising titers were in general observed at the beginning of metamerization, 
and again when the larval Y-organ appeared microscopically. With a combined technique 
of high performance liquid chromatography (HPLC) and RIA, ecdysone and 20-OH-
ecdysone could be identified as prominent ecdysteroids, showing in their ratio conspicu-
ous developmental changes as well as specific differences among crab and shrimp species. 

Direct evidence of cyclic changes in the titer of molting hormones in larval decapods 
was shown by RIA in two decapod species, the lobster Homarus americanus (Chang & 
Bruce 1981) and the spider crab Hyas araneus (Spindler & Anger 1986, Anger & Spindler 
1987). These studies suggest that the course of the molting cycle and its regulation do not 
differ significantly between larval and adult decapods. In crab larvae, 20-OH-ecdysone 
was identified as the predominant molecular form, followed by ecdysone. As in most 
adult crustaceans, for which measurements are available (see Skinner 1985a, b), the con-
centration of molting hormones is in decapod larvae minimum during postmolt and 
maximum in premolt. In lobster larvae, the maximum ecdysteroid titer was reached ap-
proximately in the middle of each larval instar (however, the molting cycle was in these 
experiments not precisely checked), while this occurred later within the premout period in 
spider crab larvae. If the role of ecdysteroids were restricted to the initiation of apolysis, 
then their titer should be maximum in late intermolt and decrease subsequently. However, 
the patterns found in spider crab larvae may indicate that ecdysteroids have to fulfill fur-
ther functions during premolt. Since no other comparative studies are available, it remains 
uncertain which of these patterns in the hormone titer is typical of an undisturbed larval 
molting cycle. 

Molting hormones control the integumentary cycle, the production of cuticle layers 
and, in particular, chitin synthesis. In experiments with cultured insect cell lines, ecdy-
steroids were observed to inhibit cell proliferation and chitin synthesis, while they stimu-
late the expression and secretion of chitinolytic enzymes and regulate genes that are in-
volved in morphogenesis (Spindler-Barth et al. 1995, Spindler-Barth & Spindler 1998). 
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Although the rate of hormone secretion is largely under intrinsic control, it may be modu-
lated by extrinsic factors such as food availability. After initial starvation and subsequent 
feeding, the peak is delayed and the molting cycle becomes longer (Anger & Spindler 
1987; see below, section 4.5). Also exogenous chemicals such as synthetic insect growth 
regulators may interfere with the hormonal sytems. Dimilin, for instance, was shown to 
inhibit the incorporation of N-acetylglucosamine in the cuticle of crab larvae, independent 
of the stage of the molting cycle (Christiansen & Costlow 1982, Christiansen et al. 1984). 

4.3.2 X-organs and molt-inhibiting hormones (MIH) 
The presence of a molt-inhibiting hormone (MIH) in the eyestalks has been postulated 
since Zeleny (1905) described a molt-accelarating effect of bilateral eyestalk ablation in 
fiddler crabs. In numerous experimental investigations, further indirect evidence of a 
multi-functional endocrine system in the eyestalk ganglia and associated structures has 
been gathered. As principal neuroendocrine production sites and neurohemal organs, re-
spectively, the X-organs and sinus glands were anatomically localized and described (sec-
tion 3.9.2). In adult crustaceans, the removal of these structures caused, among numerous 
other effects, generally an increase in the titers of molting hormones, a shortening of sub-
sequent molting cycles, and enhanced growth. On the other hand, an experimental appli-
cation of sinus gland extracts, either injected in vivo into the hemolymph or added in vitro 
to Y-organ tissue cultures, reduced the production of ecdysteroids (for review, see Cooke 
& Sullivan 1982, Skinner 1985a, b, Chang 1995, Charmantier & Charmantier-Daures 
1998). 

An enhancement of molting frequency and growth was observed also in eyestalk ab-
lated decapod larvae (e.g. Freeman & Costlow 1980, Snyder & Chang 1986a, Gross & 
Knowlton 1997, 1999). In larval lobsters (Homarus americanus), this effect was accom-
panied by earlier and higher peaks in the ecdysteroid titer (Snyder & Chang 1986a). An 
injection of sinus gland extract from juveniles into larvae, on the other hand, oppressed 
the production of ecdysteroids and prolonged the molting cycle (Snyder & Chang 1986b). 
Consistent with anatomical studies of the X-organs and other endocrine sites, these ex-
periments indicated that the hormonal regulation system of the molting cycle develops 
early in the ontogeny of the Decapoda, becoming generally functional from hatching. As 
an exception, penaeid and caridean shrimp larvae may reach a full functionalilty of their 
eyestalk systems only in later stages (see Gross & Knowlton 1997).  

In the past decade, more direct evidence of the hormonal regulation of the molting cy-
cle could be gathered with the availability of novel techniques. In adult shore crabs (Car-
cinus maenas) and lobsters (Homarus americanus), respectively, Webster & Keller (1986) 
and (Chang et al. 1987) confirmed the neuropeptide nature of the molt-inhibiting hor-
mones, and soon were also their amino acid sequences described (Chang et al. 1990, 
Webster 1991). The presence of MIH in larval eyestalks could subsequently be demon-
strated with immunocytochemical methods, namely in the perikarya connected with the 
medulla terminalis X-organ, the sinus tract, and the sinus gland of C. maenas (Webster & 
Dircksen 1991). In late embryos and early zoea I larvae of a crab, Charybdis feriatus, the 
expression of MIH genes was recently shown with PCR techniques (Chan et al. 1998).  

Arguing that the quantities of MIH produced by crab zoeae are probably much lower 
than in megalopae and juveniles, Freeman et al. (1983) suggested that this ontogenetic dif-
ference could explain why the early planktonic larvae pass much more rapidly through 
their molting cycles than the later stages. With regard to the selective forces in their dif-
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ferential environments, this would help the zoeae to avoid pelagic predation, whereas the 
semibenthic decapodids have more time to adjust to benthic life and find a suitable habi-
tat. While this speculation is interesting in the context of larval ecology and life-history 
evolution, it remains to be tested in future endocrinological studies of the balance between 
neuropeptides and ecdysteroids in decapod larvae. 

The chemical structure of MIH is similar to that of the other eyestalk neuropeptides. 
For instance, it is 90% identical with that of the crustacean hyperglycemic hormone, CHH 
(Chang et al. 1990), and it is very similar also to the newly discovered mandibular-organ 
inhibiting hormone (Wainwright et al. 1996b) and the gonad-inhibiting hormone. It is thus 
not surprising that MIH shows also significant CHH activity, which suggests that this neu-
rohormone may be involved in osmoregulation as well (Charmantier-Daures et al. 1994; 
Charmantier 1998). However, as Chang (1995) said in his review, “the actual role of the 
individual members of this family of multi-functional peptides in vivo remains to be de-
termined”. If this statement is true for adult crustaceans, it certainly applies even more to 
their larvae.  

4.3.3 Juvenile hormones (JH) 
While molting hormones are clearly regulated by an inhibitory factor, MIH, there may be 
additionally a stimulating factor comparable to the juvenile hormone (JH) of insects. Ex-
perimental exposure of crab and lobster larvae to insect JH or chemically related sub-
stances (terpenoids) has been shown to affect their development and survival. Endogenous 
crustacean factors that are chemically related to the JH-III of insects, namely methyl far-
nesoate (MF) and related compounds, have recently been identified in mandibular organs 
(MO) of adult Decapoda (Fig. 4.7, cf. section 3.10.2). However, the function of MF as pu-
tative crustacean JH in the regulation of morphogenesis and molting in larvae has remain-
ed largely unclear (Christiansen 1988, Abdu et al. 1998a, Charmantier & Charmantier-
Daures 1998). Based upon its absence in several situations and species, Freeman (1993) 
suggested that JH is in the Crustacea not generally involved in these processes and may 
thus have other functions. On the other hand, MF was observed to stimulate the produc-
tion of ecdysteroids in the Y-organs of adult shrimps, crabs and lobsters, and conse-
quently, has an enhancing effect on molting frequency (Yudin et al. 1980, Tamone & 
Chang 1993). Likewise, enhanced ecdysteroid titers were observed in lobster larvae reared 
in water containing exogenous MF (Chang et al. 1993). These experimental observations 
suggest that the MO and their major product, MF, are involved in the regulation of the 
molting cycle of both adult and larval decapods. 

This hypothesis is corroborated by anatomical investigations. As in the Y-organs, molt-
cycle related morphological and ultrastructural changes were observed in the MO. In Car-
cinus maenas, the size of this organ was observed to be smallest shortly before, during 
and after ecdysis (late premolt to early postmolt), and the cytoplasm appears structurally 
different from the other molt-stages (Démeusy 1975). Vacuoles disappear at molt-stage 
D0, are transitorily lacking through ecdysis, and increase to a maximum during late post-
molt through intermolt. In crayfish (Procambarus clarkii), the development of the smooth 
endoplasmatic reticulum was found to be maximum in intermolt (Miyawaki & Taketomi 
1971), and in the MO of caridean shrimps (Palaemon paucidens), mitochondrial enlarge-
ments were seen during the premolt stages D0-D1 (Aoto et al. 1974). 

While these changes in the MO do not allow for drawing safe conclusions on changes 
in MF secretion, in particular in larval stages, an association of the MO with the molting 
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cycle may be postulated. Although the relationship between its control system and MF 
remains unclear, it may be speculated that MIH or another eyestalk factor could regulate 
the activities of both the Y-organs and the MO, and when the strength of the inhibition by 
neuropeptides declines, MF may stimulate the ecdysteroid secretion in the Y-organs. 

4.4 Autotomy and regeneration 

Autotomy and regeneration have intensively been studied as molt-cycle related processes 
in adult crustaceans, but only little in larvae. This includes, however, a detailed account of 
the histological mechanisms of wound repair and regeneration in crab larvae (Freeman 
1983). 

The first investigations of the relationships between larval molting cycles, metamor-
phosis, and regeneration were published by Costlow (1961, 1963a, b). He observed that 
the megalopa of the blue crab, Callinectes sapidus, is able to autotomize its chelae when 
these are stimulated mechanically. The separation of the appendage occurred at the same 
point as in adults, within the basi-ischiopodite. An immediate regeneration, i.e. a new limb 
formation during the same molting cycle, occurred only when the limbs had been lost dur-
ing the first half of the time within an instar, while later injury was repaired during the 
subsequent molting cycle. This response pattern was later observed also in the megalopa 
of another crab, Rhithropanopeus harrisii (McConaugha & Costlow 1980), where the 
process of chela regeneration was later studied also on the histological and ultrastructural 
levels (Lumb et al. 1991). 

The first half of the megalopa molting cycle corresponds roughly with molt-stages A-C 
combined (see above). Hence, the threshold event for the initiation or delay of regenera-
tion appears to be the onset of premolt (D0). When autotomy occurs before this point (dur-
ing postmolt or intermolt), the formation of a new appendage is incorporated within the 
reconstruction programme of the premolt phase. When limb loss occurs later (in premolt), 
the regeneration must be postponed into the next molting cycle. This response pattern in 
larval regeneration is similar to that of adult crustaceans (Skinner 1985a, b), suggesting an 
early development of the control mechanisms in molting and regeneration. 

Interestingly, a “D0 threshold” has been identified also in relation to nutritional effects 
on the molting cycle (see following section). This suggests that the same intrinsic control 
factors may be involved, namely endocrine changes associated with epidermal apolysis. 
Thus, an increase in the ecdysteroid titer may set the signal for an autonomous course of 
subsequent morphogenesis and ecdysis. The final (premolt) phase of the molting cycle 
seems thus to follow a fixed developmental programme which is not interrupted by extrin-
sic factors such as injury or lack of food.  

4.5 Critical points in the molting cycle 

While the molting cycle is largely under intrinsic control, effects of numerous extrinsic 
factors such as temperature, salinity, nutrition, or water chemistry superimpose the hor-
monal regulation. Some of these environmental factors (e.g. temperature) affect primarily 
the frequency of molting, whereas others (e.g. nutrition) appear to have more influence on 
the size increment at ecdysis. As both the average duration of successive instars and the 
size increase per molt are also measures of growth, we will later recur in some detail to 
such effects (section 6.3.3). Here, I will primarily review interactions between the intrinsic 
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control of the larval molting cycle and environmental key factors, especially food avail-
ability. 

Complete inhibition of molting by continuous lack of food has been well documented 
in both adult and larval crustaceans (e.g. Kurata 1962, Passano 1960, Roberts 1974, Kon 
1979, McConaugha 1985). However, in a patchy environment such as the pelagial, transi-
tory periods of poor food availability are much more likely to occur than long-lasting star-
vation. This does not imply that temporary lack of food has little importance as an eco-
logical factor. As we have seen in the preceding section on regeneration, the response of 
the larval molting cycle to an extrinsic factor may depend not only on the kind and 
strength of a factor, but also on the timing of its impact. 

In spite of potentially important interactions between molting, growth and develop-
ment, the effects of temporary starvation were ignored for a long time in investigations on 
larval crustaceans. This is in contrast to the research on fish larvae, where the availability 
of food at a critical developmental stage has long been recognized as a crucial determinant 
of later chances of survival (Blaxter & Hempel 1963). Similarly, distinct developmental 
periods with differential sensitivity against nutritional stress have been detected also in 
larvae of insects (Nijhout 1975, Sehnal 1985), cirripedes (Harms 1982, West & Costlow 
1988, Qiu et al. 1997), copepods (Lopez 1996), and molluscs (His & Seaman 1992). In 
brine shrimp (Artemia spec.) metanauplii, processes of epidermal cell enlargement and 
proliferation, and hence, of growth and morphogenesis, were shown to depend only dur-
ing particular developmental periods on nutritional factors (Freeman 1995, Freeman & 
Porterfield 1996). 

In our first experimental investigation of this aspect of the larval biology of decapod 
crustaceans (Anger & Dawirs 1981), we found two different critical points: (1) the “point 
of no return” (PNR), (2) the “point of reserve saturation” (PRS). These critical points, 
which will be explained in the sections below, were later found in the larvae of various 
species of crabs, shrimps, clawed lobsters, and spiny lobsters, suggesting that they repre-
sent general traits in the development of decapod crustaceans (Anger et al. 1981a, Dawirs 
1984a, Gore 1985, Staton & Sulkin 1991, Wehrtmann 1991, Mikami & Takashima 1993b, 
Mikami et al. 1995, Anger 1995b, d, Abrunhosa & Kittaka 1997c). Hence, the degree of 
nutritional vulnerability in different species or developmental stages can be quantitatively 
compared using the PNR and the PRS as measures of the dependence on food.  

4.5.1 The point of no return (PNR) 
When decapod crustacean larvae hatch from the egg, they have already lost, during em-
bryogenesis, significant parts of the original biochemical reserves that a female invests 
into its offspring. In spider crab (Hyas araneus) larvae, for instance, about two thirds of 
the initially available lipids and one third of the initial protein pool are catabolized by the 
embryos and lost with the egg membrane (Petersen & Anger 1997). In several palaemonid 
shrimp and brachyuran crab species, the remaining organic reserves suffice for an initial 
period of lecithotrophic development through one or a few larval stages (see section 
5.1.1). Most decapod larvae, however, require food from hatching. 

When food is transitorily lacking from the beginning of the molting cycle, the initial 
starvation period will cause a significant developmental delay (Anger & Nair 1979, Anger 
& Dawirs 1981, Anger et al. 1981a, Dawirs 1984a, McConaugha 1985, Staton & Sulkin 
1991, Mikami & Takashima 1993b, Mikami et al. 1994, Abrunhosa & Kittaka 1997c). 
This increase in the duration of development (D) through a given larval instar after a tem-
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porary time of initial starvation (t) is illustrated in a conceptual model (Fig. 4.8). D in-
creases proportionally with the time of food deprivation, indicating that the molting cycle 
is suspended during the period of initial starvation. An additional delay (t’) reflects a pe-
riod for recovery after subsequent feeding. Since also t’ increases proportionally with the 
duration of food deprivation, the total time of developmental arrest is normally longer 
than the starvation period, t. Interestingly, however, D remains unaffected by very short 
starvation periods in the earliest phase of the molting cycle, which reflects the short non-
feeding period in early postmolt (see above, section 4.2.1). 

When the time of starvation exceeds a certain limit, a larva loses its capability to re-
cover from nutritional stress. This critical point was termed the “Point of no Return”, 
PNR (Anger & Dawirs 1981). After passing the PNR, starved and subsequently fed larvae 
may remain able to survive for extended periods, but they have lost their capability of 
normal development and are deemed to die without molting to the next stage. Microscopi-
cal examination of such individuals showed that, in most larvae, the development did not 
proceed beyond the transition between molt-stages C and D0 (Anger 1984a). However, 
when feeding was resumed near the time of the PNR, some larvae developed further 
through the premolt stages and reached another critical point, the “exuviation threshold” 
(see below, section 4.5.3), i.e. they died in the transition between late premolt and ecdysis, 
unsuccessfully attempting to molt (Anger 1987a). 

Developmental arrest and detrimental late effects of starvation have been documented 
in numerous species of planktotrophic decapod larvae, but the nature of the irreversible 
damage has been studied only little. In king crab (Paralithodes camtschaticus) larvae, a 
reduced capability of food capture was observed after starvation periods (Paul & Paul 
1980). However, in various other larval decapods there was a significant influence of later 
food supply on subsequent development and survival, indicating that the larvae were still 
able to consume and convert food (Anger 1987a); hence, this effect may not generally be 
crucial, although it can contribute to the PNR phenomenon. 

As another potentially causal mechanism, electron-microscopical examination showed 
significant changes in the ultrastructure of the digestive system, in particular in the R-cells 
of the hepatopancreas (Storch & Anger 1983, Anger et al. 1985). In starved spider crab 
(Hyas araneus) and lobster (Homarus americanus) larvae, these cells shrank in size, lost 
lipid vacuoles, and showed deeply folded basal membranes and pathologically inflated 
mitochondria (see section 3.11.5; Fig. 3.19). These effects of starvation remained reversi-
ble as long as the PNR had not been surpassed. After longer lasting periods of food depri-
vation, however, the lipid droplets could not be fully restored, and the mitochondria re-
mained swollen and reduced in number. In H. araneus larvae, also unusual depositions of 
glycogen occurred after subsequent feeding, indicating a pathological shift in the storage 
metabolism of the R-cells. It is thus likely that ultrastructural and physiological damage is 
principally responsible for the loss of developmental capabilities after the PNR. 
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Figure 4.8. Conceptual model of the Point of no Return (PNR): larval development and mortality in 
relation to differential periods of initial starvation. PNR50, PNR100: time of initial starvation (in days) 
after which 50% or 100% of the larvae, respectively, lose their ability to develop after refeeding 
successfully to the subsequent larval stage. D: duration of development through a given larval instar; 
Dc: D in a continuously fed control group; t: time of starvation (in days); t’: additional time of re-
covery (negative in postmolt, increasing with t); possible relationships between D and t are de-
scribed as linear regression equations. 

 
 
Cytological effects of starvation have been observed also in several other organs of 

starved crustaceans, namely in the midgut epithelia, antennal glands, and gills; ultra-
structural changes in the hepatopancreas, however, represented the most characteristic ef-
fects (Vogt et al. 1985, Storch 1985). In general terms, it is interesting to note that the ef-
fects in the various organelles vary among cell types, depending on the function of a given 
tissue or organ to which these belong. Those structures, which are most important for the 
function of a given cell type, are generally conserved as long as possible, while others, 
less crucial, are sacrificed first. For instance, the microvilli in the hepatopancreas and 
midgut, the basal labyrinth in the antennal glands, or the membranes in muscle cells are 
preferentially conserved. When significant structural damage has occurred, mortality is 
also in later larval stages enhanced, even if these are reared under optimal feeding condi-
tions (Anger & Dawirs 1981, Anger et al. 1981a). In the survivors of initial starvation pe-
riods, the repair of damage requires an additional time of development (t’ in Fig. 4.8).  

As a quantitative index for comparative studies of the “nutritional vulnerability” 
(Sulkin 1978) or “nutritional flexibility” (Sulkin & van Heukelem 1980) in different spe-
cies or developmental stages, the PNR50 has been proposed (Anger & Dawirs 1981). It is 
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defined as the time of initial starvation at which 50% of the larvae lose their capability to 
recover after subsequent feeding (see mortality curve in Fig. 4.8). This theoretical value 
(the median) can be estimated graphically (Anger 1987a) or from a sigmoidal equation 
describing the percentage of successfully recovering larvae as a function of the duration of 
initial starvation. This index is statistically better defined than the starvation time causing 
irreversible damage to all larvae (PNR100). As the maximum time of survival under con-
tinued starvation, the PNR100 may vary considerably among sibling larvae, reflecting indi-
vidual variability in organic reserves. High PNR50 values indicate large initial energy 
stores and thus, a high degree of independence from food. Lecithotrophic larvae have 
enough reserves to develop independently from food through at least one entire molting 
cycle, i.e. their PNR value exceeds the duration of a molting cycle. 

When the PNR50 of stage-I spider crab (Hyas araneus) and shore crab (Carcinus mae-
nas) larvae was compared with concurrent losses of biomass, apparently critical values of 
about 25-30% energy loss were found (Anger & Dawirs 1982, Dawirs 1987). However, 
no sufficient quantitative data from other decapod species are available to allow for gen-
eralization of the relationships between starvation-induced biomass loss and the PNR. 
Moreover, our present knowledge of the PNR in different decapod species is widely re-
stricted to first-stage larvae, and usually to only one experimental condition of tempera-
ture and salinity (normally close to the presumable optimum of a given species). Prelimi-
nary studies suggest that the nutritional vulnerability varies with rearing conditions, 
especially when effects of various stress factors interact (Anger et al. 1981b). Future in-
vestigations should thus analyse interactions of environmental factors with critical points 
in the molting cycle, and later larval stages should be investigated increasingly. 

4.5.2 The point of reserve saturation (PRS) 
The existence of irreversible damage, and consequently, a “Point of no Return” after long 
periods of starvation may not be very surprising. Another critical point, however, could 
not necessarily be expected: after relatively short initial periods of feeding, a larva reaches 
its Point of Reserve Saturation (PRS) and becomes independent from food for the rest of 
the molting cycle. Initial feeding periods that are shorter than the PRS do not allow for 
subsequent autonomous development. The PRS is thus defined as the point in a molting 
cycle, where well-fed larvae have gained sufficient organic matter or energy (they have 
“saturated” their reserves) to develop successfully through premolt and ecdysis, inde-
pendent of presence or absence of food. As in the PNR, this phenomenon is graphically il-
lustrated in a conceptual model (Fig. 4.9). 
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Figure 4.9. Conceptual model of the Point of Reserve Saturation (PRS): larval development and 
mortality in relation to differential periods of initial feeding and subsequent starvation. PRS50: time 
of initial feeding (in days) after which 50% of the larvae have acquired the ability to develop suc-
cessfully to the subsequent larval stage, independent of further food availability. 

 
 
 

In zoea-I larvae of several decapod species, the PRS was reached after feeding periods 
corresponding with about one fifth to maximally one half of total instar duration. In other 
words, the final 50-80% of development through an instar are potentially (facultatively) 
lecithotrophic, provided that sufficient food has been available before. In a comparative 
microscopical study with several species, this critical point was identified as a particular 
molt-stage, namely the transition between intermolt and early premolt (C-D0); based on 
this finding, the PRS was named also “D0 threshold” (Anger 1987a). It appears that an 
autonomous developmental programme is initiated at the onset of molt-stage D0, which 
cannot be interrupted by later lack of food. 

As the PNR, the PRS may be used as a comparative index of nutritional vulnerability in 
different species or developmental stages (see e.g. Staton & Sulkin 1991, Anger 1995b, 
d). Since there is always considerable individual variability among equally treated and ge-
netically similar sibling larvae, it is again useful to determine the median time within the 
molting cycle, when 50% of a given larval population have reached nutritional independ-
ence for the rest of the instar (PRS50). The quantification of this index is possible with the 
same graphical or statistical methods as in the PNR. When the time of initial feeding is 
shorter than the PRS50, some indiviuduals (<50%) develop successfully through premolt 
and ecdysis also in later absence of food, but usually with a lengthened instar duration 
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(see Fig. 4.9). However, this developmental delay due to late starvation is normally much 
weaker than the delay after an earlier timing of food deprivation, and this effect may not 
even occur consistently (Anger 1987a). 

The interaction between nutrition and the endocrine control of the larval molting cycle 
was studied only in spider crab (Hyas araneus) larvae (Anger & Spindler 1987). In one 
experimental group, zoea I larvae were starved from the D0 threshold until they reached 
the zoea II stage, i.e. exclusively during the premolt period, then re-fed. In the subsequent 
zoea II molting cycle, the ecdysteroid titer changed with a cyclic pattern, but the peak in 
the ecdysteroids concentration and the time of the subsequent molt to the megalopa oc-
curred three to four days later than in the continuously fed control group. This significant 
developmental delay was primarily caused by a lengthening of the intermolt stage in the 
zoea II. This implies a delay in the onset of molting-hormone production and in the occur-
rence of integumental apolysis (molt-stage D0). During the extended intermolt period, the 
larvae tripled their organic biomass, partially catching up with the continually fed control 
larvae. The ecdysteroid concentrations per unit of biomass measured at the transition be-
tween molt-stages C-D0 and at the time of the hormone peak (early D1), respectively, were 
similar in the previously starved and the control group. This suggests that the hormone 
titer must reach a certain level in relation to biomass (or particular constituents thereof) to 
initiate apolysis and autonomous development through premolt and ecdysis. However, 
generalisations from this single study are certainly premature; comparative studies with 
further species should be worth-while to elucidate the interrelationships between nutrition, 
growth, development, and the hormonal regulation of the larval molting cycle. 

In summary, the experiments which led to the discovery of the PNR and the PRS 
showed that the timing of starvation is at least as crucial as its duration. Equally long peri-
ods of food deprivation cause severe effects in survival and development if they begin 
soon after hatching or molting, weak effects if they occur in the middle of the molting cy-
cle, or no significant effects if starvation begins only in premolt. In the latter case, how-
ever, a significant developmental delay occurs within the subsequent instar (Anger & 
Dawirs 1981). Hence, the nutritional vulnerability of decapod larvae decreases during the 
course of a molting cycle, from 100% in postmolt and intermolt (complete dependence on 
food), to 0% in premolt (secondarily reached facultative lecithotrophy). This decrease in 
the nutritional dependence is not gradual but occurs abruptly at the D0 threshold or PRS. 

The transition between intermolt and premolt may be critical also in relation to envi-
ronmental effects other than starvation. For example, there is generally a species-specific 
lower limit of temperature, below which the molting cycle is suspended. In rearing ex-
periments with the subtropical-boreal crab Eriocheir sinensis, for instance, larval devel-
opment did not proceed beyond the first zoeal stage when the temperatures were below 
12°C (Anger 1991b). Microscopical examination of larvae which were kept at lower tem-
peratures revealed that their molting cycle was invariably (at 6°C), or in most individuals 
(at 9°C), arrested in molt-stage C. Those individuals which passed the transition from in-
termolt to premolt (occurring only at 9°C) died when they were approaching ecdysis 
(“exuviation threshold”, see following section).  

In larval shore crab, Carcinus maenas, it was recently shown that the D0 threshold may 
apply also to effects of transitorily occurring unsuitable salinities (Anger et al. 1998). Un-
der hyposaline conditions, mortality was enhanced at the intermolt-premolt transition and 
again near ecdysis. Also, significant reduction of growth due to osmotic stress occurred 
during the postmolt and intermolt stages, but not any longer in premolt. In contrast, even 
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short periods of initial exposure to low salinity caused later a significantly enhanced mor-
tality and development duration, and a reduction in larval growth. 

In summary, the “D0 threshold” may be critical in a much more general sense, i.e. not 
only in relation to effects of lacking food, but also to those of unsuitable temperature, sa-
linity, and possibly, other environmental stress factors. This may in part be associated 
with a depression of growth, which primarily takes place during the postmolt and inter-
molt period of the molting cycle. The subsequent burst of ecdysteroid production may 
thus be prevented either indirectly by insufficient biomass accumulation, or directly, due 
to effects of stress on the hormonal regulation system. 

4.5.3 The exuviation threshold 
Ecdysis has long been known as a critical point in the development of in decapod larvae 
and other arthropods. In individuals which are naturally weak or exposed to unfavourable 
conditions of temperature, salinity or water quality, mortality may increase dramatically 
as soon as molting is approached. As a typical but unspecific syndrome of stress, many 
larvae do not succeed in stripping off the complete exuvia; such “crippled” individuals are 
usually deemed to die later, as they cannot eat, swim and grow normally. This critical 
point within the molting cycle was termed “exuviation threshold” (Anger 1987a). 

After short initial feeding periods and subsequent starvation, larval mortality was usu-
ally enhanced at the exuviation threshold. Surprisingly, this occurred often earlier than the 
death of continually starved individuals. This seeming paradox may be explained when 
we look at the course of the molting cycle in these two experimental treatments. In con-
tinually starved larvae (or in those fed for extremely short initial periods), the molting cy-
cle is arrested in intermolt. This phase is characterized by maximum rates of growth but 
minimal developmental change, and its duration is particularly flexible. Stress factors, in 
general, tend to lengthen primarily this molt-stage, while others may remain largely unaf-
fected. Thus, the larvae are able to survive over extended periods with development ar-
rested in intermolt. 

The situation is different in larvae that have passed the D0 threshold. Their develop-
ment through premolt is autonomous, and they approach ecdysis without a significant de-
lay. It appears that, once a larva has started the molting process, it has entered a particu-
larly instable state that requires an immediate “decision”: either successful development to 
the subsequent larval stage or, in weak larvae, death in an unsuccessful attempt to molt. 
An arrest in this molt-stage is not possible. This instability of the transition from late pre-
molt through ecdysis seems to make ecdysis especially vulnerable to any kind of stress or 
weakness. 
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5 NUTRITION 

Quality and quantity of food are key determinants for the survival and development of 
heterotrophic organisms. In order to describe their trophic role in an ecosystem, we thus 
require detailed information on the feeding characteristics of individual taxa, including the 
mode, selectivity, and overall quantity of food uptake. In aquatic environments, especially 
in coastal marine regions, decapod crustaceans belong to the most typical and most fre-
quent inhabitants. Hence, their freely swimming larvae should play a significant role not 
only as prey for carnivorous zooplankton and fishes, but also as consumers of smaller 
plankton. 

In addition to the ecological context of energy transfer within food webs, nutritional in-
formation has considerable practical implications both in the commercial production of 
economically valuable species (Provenzano 1985) and in scientific research cultivation 
(Kinne 1977). In rearing experiments, in general, the conditions of feeding are artificially 
controlled and optimized in order to achieve an efficient production of edible crustaceans 
or to obtain a maximum number of survivors as material for subsequent morphological, 
ecological, or physiological investigations. In the natural pelagic environment, on the 
other hand, the availability of suitable food organisms varies greatly due to temporal and 
spatial patchiness of plankton distribution (Dubois 1975, Omori & Hamner 1982, de Wolf 
1989, Davis et al. 1991, Lennert-Cody & Franks 1999). Thus, planktonic food may at 
least sometimes become a limiting factor for survival and growth of consumers, in par-
ticular for predators (Olson & Olson 1989, Verity & Smetacek 1996, Hansen 1999). 
Thorson, one of the pioneers of larval ecology, expected that severe food limitation, i.e. 
starvation, should be one of the most important causes of larval mortality in the plankton 
(Thorson 1950). Even if this far-reaching generalization is considered as an exaggeration 
(see Parsons et al. 1977), the differential capabilities of decapod larvae to capture, ingest 
and convert the various types of available plankton remain critical for their survival and 
recruitment in different geographic regions, depths zones, or seasons.  

In consequence of its biological key role, the nutrition factor has received special atten-
tion in the crustaceological literature. Numerous original research articles and various re-
views have been published, especially in the past two decades. A general review of 
“Feeding and nutrition” in crustaceans was given already in volume I of the treatise “The 
Physiology of Crustacea” (Marshall & Orr 1960). Twenty years later, a bibliography of 
papers dealing with the nutritional requirements of shrimps and prawns (i.e. not including 
lobsters, crayfish, and crabs) listed about 500 articles (New 1980); since then, the number 
of publications must have grown exponentially. In the same year appeared, within the 
treatise “The Biology and Management of Lobsters”, a review of lobster nutrition (Conk-
lin 1980). Soon after this, a “Handbook of Mariculture” was published (McVey 1983), 
aspects of “Nutrition and larval growth” were reviewed in Volume 2 of the“Crustacean 
Issues” (McConaugha 1985), and an article on the “Role of nutrition in lobster recruit-
ment” appeared (Castell & Kean 1986). Newsletters such as “The Crustacean Nutrition 
Newsletter, “The Lobster Newsletter”, “The Crab Newsletter”, and several specialized 
scientific journals such as Aquaculture, Aquaculture Research, the Journal of the World 
Aquaculture Society (formerly Mariculture Society), and Aquaculture Nutrition have re-
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ported in regular intervals on numerous aspects of the artificial cultivation and nutrition of 
crustaceans. 

Further updates appeared in the 1990s, reviewing penaeid shrimp nutrition (Dall et al. 
1990), nutritional effects on maturation and reproduction in commercially cultivated crus-
taceans (Harrison 1990), and nutritional needs of larval shrimps (New 1990, Teshima et 
al. 1993), spiny lobsters (Kanazawa & Koshio 1994), and nephropid lobsters (Aiken & 
Waddy 1995). Covering a broader taxonomic range, chapters on “Larval Feeding” or 
“Larval Nutrition” were included in the books “Reproduction of Marine Invertebrates” 
and “Ecology of Marine Invertebrate Larvae”, respectively (Strathmann 1987, Boidron-
Métairon 1995). More specifically, a chapter of the recent volume “Crustacean Nutri-
tion” (D’Abramo et al. 1997) is exclusively dedicated to “Larval Nutrition” (Jones et al. 
1997a). 

In this extensive literature, however, there is a conspicuous bias. Most studies are re-
lated to the cultivation of commercially exploitable species such as penaeid and palae-
monid shrimps, homarid lobsters, crayfish, and large crabs. Moreover, many nutritional 
studies have been directed towards the development of artificial feeds for rearing and 
masting rather than aiming at a better understanding of the trophic role of decapod crusta-
cean larvae in pelagic food webs. 

Attempting to compensate in part this bias towards applied research, focus here is on 
fundamental rather than aquaculture-related aspects of nutrition, and will show preferen-
tially examples from lesser known species. The present chapter deals with the quality and 
quantity of larval feeding in general terms, while specific nutritional effects on molting, 
growth, chemical composition, or metabolism are compiled in chapters 4, and 6-8, respec-
tively. Most of the available information is based upon controlled cultivation experiments 
in the laboratory, but I will address also the question of natural food sources in the pela-
gial. Before I review the larval requirements of external materials and energy, cases of 
partial or full independence from food are discussed. 

5.1 Feeding vs. nonfeeding larvae: the planktotrophy-lecithotrophy continuum 

Although most larval decapods require planktonic food (planktotrophy), there are also 
various examples of nonfeeding larvae. This mode of development, which is based upon 
the degradation of internal reserves, is commonly referred to as endotrophy or lecitho-
trophy. It is generally considered as an adaptation to low or unpredictable food production 
in the environment where larval development takes place. Most frequently, lecithotrophy 
has been observed in high latitudes (Thorson 1950), freshwater environments (e.g. Magal-
hães & Medeiros 1998 and earlier papers cited therein), and the deep sea (Thorson 1961, 
1964, Pond et al. 1997). However, even in areas that are highly productive on average, 
temporal or spatial variablity in the plankton may lead to a transitory or local occurrence 
of food limitation. This factor is considered as one of the key determinants for survival, 
development and growth of larvae and other zooplankton (Thorson 1950, DeFreese & 
Clark 1983, Huntley & Boyd 1984). Effects of food limitation have been demonstrated 
also in the field, for instance in copepods (Heinle 1981, Lopez 1996), mysids (Moham-
madian et al. 1997), larval polychaetes (Hansen 1999), as well as in fish (May 1974) and 
decapod larvae (Strathmann 1987, Olson & Olson 1989, Anger 1995c). 
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5.1.1 Primary lecithotrophy 
As an adaptation to recurrent food limitation, heterotrophic organisms can accumulate 
chemically bound energy while food is available in sufficient quantities, and store it in 
specialized tissues such as the hepatopancreas or the ovaries. In decapods, this occurs es-
pecially during oogenesis, i.e. during the benthic adult phase of the life-cycle. Thus, the 
fuel for partially or entirely food-independent larval development originates in general 
from remaining parts of the egg yolk, implying that the degree of lecithotrophy or plank-
totrophy depends primarily on the extent of energy investment into female reproduction. 
This phenomenon thus may be termed yolk-based or primary lecithotrophy. 

Planktotrophy and lecithotrophy have usually been considered as alternative strategies 
in a dichotomous life history evolution (for recent discussion see Poulin et al. 2001). 
However, we know now that these developmental patterns are only extremes in a contin-
uum (for references see Anger 1995a). Transitional patterns have been found within indi-
vidual larval stages, in sequences thereof, or in both. In some species, strongly enhanced 
yolk stores allow for an entirely nonfeeding development from hatching through meta-
morphosis (full lecithotrophy), but in others only for development through one or a few 
early larval stages. 

 
 

Table 5.1. Comparison of the endotrophic potential in larvae of western Atlantic Sesarminae (Grap-
sidae) species, in order of decreasing egg size: relationships between size, carbon (C) content, and 
carbon:nitrogen weight ratio (C:N) of eggs in a late embryonic stage; total number (#) of zoeal 
stages; developmental stage that is maximally reached in the absence of food (starvation from hatch-
ing). The zoeal stages of M. depressus (and probably S. fossarum) are nonfeeding (obligatory lecith-
otrophy); those of A. ricordi, A. rubripes, and A. cinereum require food for molting to the zoea II 
(fully planktotrophic development); all others are transitional, showing various degrees of faculta-
tive lecithotrophy.  

 Egg size C C:N # zoeal Stage reached 
Species (mm) (µg·ind-1) ratio stages w/o food Reference 

Metopaulias depressus 1.50 250 6-6.6 2 crab I (1) 
Sesarma fossarum 1.40 300 7-7.5 2 (?) crab I (?) (2) 
Sesarma curacaoense 0.60 25 5-6 2 megalopa (3) 
Armases miersii 0.59 20 5-6 3 zoea III (4) 
Sesarma rectum 0.55 14 5-6 3 zoea III (2) 
Sesarma reticulatum 0.45   3 zoea II (5) 
Armases angustipes 0.40 6.5 5 4 zoea II (2) 
Armases roberti 0.40 6 4.4 4 zoea II (2), (6) 
Armases ricordi 0.35   4 zoea I (6) 
Armases rubripes 0.35 2.7 4.5 4-5 zoea I (2), (7) 
Armases cinereum 0.32   4 zoea I (5) 
References: (1) Anger & Schuh 1992, (2) Anger (unpubl. data), (3) Anger 1995d, (4) Anger 1995b, 
(5) Staton & Sulkin 1991, (6) Diesel & Schuh 1998, (7) Montú et al. 1990; (?) = presumably; blank 
spaces = no C or N data available. 

 
Transitional modes between planktotrophy and lecithotrophy have been observed, for 

instance, in several grapsid crab species from the western Atlantic region (Table 5.1). A 
comparison of their reproductive and developmental traits shows that the phenomenon of 
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yolk-based lecithotrophy is commonly associated with an enhancement of egg size and a 
curtailed meroplanktonic phase (cf. section 2.4; Figs. 2.11, 2.12). While fully marine 
grapsids have normally 5 or more zoeal stages, estuarine and semiterrestrial species have 
3 or 4, and fully limnic or terrestrial relatives have only 2 (Rabalais & Gore 1985). Egg 
size, carbon content, the carbon:nitrogen ratio (an index of available energy stores; see 
section 7.2.3), as well as the nutritional flexibility of the early larval stages tend to in-
crease with developmental abbreviation (Anger 1995a). 

As a first step in the evolution of lecithotrophy, slightly enhanced yolk reserves may 
reduce the “nutritional vulnerability” of newly hatched larvae (or increase their “nutriti-
onal flexibility”; for terminology see Sulkin 1978, Sulkin & van Heukelem 1980). Those 
nutritionally more flexible (or less vulnerable) larvae can develop at low levels of food 
quality or quantity, but not in complete absence of food, i.e. they remain planktotrophic. 
Among the examples in Table 5.1, this applies to Armases ricordi, A. cinereum, and 
Armases (= Metasesarma) rubripes. Without food supply, the first-stage larvae of these 
species are not able to develop successfully through a complete molting cycle, to the zoea 
II. 

In species where the yolk stores are moderately enhanced, the first larval stage may 
gain a limited capability of food-independent development, so that the zoea I can develop 
successfully, also in complete absence of food, from hatching to the zoea II stage. How-
ever, such nutritionally little vulnerable larvae may conserve also their ability to capture 
and ingest prey when it becomes available. This transitional, highly flexible mode of de-
velopment is termed facultative lecithotrophy (Anger 1995b, d, Thessalou-Legaki et al. 
1999). Among the species listed in Table 5.1, this has been observed in Armases roberti, 
A. angustipes, and Sesarma reticulatum. 

In the next step of increasing endotrophic potential, the internal energy stores may suf-
fice for facultative lecithotrophy through more than one initial larval stage. The semiter-
restrial crab species Sesarma curacaoense, S. rectum, and Armases miersii, are typical ex-
amples, reaching their final zoeal stage or even the megalopa, when necessary, without 
food. 

A further increasing storage of yolk may allow for full (obligatory) lecithotrophy in one 
or more early larval stages, usually followed by a reduced endotrophic potential, i.e. facul-
tative lecithotrophy or full planktotrophy in later instars. This pattern was found in the 
larvae of a terrestrial crab, Metopaulias depressus (for its ecology, see section 10.4). This 
species produces extremely large eggs, and its two zoeal stages are entirely nonfeeding. 
Subsequent to the fully lecithotrophic phase of development, the remaining yolk still al-
lows for facultative lecithotrophy in the megalopa stage. With even larger egg mass (see C 
in Table 5.1), closely related limnic species such as Sesarma fossarum or S. windsor ap-
pear to follow the same transitional pattern, approaching or reaching full lecithotrophy 
(Anger 1995a). Further examples of lecithotrophy-planktotrophy transitions within se-
quences of larval stages can be found in numerous palaemonid freshwater shrimps, where 
the first zoeal stage is lecithotrophic, at least facultatively, but the subsequent stages are 
planktivorous (for species and references of literature, see section 10.4). 

5.1.2 Secondary lecithotrophy 
In all aforementioned examples of endotrophy, the fuel for food-independent larval devel-
opment originates from an enhanced reproductive energy investment of the adult females, 
i.e. ultimately from benthic sources. In some species, however, the crucial energy reserves 
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are stored during another phase of the life cycle, and they originate from a different 
source. The females of such species produce small eggs, from which feeding larvae hatch. 
The early larval stages accumulate plankton-derived organic matter, which then allows a 
later stage (usually a benthic decapodid) to develop without food through metamorphosis. 
Immediately after this event, the first juvenile stage usually resumes the feeding activity. 
This special case of endotrophic development was termed “secondary lecithotrophy” 
(Anger 1989). 

This developmental mode has been known from barnacles, where the cypris larva de-
pends on the nutrition of the preceding naupliar stages. It does not eat, even when its en-
ergy stores are poor and food is available (Crisp 1974, West & Costlow 1988). Likewise, 
the megalopa stage of several hermit crab (Pagurus) species is secondarily nonfeeding 
(Anger 1989, Harvey & Colasurdo 1993, Harvey 1996). According to recent studies of the 
functional morphology of mouthpart and foregut structures in other anomurans, the same 
appears to apply to the megalopae of the king crab species Paralithodes camtschaticus, P. 
brevipes, and P. platypus (Abrunhosa & Kittaka 1997a, b). The same pattern was ob-
served also in several rock lobster species, where the puerulus stage utilizes exclusively 
the energy accumulated by the preceding phyllosoma larvae (e.g. Nishida et al. 1990, 
Booth & Phillips 1994, Kittaka 1994, Lemmens 1994, Lemmens & Knott 1994, Takahashi 
et al. 1994, Abrunhosa & Kittaka 1997a, McWilliam & Phillips 1997, Jeffs et al. 1999, in 
press). 

Independence from food in the last (premetamorphic) larval stage cannot be explained 
as an adaptation to food limitation, because the settling decapodid has usually access to 
deposited benthic food sources, and thus, does not depend on the plankton alone. This 
suggests that additional environmental factors can select for lecithotrophy. Anger (1989) 
hypothesized that secondarily nonfeeding development in decapodid stages may increase 
the chance to find a suitable substrate for settlement and metamorphosis. This mode of 
development could thus be an adaptation to a particularly high degree of habitat speciali-
zation such as, for example, the unconditional need for a hard substratum in barnacles, or 
that for an empty snail shell in hermit crabs. On the other hand, there are also many ex-
amples of hermit crab species with a feeding megalopa (Harvey 1996). Hence, a general 
explanation of secondary lecithotrophy has to await further comparative studies of this 
phenomenon. In the puerulus stage of rock lobsters, the selective force may not be found 
in an extreme habitat specialization but in a very long duration of the onshore transport 
across the continental shelf of tropical or subtropical regions. In these waters, the produc-
tion of large plankton or small nekton with suitable size and accessibility may be insuffi-
cient for the nutrition of the large, nektonic pueruli. 

5.2 Qualitative aspects of feeding 

Based upon primary food sources, the trophic role of decapod crustacean larvae in the 
plankton may be described as detritivores, herbivores, carnivores, or omnivores (Jones et 
al. 1997a, b). This ecological classification, including knowledge of possible ontogenetic 
changes in nutrition, is crucial also in commercial aquaculture projects. The predominent 
food source of planktonic crustaceans is usually reflected by differential mouthpart mor-
phology, in particular of the mandibles. Although this relationship has little been studied 
in decapod crustacean larvae, the available evidence suggests similar patterns in their 
functional morphology, namely the occurrence of blunt grinding mandibles in herbivores, 
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sharp pointed teeth in carnivores, and intermediate forms in omnivores (for recent review 
and illustrations, see Jones et al. 1997a). 

Before considering quantitative requirements for food in decapod larvae, basic infor-
mation on qualitative needs is given here, including the chemical composition and size of 
prey, as well as behavioral aspects of selective feeding. 

5.2.1 Nutritional requirements 
Although a major part of the available literature deals primarily with adult rather than lar-
val decapods, most of what is known about the chemical aspects of nutrition should apply 
also to larval stages. The available evidence suggests that those food components which 
can not be synthesized by the adults are essential also for larvae. On the other hand, one 
should expect that larvae require additional food components which can be synthesized de 
novo only in later life-history stages when more complex organ systems have developed. 
Moreover, the sensitivity of larvae to food shortage or lack of essential dietary substances 
is generally enhanced due to higher metabolic intensity and more rapid biochemical turn-
over than in adults. 

There are several technical difficulties in the study of nutritional requirements in 
aquatic crustaceans including, in particular, larval stages (for recent review of experimen-
tal prerequisites and constraints, see Jones et al. 1997a). In consequence, we know only 
little about the ontogeny of biosynthetic capabilities in the Crustacea and thus, depend to a 
great extent on available data from juveniles and adults. As all heterotrophic organisms, 
decapod crustacean larvae require dietary proteins, lipids, carbohydrates, minerals, and vi-
tamins for successful growth and development. The rate or efficiency of conversion, how-
ever, varies among the major compound classes, depending on the overall composition of 
food. Abundant materials may be catabolized to produce energy, while limited com-
pounds should preferentially be saved in storage tissues. In lobster (Homarus americanus) 
larvae, for instance, the efficiency of protein conversion was observed to increase, when 
the average dietary protein content was low, indicating an increasing digestion and storage 
or a decreasing utilization of proteins as a substrate for metabolic energy production 
(Capuzzo & Lancaster 1979a, Kanazawa 1990). 

5.2.1.1 Proteins and other nitrogenous compounds 
Dietary protein requirements are, in general, particularly high in rapidly growing early 
life-history stages, to provide for rapid tissue synthesis. In penaeid shrimp larvae, for ex-
ample, the requirements for total proteins may range from ca. 30-56% (for references see 
Jones et al. 1997a). Using techniques of microencapsulation (see Jones et al. 1979, Levine 
et al. 1983, Teshima & Kanazawa 1983a, Kanazawa 1990) and radiotracers (e.g. Villamar 
& Langdon 1993), ten amino acids have been identified as essential dietary componenents 
for both adult and larval crustaceans (Dadd 1977, Claybrook 1983, Sick & Millikin 1983, 
Teshima et al. 1986a, 1993). They are the same as in finfish and higher animals, namely: 
arginine, valine, threonine, methionine, leucine, isoleucine, phenylalanine, lysine, his-
tidine, and tryptophan. Since these important precursors of protein synthesis can not be 
synthesized de novo, their concentrations within larval biomass vary with quality and 
quantity of food. Non-essential amino acids, in contrast, depend also on the developmen-
tally and environmentally controlled regulation of their formation. In this category, we 
may list asparagine, serine, glutamic acid, proline, glycine, alanine, cystine, and tyrosine. 
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Digestibility and nutritional value of dietary proteins depend highly on their amino acid 
composition and on accompanying food components. Additionaly, the protein require-
ments may vary ontogenetically. In the protozoea II stage of grass shrimp (Penaeus 
monodon), for instance, the in vitro protein digestibility of three differently formulated di-
ets was the same, while it varied significantly in the mysis II stage (Sheen & Huang 
1998). The diets with higher protein digestibility allowed consistently for higher survival 
through the “postlarval” and juvenile phase. However, in the larvae of another prawn, the 
palaemonid species Macrobrachium rosenbergii, no significant ontogenetic changes in the 
composition of larval biomass or in the nutritional requirements were observed, as long as 
a suitable protein source was available which resembled the amino acid profile of the lar-
vae (Roustaian et al. 2000).  

5.2.1.2 Carbohydrates 
In commercial aquaculture, polysaccharides such as starch and dextrin are usually in-
cluded in artificial feeds as a bulk energy component to spare expensive proteins 
(Capuzzo & Lancaster 1979a, Capuzzo 1982, Harrison 1990). In penaeid shrimp larvae, 
carbohydrate requirements ranged from 7.5-33% (Kurmaly et al. 1989a, Kanazawa 1990). 
As a complementary food source, carbohydrate polymers may play a similar role also in 
the plankton, where diatoms and other microalgae are much more abundant than high-
protein zooplankton (see section 5.2.2). Although dietary carbohydrates are not essential 
for crustaceans, they are stored in the musculature and hepatopancreas, primarily as gly-
cogen. These deposits can be mobilized when required to serve as precursors of metabolic 
intermediates in energy production, or for the synthesis of non-essential amino acids, nu-
cleic acids, and cuticular chitin. 

5.2.1.3 Lipids 
In penaeid shrimp (Marsupenaeus japonicus) larvae, Kanazawa (1990) observed a de-
mand of about 5.5% total lipids. However, the heterogeneous nature of this chemical frac-
tion of food renders it difficult to generalize such figures, because the dietary require-
ments vary among the different lipid classes (Jones et al. 1997a; for brief chemical 
characterization and terminology of lipid classes, see section 7.5.2 of this volume). Neu-
tral lipids, in particular triacylglycerides (TAG), are a major energy source and, in most 
decapod larvae, the predominant form of storage. During periods of famine, internally ac-
cumulated lipid reserves are crucial for survival. The hepatopancreas is the principal site 
of both storage and processing (Chang & O’Connor 1983; cf. sections 3.11.5, 7.5.2). Sev-
eral other lipids, including phospholipids (e.g. lecithin; Briggs et al. 1988, Coutteau et al. 
1997), sterols (Whitney 1969, Teshima 1972, Teshima & Kanazawa 1986), and long-
chain highly unsaturated fatty acids (HUFA) with ≥20 C atoms can not, or can only insuf-
ficiently, be synthesized de novo by crustaceans and thus, must be absorbed from food 
(Jones et al. 1979, Levine & Sulkin 1984, Kanazawa et al. 1985, Mourente & Rodríguez 
1997, D’Souza & Loneragan 1999). Such essential fatty acids are believed to play a cru-
cial role in food webs of aquatic ecosystems, even on an evolutionary level (for recent re-
view, see Arts et al. 2001). 

Phospholipids are important components of all cell membranes and, hence, play a cru-
cial role in processes of osmoregulation, namely in the activation of the sodium pump (see 
section 10.1.2). In addition, they represent the predominant transport form of lipids in the 
hemolymph, normally in combination with proteins (as high-density lipoproteins). The 
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formation of these complex molecules is based on a conversion of glycerides and fatty ac-
ids that are absorbed from food or mobilized from internal stores. Dietary phospholipids 
may aid also the transport of cholesterol, especially from the hepatopancreas to the hemo-
lymph (Kanazawa & Koshio 1994). 

Since fatty acids are relatively inert, their metabolism requires an esterification to thio-
esters and the action of other molecules. Among these, carnitin (a product of the protein 
metabolism) plays a special role in the turnover of lipids, particularly for the transport of 
fatty acids through membranes into the mitochondria. In penaeid shrimps, growth was en-
hanced when additions of L-carnitin were included in their diet (Jayaprakas & Sambhu 
1996). Hence, carnitin might play an important role in the nutrition of decapod larvae, 
where processes of growth are particularly intense and demanding. 

Also dietary sterols play a major role in growth, metabolic maintenance, and in the 
regulation of regeneration and the molting cycle. Larval decapods, together with other 
crustaceans, are incapable of de novo sterol synthesis (Whitney 1969, Teshima 1972; Te-
shima et al. 1986b). Among these compounds, cholesterol is an essential precursor for the 
biosynthesis of the molting hormones (ecdysteroids; see section 4.3, Fig. 4.7). Other die-
tary sterols (e.g. phytosterols) can be utilized as well, but these have been shown to be in-
ferior to cholesterol in promoting growth (for references, see Harrison 1990). 

Within the HUFA family, eicasopentaenoic (20:5n-3) and docosahexaenoic acid 
(22:6n-3) appear to be particularly important for larval growth (for references, see Jones et 
al. 1997a, Sulkin & McKeen 1999). Enhanced concentrations of these fatty acids have 
been observed within the ovarian lipid fraction (Teshima & Kanazawa 1983b, Jeckel et al. 
1989a, b). Essential HUFA persisting from egg yolk may thus reduce the nutritional vul-
nerability of freshly hatched larvae. A limited ability has been shown, at least in some 
shrimp larvae, to convert 18:3n-3 (linolenic acid) to higher n-3 HUFA such as 22:5n-3 
(docosapentaenoic acid), 20:5n-3, and 22:6n-3 (Jones et al. 1979, Kanazawa et al. 1979a, 
b, Teshima et al. 1992, Roustain et al. 1999). However, the capability for desaturation and 
prolongation of carbon chains is generally not sufficient to sustain growth and develop-
ment. In consequence, HUFA with ≥20 C atoms must be taken up with food. When deca-
pod larvae cannot ingest sufficient amounts, they show reduced growth and survival, 
lower resistance against osmotic stress and disease, delayed development, and sometimes 
supernumerary stages (see e.g. Kanazawa et al. 1985, McConaugha 1985, Mourente & 
Rodríguez 1997, Takeuchi et al. 1999a-c, D’Souza & Kelly 2000). Also the precursors to 
the essential long-chain fatty acids (in the marine Crustacea principally 18:3n-3) must be 
taken up from food, as animals are, in contrast to plants, generally not capable of a de 
novo synthesis of n-3 and n-6 fatty acids (Moreno et al. 1979). As an adaptation to these 
dietary requirements, essential HUFA are not normally utilized as an energy source unless 
available in excess.  

A low level of essential HUFA in the diet has been shown to affect the reproductive 
performance of adult females and to reduce the viability of the resulting embryos (Cahu et 
al. 1995). As a consequence, this effect should decrease also the physiological condition 
of freshly hatched larvae and thus, the chances of subsequent larval development, sur-
vival, and growth in the plankton. Similarly, reproductive exhaustion during the course of 
a spawning period may lead to a decline in the initial fat content, growth, and overall con-
dition of successively produced larvae (Palacios et al. 1998, 1999); in general, such ma-
ternal effects are probably associated with variation in the HUFA concentration in eggs 
and early larvae (Cavalli et al. 1999). Also in sea urchins and bivalves, maternal malnutri-
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tion has been demonstrated to affect not only fecundity, but also egg size and larval 
growth (Bertram & Strathman 1998). Such late effects of adult nutrition on larval fitness 
represent a potentially important but little studied aspect of nutritional and developmental 
physiology. In the larval biology of the Crustacea, future research must show the general 
significance of these and other non-genetic maternal effects.  

Another compound class within the lipid family, carotenoids, can not be synthesized by 
animals, in general, and must thus be taken up from food. In crustaceans, carotenoids oc-
cur as free pigments, esterified to fatty acids, and associated with macromolecules such as 
chitin, proteins, or carbohydrates. They play important roles as precursors of vitamin A 
synthesis, as antioxidants or light shields, and in hemolymph transport (Harrison 1990). 
The significance of carotenoids as protectors against high-energy light is conspicuous in 
the larvae of some tropical grapsid crab species, namely Armases miersii and Sesarma cu-
racaoense (for details of their ecology, see section 10.4). They develop in supratidal rock 
pools or other extremely shallow temporary water bodies occurring in mangrove swamps, 
where they may be exposed to intense solar radiation. In contrast to the larvae of closely 
related marine species, their integument shows an unusually dark pigmentation, presuma-
bly concentrated carotenoid pigments, shielding them against oxydative photodamage. 

5.2.1.4 Vitamins and minerals 
Compared with the available data on requirements for essential amino acids and lipids, lit-
tle is known about other nutritional needs of larval crustaceans. Vitamins are an important 
category of essential dietary substances, at least in artificial cultures where larvae develop 
under monotonous nutritional conditions (Fisher 1960, Sedgwick 1980, Shigueno & Itoh 
1988, Shiau & Lung 1993, Dall 1995; for vitamin requirements of juvenile penaeid 
shrimps, see recent papers by Reddy et al. 1999a, b, Shiau & Chen 2000). Ascorbic acid 
(vitamin C), for instance, is known as an antioxidant and as an enzyme cofactor in colla-
gen formation, which should be particularly important in the embryonic and larval stages 
of crustaceans (Harrison 1990, Merchie et al. 1997). In a commercially cultivated prawn, 
Marsupenaeus japonicus, Kanazawa (1990) demonstrated the larval requirements for 
thiamine, riboflavin, pyridoxine, nicotinic acid, folic acid, cyanocobalamin, choline, inosi-
tol, and Vitamis A, C, D, and E. As shown in Litopenaeus vannamei, the physiological 
condition of larvae may be influenced also indirectly, through the vitamin content in the 
diet of egg-producing females (Wouters et al. 1999). 

Micronutrients (trace elements) and minerals are required as enzyme cofactors in nu-
merous metabolic functions. Frequent minerals such as calcium, magnesium, sodium, po-
tassium, and chloride, but also trace elements can be taken up directly from the surround-
ing water, especially across the thin epithelia of the gill chamber and the intestine. Thus, 
they are normally not limiting for aquatic decapods, at least not for those living in marine 
or brackish environments. In freshwater habitats, on the other hand, where the larvae of 
several species of palaemonid, atyid and hippolytid shrimps as well as some grapsid crabs 
develop, minerals may be scarce and thus, growth-limiting. Knowledge of these needs are 
particularly important in the aquaculture of freshwater prawns (Macrobrachium rosenber-
gii), where Zang et al. (1995) identified and quantified six essential micronutrients that 
must be added to the water as a prerequisite for successful cultivation. In another study on 
the same species, Mallasen & Valenti (1998) found that calcium and potassium were the 
most important ions for larval developement. Arun & Subramanian (1998) showed in an-
other freshwater prawn, M. malcolmsonii, that selenium plays a significant role, especially 
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for the activities of antioxidant enzymes in the hepatopancreas of the embryonic and lar-
val stages. 

Indirect evidence of Ca2+ requirements was shown in the larvae of a terrestrial crab, 
Metopaulias depressus, which develop in rainwater (see section 10.4). The females of this 
species exhibit brood care behavior including the introduction of empty snail shells into 
the breeding habitat, where they serve as a calcium source (Diesel 1997). Besides in nu-
merous physiological processes, calcium is important as a structural component of the cu-
ticle, at least in the decapodid stage. In M. depressus, this critical role is reflected in a 
steeply increasing ash content as soon as the megalopa stage is reached (Anger & Schuh 
1992). On the other hand, dietary calcium was observed to reduce the growth-promoting 
effect of phosphorus in juvenile penaeid shrimps, Penaeus monodon (Peñaflorida 1999). 
In summary, one may say that the needs for macroelements and micronutrients still repre-
sent open fields for future studies on the physiology of decapod crustacean larvae. 

5.2.2 Principal food sources, prey size, feeding behavior 
In the natural plankton, larvae have access to a wide variety of potential food sources, in-
cluding organic solutes, detrital matter, bacteria, unicellular and chain-forming algae, pro-
tozoans, and an enormous diversity of metazoan zooplankton. These items differ greatly 
both in qualitative and quantitative aspects, offering the various larval forms and stages an 
opportunity for optimal food selection. In the following sections, major types of potential 
food, specific nutritional characteristics of different taxa and larval stages, and mecha-
nisms of selectivity are reviewed. 

5.2.2.1 Dissolved organic matter (DOM) 
Among the potentially available energy sources in the ocean, the amounts of dissolved or-
ganic matter (DOM) probably exceed the quantity of all particulate food (for literature, see 
Boidron-Métairon 1995). Plankton grazers, including decapod crustacean larvae, belong 
to the most important sources of leached organic materials (Strom et al. 1997). However, 
an uptake and conversion of DOM has not been demonstrated in higher crustaceans, in 
contrast to several other marine invertebrate taxa, e.g. soft-bodied echinoderm and mol-
lusc larvae (e.g. Manahan et al. 1989, Manahan 1990, Jaeckle 1994). This apparent lack of 
resource exploitation by decapod larvae is a consequence of the relatively impermeable 
cuticle, which inhibits a transepidermal transport of large organic molecules. Thus, all 
non-lecithotrophic decapod crustacean larvae are considered as obligatory particle feeders. 
As an exception among the Crustacea, the metanauplii of Artemia spec. were shown to 
take up DOM through the gut wall, when drinking was stimulated by the presence of small 
particles (Provasoli & Shiraishi 1959). It would be interesting to test decapod crustacean 
larvae for the possible occurrence of this mechanism. 

5.2.2.2 Microorganisms 
Bacteria and small protozoans represent abundant, and thus, potentially important particu-
late food sources. In the planktological nomenclature, these organisms belong to the cate-
gories of nanoplankton (defined as size class 2-20 µm) and picoplankton (<2 µm). As in 
DOM, however, those small organisms appear poorly accessible to most decapod crusta-
cean larvae, at least as long as they are available only in suspension. As an exception, the 
protozoeal stages of the Dendrobranchiata are capable of efficient suspension feeding, re-
taining particles as small as about 10 µm. The larvae of the shrimp Farfantepenaeus 
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paulensis, for instance, were shown to ingest bacteria, flagellates, and ciliates (Thompson 
et al. 1999). In most pleocymate decapod larvae, in contrast, constraints of functional 
mouthpart morphology prevent an efficient retainment of such small particles, so that pro-
tozoans as a sole food source are not sufficient to sustain development. On the other hand, 
uptake and conversion of unicellular organisms was shown to lengthen the time of sur-
vival in comparison with completely starved larvae, allowing occasional, although usually 
incomplete, development through one or more stages (Anger & Nair 1979, Sulkin et al. 
1998a, Lehto et al. 1998). This suggests that microorganisms may be a significant com-
plementary energy source, especially when larger food is scarce. 

5.2.2.3 Detritus and fecal pellets 
Bacteria and protozoans should be more accessible and become more important as food 
items, when they are associated with larger detrital aggregates (“marine snow”; Biddanda 
1986, Kiørboe et al. 1990, Lampitt et al. 1993, Shanks & Walters 1997, Dilling et al. 
1998, Kiørboe 2000). This is corroborated by observations on the larvae of a small crab, 
Ebalia tuberosa, where preferential feeding on detritus was described (Schembri 1982). 
Also the early larvae of a prawn, Penaeus monodon, and of a crab, Portunus trituber-
culatus, were successfully reared with bacteria, protozoa and other microorganisms form-
ing “microbial food assemblages” (Maeda & Liao 1994). In the zoea I stage of another 
crab, Hemigrapsus oregonensis, microbially enriched seagrass detritus was insufficient to 
allow for development to the following instar, but delayed larval mortality in comparison 
to a starved control indicated its utilization (Lehto et al. 1998). Also, when detritus was 
added to suboptimal concentrations of Artemia, early crab larvae showed an increased 
survival. Thus, microbially colonized detrital aggregates are likely to play a role as a sup-
plementary food source for decapod larvae in natural plankton assemblages. 

Similarly, fecal pallets with attached microorganisms are abundant in the plankton and 
might thus play a major role in the nutrition of planktonic crustaceans (Suh et al. 1991). 
The zoeae of a penaeoid shrimp, Solenocera atlantidis, were observed retaining their own 
feces as an attached mass that is apparently incubated for microbial colonization and later 
ingested by the larvae (Youngbluth 1982). Unfortunately, quantitative data on these po-
tentially significant nutritional aspects are practically absent for larval decapods. The 
same is true for the possibly important role of symbiontic gut bacteria, which have been 
studied quite extensively in adult but not larval crustaceans (see Colorni 1985, Harris 
1993). The gut flora may contribute essential micronutrients that are lacking in particulate 
food, or aid the digestion by breaking down polysaccharides or proteins and liberate oth-
erwise unavailable nutrients. 

Indirect evidence of some uptake of detrital matter by decapod crustacean larvae has 
recently been shown using stable isotope techniques. In particular, the ratios 13C:12C and 
15N:14N are used as indicators of the origin of particulate organic matter. The physical ba-
sis, methodological aspects, and numerous examples of their application have been com-
piled in the book “Carbon Isotope Techniques” (Coleman & Fry 1991). In tropical estuar-
ies and coastal mangrove areas, where numerous decapod species are found, one would 
expect that detritus from decaying mangrove leaves and other terrestrial plants might play 
a significant role as a carbon source for the larval stages. In juvenile penaeid prawns liv-
ing in Malaysian mangrove swamps, for instance, a recent study showed with stable iso-
tope techniques that the contribution of mangrove carbon to tissue biomass may be as high 
as 84% (Chong et al. 2001). Other studies from Brazil, Costa Rica, and Australia, how-
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ever, have shown that this does not generally apply to larval decapods, except for the ear-
liest developmental stages in a very restricted nearshore zone (Schwamborn 1997, Dittel 
et al. 1997, Loneragan et al. 1997). Later larval stages are normally transported offshore, 
where other (apparently preferred) food sources become available. Yet, it is possible that 
the larvae of some crustacean species depend more than others on plant detritus, or this 
energy source may be especially important in particular regions. For instance, a significant 
uptake of detrital matter by the zoeae of the mangrove-climbing tree crab, Aratus pisonii, 
was observed (Schwamborn 1997). Since only very few investigators have applied stable 
isotope techniques to decapod larvae, future studies might change our present view of the 
trophic significance of detritus and its attached microflora and microfauna. 

5.2.2.4 Phytoplankton 
Planktonic algae (Fig. 5.1A), at least those in the microplankton category (20-200 µm 
size), appear to be the primary if not sole food source of small larval forms, especially in 
the filter-feeding protozoeal stages of the Dendrobranchiata (e.g. Omori 1979, Emmerson 
1984, Dall et al. 1990, Leong et al. 1991, Preston et al. 1992, Ronquillo et al. 1997). This 
changes usually in the last protozoeal stage, where filter-feeding on small algae and rapto-
rial feeding on larger prey may occur together (Emmerson 1980, 1984, Yúfera et al. 1984, 
Rodríguez et al. 1994). Later (mysis) stages become increasingly carnivorous. 

Zoeae and decapodids of the higher Decapoda, in general, are primarily raptorial feed-
ers, retaining only a limited capability for filter-feeding of small particles (Strathmann 
1987). In spite of mechanical constraints (small particle size in relation to the functional 
morphology of the larval mouthparts), successful uptake and conversion of planktonic mi-
croalgae has frequently been shown, also in relatively large larvae such as caridean, ano-
muran, and brachyuran zoeae (e.g. Regnault 1969a, Paul et al. 1979, Criales & Anger 
1986, Nakanishi 1987, Villamar & Brusca 1987, Harms & Seeger 1989, Harms & Anger 
1990, Harms et al. 1991, Lehto et al. 1998). Among the latter, pinnotherid crab larvae ap-
pear to utilize phytoplankton with particularly great success (Strathmann 1987). In the 
snow crab (Chionoecetes opilio), the significance of planktonic algae as a regular food 
source may be reflected in the seasonal timing of reproduction, which appears to be coor-
dinated with pulsed phytoplankton production (Starr et al. 1994). This should guarantee 
that freshly hatched larvae can optimally exploit the short spring bloom in high latitudes 
(see section 10.2). 

Phytoplankton appears thus to be one of the principal food sources for decapod crusta-
cean larvae, in general. This was suggested already by Lebour (1922), who analysed larval 
gut contents with simple microscopical techniques. The presence of remaining hard parts 
of phytoplankton in guts and feces was more recently demonstrated also with light- and 
electron-microscopy; moreover, algal pigments were chemically detected in field-caught 
larvae using high-performance liquid chromatography, HPLC (Youngbluth 1982, Preston 
et al. 1992, Meyer-Harms & Harms 1993, Harms et al. 1994). 

The general significance of phytoplankton as a natural food source for larval decapods 
is in contrast, however, to the results of numerous experimental comparisons of the nutri-
tional value of monospecific diets. Zooplankton species allow in most cases better larval 
survival, growth and development than an exclusive feeding on planktonic algae (see e.g. 
Broad 1957a, Roberts 1974, Sulkin 1975, Bigford 1978, Harms & Seeger 1989, Harms et 
al. 1991, Ostrensky et al. 1997, Zhang et al. 1998a). When the zoeae of the tanner crab, 
Chionoecetes bairdi, were fed with phytoplankton, they ingested only about 14% of the 
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amount of carbon necessary to compensate for their respiratory losses (Incze & Paul 
1983). As in the case of microorganisms, this energetic deficit may partly be explained by 
mechanical inefficiency of feeding on algae. Differences in mechanical accessibility may 
explain also why chain-forming diatoms generally sustain larval development better than 
small flagellates or other unicellular algae (Regnault 1969a, Stickney & Perkins 1979, 
Criales & Anger 1986, Harms et al. 1991). In Figure 5.1, Biddulphia is shown as a typical 
example of a relatively large, chain-forming diatom that has been tested successfully as a 
food for crab and shrimp larvae (Harms & Seeger 1989, Harms et al. 1991). 

Besides mechanical constraints in the functional morphology of feeding, inferior 
chemical quality or digestibility may reduce the food value of some algae. In the larvae of 
a hermit crab, Pagurus longicarpus, for instance, egestion of intact diatom cells was ob-
served (Roberts 1974). This indicates that the gastric mill and/or the digestive enzymes of 
these larvae are not appropriate for mechanical or chemical breakdown of this armored 
type of phytoplankton. 

 
 
 

 

 
Figure 5.1. Potential food organisms of decapod crustacean larvae. A. phytoplankton (diatom, Bid-
dulphia spec.); B. early, C. late polychaete larva; D. mollusc larva (gastropod veliger); E. clado-
ceran (Podon spec.); F. cirripede larva (balanoid nauplius); G. copepod (calanoid metanauplius); H. 
echinoderm larva (ophiuroid pluteus) (from Newell & Newell 1977, redrawn to uniform scale to al-
low for approximate comparison of size; with permission from the authors). 

When very small, normally inaccessible phytoplankton cells are eaten and concentrated 
by filter-feeding zooplankton, their nutrients become available also for larger predatory 
zooplankton including most decapod larvae. This mechanism of indirect uptake plays cer-
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tainly an important role in the natural environment, and it allows for experimental studies 
of microalgal food quality, excluding the confounding effects of prey size. This was re-
cently demonstrated in experiments with larvae of crabs (Portunus trituberculatus, Can-
cer spp.) which were fed with rotifers (Brachionus plicatilis) that had previously been in-
cubated with microflagellates (Hamasaki et al. 1998, Hartman & Sulkin 1999, Sulkin & 
McKeen 1999, Takeuchi et al. 1999a). In Cancer larvae, similar rates of larval survival 
and development as in an Artemia-fed control group were observed, when the rotifers con-
tained Isochrysis, while the rearing success was lower with Dunaliella-fed rotifers. The 
inferior dietary quality of the latter species was presumably caused by a lack of certain 
long-chain n-3 HUFA (see section 5.2.1.3). Likewise, Portunus larvae showed higher sur-
vival with an increasing n-3 HUFA level in the rotifers (Takeuchi et al. 1999a). The con-
tent of these essential fatty acids varies not only among phytoplankton species but also 
with environmental conditions, in particular with nitrate availability; nitrogen-limited uni-
cellular algae were shown to have a lower n-3 HUFA content and a lower protein:energy 
ratio, causing delayed development in penaeid shrimp (Penaeus semisulcatus) protozoeae 
(D’Souza & Kelly 2000). 

It may be summarised that planktonic algae represent, in spite of their relatively poor 
mechanical or chemical accessibility, a regular component of the natural food spectrum of 
most decapod crustacean larvae, including those of the higher Decapoda which are gener-
ally considered as canvivores. In the early feeding stages (protozoeae) of the Dendro-
branchiata, special adaptations such as the presence of midgut caeca, high enzyme levels, 
and short gut evacuation times allow an efficient utilization of this abundant food source. 
Phytoplankton should thus play a significant role not only directly, but also indirectly as 
“background plankton”, which has recently been shown to influence the rate of carnivo-
rous feeding (Johnson & Shanks 1997). 

5.2.2.5 Microzooplankton 
As we have seen, small zooplankton (commonly in the size range 20-200 µm; Fig. 5.1B, 
F, G) appears to be generally superior to phytoplankton both in terms of mechanical ac-
cessibility and chemical quality (i.e. calorific value). In the field, it is usually available in 
abundance and should thus play a predominant role as a natural food source, especially for 
small larval forms. In the guts of early shrimp (Pandalus borealis) larvae, for instance, 
remains of cirripede and copepod nauplii, small larval polychaetes and echinoderms, and 
phytoplankton were found together (Stickney & Perkins 1981). In laboratory experiments 
with very small larvae, for instance the zoea I and II of the crab Chasmagnathus granu-
lata, a diet of small rotifers allowed for better survival than larger Artemia nauplii, which 
apparently can not be caught or ingested as efficiently by the early zoeae (Ostrensky et al. 
1997). This changed in the later stages, where the ability to catch larger prey increased. 
These larger larvae were reared more successfully with brine shrimp nauplii as a sole 
food. Similar observations were made in blue crab (Callinectes sapidus) larvae (Sulkin 
1978), where the zoea I grew well with small echinoid embryos, rotifers, or polychaete 
larvae, but later stages required larger prey. However, also large zoeae, for example those 
of the majid crab Hyas araneus, are able to ingest ciliates, rotifers, and early polychaete 
trochophores (Anger & Nair 1979). Similarly, the relatively large larvae of king crab 
(Paralithodes camtschaticus), tanner crab (Chionoecetes bairdi), and pink shrimp (Panda-
lus borealis) can successfully be reared with small copepods as food (Paul et al. 1979). A 
limited capability for suspension feeding appears to persist through later developmental 
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stages, including the early benthic juveniles of lobsters and other large decapod species 
(for review see Loo et al. 1993). 

5.2.2.6 Mesozooplankton 
Larger zooplankton (0.2-2 mm; Fig. 5.1C-E) appears to be the preferred diet of the late 
developmental stages and other large larvae. In the guts of larval lobsters, Homarus 
americanus, for instance, remains of larval and adult copepods, cladocerans, gastropod 
larvae, fish eggs, crab larvae, and insect pieces have been identified (Harding et al. 1983). 
The particle diameters of these food items showed an increasing tendency in the succes-
sive larval stages. In crab magalopae, remains of other decapod larvae were detected, sug-
gesting predatory or cannibalistic behavior (Lebour 1922, 1927). 

It is generally believed that decapod larvae depend on chance close encounters allow-
ing for mechanical prey perception (Broad 1957a, Rice & Williamson 1970, Gonor & 
Gonor 1973). In contrast to juveniles, they are appearently not capable to respond with di-
rected swimming after chemical or optical perception of prey at a distance (Moller 1978). 
On the other hand, available data of zoeal clearance rates (i.e. the volume swept clear per 
unit time) in relation to food size shows that the mechanism of capturing larger prey must 
be more efficient than that of filter-feeding (Omori 1979). Thus, it remains doubtful if 
zoea larvae have really such limited capabilities of searching and hunting prey (see dis-
cussion by Strathmann 1987). More recent experimental observations on lobster (Homa-
rus gammarus) larvae showed that food capture results from chance encounter, but the 
discrimination of edible and inedible particles may depend on the presence of low mo-
lecular-weight chemoattractants (Kurmaly et el. 1990). 

In carnivorous decapod larvae, the upper threshold prey size approximates or may even 
exceed the body size of the predator. This is most conspicuous in, but not restricted to, 
cases of larval cannibalism, which have been observed both in laboratory cultures and in 
nature (Lebour 1927, Anger 1995c, Gardner & Maguire 1998). In zoeal forms, the tho-
racic endopods play a predominent role in prey capture, while the exopods function in 
swimming. This has been described, for instance, in larvae of caridean shrimps (Broad 
1957a, Moller 1978), porcellanid crabs (Gonor & Gonor 1973), and brachyuran crabs 
(Knudsen 1960). 

In small brachyuran zoeae, the telson typically supports the thoracic endopods in cap-
turing and retaining prey. This predation behavior was described in detail for the zoeae of 
a fiddler crab, Uca pugilator. A physical contact with large particles stimulates a particu-
lar tail lashing behavior, so that potential prey organisms are held fast between the cara-
pace and the bent pleon, i.e. they are “pinned between the spines of the telson and the an-
teroventral spine” of the carapace, before they are processed with the cephalic 
appendages (Herrnkind 1968; Fig. 5.2). It appears that small larvae “suck out” or bite off 
primarily the soft body parts of their prey while they discard the hard parts. Larger larvae, 
in contrast, e.g. late stages of caridean shrimps, have been observed to swallow entire 
brine shrimp nauplii (Kumlu & Jones 1995a). 
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Figure 5.2. Diagrammatic illustration of prey capture by pleon lashing in a brachyuran crab zoea 
(Uca pugilator). A: sequence of pleonal positions (1-4) during the lash; B: Artemia nauplius pinned 
between the telson and anteroventral spine of the zoeal carapace; C: before ingestion, the position of 
the nauplius is adjusted until its anterior is in contact with the mandibles of the zoea (from Her-
rnkind 1968; with permission from Brill, Leiden). 
 
 

5.2.2.7 Macrozooplankton and other large prey 
Larger prey items (>2 mm) should be accessible only to larval lobsters and other large 
forms such as the decapodid stages of shrimps and crabs. Brachyuran crab megalopae, for 
instance, have in laboratory cultures successfully been reared with large benthic food such 
as live worms or pieces of mussel, fish, or crab meat. Similarly, the mysis larvae of the 
Norway lobster, Nephrops norvegicus, grew well in cultures with live juvenile and adult 
Artemia of approximately their own body size provided as food (Anger & Püschel 1986). 
On the other hand, Rotllant et al. (2001) showed that the relatively large larvae of this 
species are also capable of an efficient utilization of Artemia nauplii. Their study showed 
that the quality of food may be more important than its size: small but nutrient-enriched 
brine shrimp nauplii (previously incubated with lipids and vitamis) allowed for signifi-
cantly better larval growth and survival than large but nutritionally poor frozen adult Ar-
temia and other large food items that were experimentally tested. 

Large food items appear to be important for the phyllosoma larvae of spiny and slipper 
lobsters (Palinurida). Lebour (1925) observed a phyllosoma capturing and holding young 
fishes with the thoracic endopods, while it swam with exopod movements. Mitchell 
(1971; unpublished M.Sc. thesis cited by Phillips & Sastry 1980; not seen) observed that 
the early phyllosoma larvae of Panulirus interruptus preferred chaetognaths, fish larvae, 
hydromedusae, and ctenophores. It is thus not surprising that the early rearing attempts 
with spiny lobster larvae often failed, when small Artemia nauplii were given exclusively 
as food. Their cultivation has become increasingly successful since fish fry or pieces of 
polychaetes, mussels, or clams were offered (Batham 1967, Inoue 1978, Takahashi & Sai-
sho 1978, Kittaka 1994, 1997, Mikami & Greenwood 1997a, b). 
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In a rock lobster species from Australia, Jasus edwardsii, the first-stage phyllosoma 
was recently observed to attach and feed on the large larvae of the Tasmanian trumpeter 
fish, Latris lineata (MacMillan et al. 1997). Scanning electron-microscopical examination 
showed that the mouthparts of the phyllosoma are well adapted to scrape and cut off 
pieces from large soft surfaces such as fish skin or gelatinous makrozooplankton (e.g. 
large scyphozoans). The presence of skin-pigment particles inside their digestive tract 
provided evidence of actually ingested fish integument.  

This unusual mode of larval feeding might be common among the Palinurida. There are 
several observations of scyllarid phyllosoma larvae “riding” on scyphomedusae, suggest-
ing that jelleyfish and other large makrozooplankton serve as a means of transport (Sho-
jima 1963, Thomas 1963, Herrnkind et al. 1976; see also photo in Phillips & Sastry 1980, 
p. 40). This behavior, called “piggyback riding”, has been reported also from larvae of a 
caridean shrimp, Pandalus danae (Marliave & Mills 1993). In large phyllosomas, how-
ever, scyphomedusae might be utilized also as a food source. In an unidentified, extremely 
large phyllosoma larva (7 cm body length) which was caught from a depth of about 200 m 
off Bermuda, the occurrence of nematocysts in the fecal matter indicated an uptake of 
cnidarian tissues (Sims & Brown 1968).  

These results suggest that the larvae of at least some slipper lobsters may have evolved 
from predators towards ectoparasites, attacking prey that is much larger than themselves. 
However, the feeding ecology of phyllosomas is generally little known, leaving the test of 
this hypothesis as an interesting new field for behavioral research. Possibly, similar modes 
of feeding may occur also in other decapod taxa. Zoeae of a xanthid crab (Carpilius coral-
linus), for instance, were observed eating pieces of fish and snail meat (Laughlin et al. 
1983). Although this behavior seems to be exceptional among the brachyuran zoeae, fu-
ture comparative studies of larval feeding might reveal further surprising exceptions. 

5.2.3 Selectivity 
The great variability in size and quality of naturally available potential food sources has 
favoured the evolution of selective feeding mechanisms and, in consequence, selectivity is 
a general phenomenon in particle feeders (Grahame 1983, Strathmann 1987). In decapod 
larvae, the relevant sensory system involved in the selection of prey is non-visual, primar-
ily based on mechano- and chemoreceptive sensillae that are concentrated on the anten-
nules, maxillipeds and other mouthparts of larval decapods (see chapter 2). 

In zooplankton, in general, selection by size is chiefly determined by constraints in the 
functional morphology of feeding organs (Marshall & Orr 1960, Frost 1977, Grahame 
1983). In decapod larvae, this is primarily associated with the morphology of the cephalic 
and the anterior thoracic appendages which serve as mouthparts. The development of in-
ternal feeding structures such as the gastric mill may play an additional role in food selec-
tion (see section 3.11). Since the mouthparts grow during the course of larval develop-
ment, the size of preferred prey increases generally with the body size of the larva. In 
penaeid and other dendrobranchiate shrimps, this change is usually associated with a shift 
from herbivorous to carnivorous feeding (e.g. Kurmaly et al. 1989b, Dall et al. 1990). In 
early blue crab (Callinectes sapidus) zoeae fed with a mixed diet, a preferential feeding on 
small prey items (rotifers, Brachionus plicatilis) was observed, while a switch towards 
larger prey (brine shrimp nauplii, Artemia) occurred after the zoea III stage (McConaugha 
et al. 1991). However, also later stages continued to ingest rotifers as an additional food 
source. The same trend was recently shown in the larvae of another crab species, Pano-
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peus herbstii (Harvey & Epifanio 1997). The zoea I ate about twice as many Brachionus 
than Artemia, even when the concentration of brine shrimp nauplii in the food mixture ex-
ceeded that of rotifers in a ratio 4:1. The zoea IV, in contrast, ingested consistently more 
Artemia than Brachionus, regardless of the mixture. Interestingly, brine shrimp nauplii ac-
counted in both stages for the majority of the energetic intake, due to a 5.5-fold higher en-
ergy content per individual ingested. Similar ontogenetic changes in particle size selection 
were observed in penaeid shrimp larvae (Yúfera et al. 1984, Hirata et al. 1985). From 
these results we may conclude that (1) there is a selectivity for small prey in early larval 
stages, but a preference for larger prey in late stages; (2) this selectivity is not exclusive, 
i.e. also early larvae can eat relatively large prey, and late larvae continue to accept small 
prey; (3) ingestion of large prey is energetically advantageous, also in small (early) larvae. 

There are mechanical constraints to feeding other than by prey size alone. Penaeid 
shrimp larvae, for instance, are capable of selecting between rounded and irregular parti-
cles, accumulating rejected items in a bolus below the mouth (Kurmaly et al. 1989b). Crab 
(Cancer magister) and hermit crab (Pagurus longicarpus) larvae were shown to discard 
mussel and oyster larvae, probably because larval mollusc shells can withstand the action 
of their mouthparts and thus, inhibit ingestion (Reed 1969, Roberts 1974). Other decapod 
larvae, however, were shown to break and ingest such type of prey (Lebour 1922, 1927, 
Harding et al. 1983). Similarly, long spines are effective means of defense against preda-
tion by decapod larvae and other small pelagic predators (Morgan 1987, 1989, 1990, 
1992).  

In addition to mechanical constraints in the predator-prey relationship, chemically in-
duced selectivity has been demonstrated in numerous planktonic crustaceans (Poulet & 
Marsot 1978, Cowles et al. 1988). In early shrimp (Macrobrachium rosenbergii) larvae, 
chemical cues from potential food were shown to stimulate a feeding response: when juice 
from crushed and filtered Artemia was added to the water, the zoeae accepted eagerly also 
artifical food particles which they otherwise rejected or ate only incompletely (Kumlu & 
Jones 1995a). Also lobster (Homarus gammarus) larvae were observed to select potential 
food particles according to specific flavours (Kurmaly et al. 1990). Several compounds in 
this study were chemically identified as stimulating cues, e.g. L-glutamic acid, inosine-5-
monophosphoric acid, and trimethylamine. Interestingly, however, a monotonous feeding 
regime caused a conditioning effect, i.e. an increasing frequency of rejection of previously 
accepted food items; eventually, the same particles were only accepted again after chang-
ing their flavour. The authors suggest that this was an effect of low energetic value of the 
food particles; when the prey was adequate energetically (e.g. when lobster larvae were 
offered as prey), it was always taken without rejection. The degree of selectivity may 
change also during the course of development. In lobster and caridean shrimp larvae, later 
stages were shown to accept an increasing range of food particles (Jones et al. 1997a).  

Zooplankton may show not only a chemical attraction by potential prey organisms, but 
also a negative feeding response to predator odor. When planktonic copepods were expos-
ed to exudates from planktivorous fish, they reduced their the feeding activity (Cieri & 
Stearns 1999). This “hiding” response has not been experimentally demonstrated in deca-
pod larvae, but it may occur there as well. Also potential planktonic prey organisms have 
frequently been shown to release or to contain chemical substances that serve as a defense 
against pelagic predation (for recent review, especially of the occurrence of secondary 
metabolites as chemical defense in marine invertebrate larvae, see Cowart et al. 2000). 
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Besides mechanical and chemical factors, also behavioral features of the potential food 
organisms limit the feeding success of predatory zooplankton. In a recent study of food 
uptake in mysids (Viitasalo & Rautio 1998), the authors concluded that selectivity fre-
quently may not really exist but reflect only the differential escape capabilities and mor-
phological defenses of the available prey species. In crab zoeae, it was observed that pas-
sively drifting echinoderm eggs and embryos were readily taken up, whereas actively 
swimming pluteus larvae escaped more easily from predation (Rumrill et al. 1985, Pen-
nington et al. 1986). Similarly, crab larvae may discriminate between brine shrimp nauplii 
and rotifers, possibly not only based upon differential size but also on swimming behavior 
of the prey (Harvey & Epifanio 1997). 

The degree of selectivity depends also on the state of a predator’s hunger (Nakamura 
1974) and on total prey concentration, including the so-called background plankton (John-
son & Shanks 1997). In most experiments where various concentrations of mixed diets 
were tested, planktonic crustaceans became increasingly selective with increasing food 
density, i.e. more indiscriminate when food was less abundant (Paffenhöfer & Knowles 
1978, Yúfera et al. 1984). Thus, we may expect that decapod larvae are, under natural 
conditions, poorly selective, because the average concentrations of potential food are gen-
erally lower in the pelagial than in laboratory cultures. As a consequence of this opportun-
istic feeding behavior, the composition of their natural diet should widely depend on the 
concentrations of available prey organisms. 

In summary, decapod crustacean larvae are capable of particle selection by size or 
chemical quality, but they are generally omnivorous when food is scarce. Their trophic 
role in the plankton may thus be described as both suspension feeders and predators. 
When given a choice, they tend to carnivory, with a preference for relatively large prey. In 
the natural environment, their diet should thus consist of variable mixtures of phyto- and 
zooplankton. In laboratory experiments, such mixed diets have frequently been shown to 
promote growth and survival better than monospecific food, as qualitative deficiencies of 
single components are compensated by others (Broad 1957a, Williams 1968, Sandifer 
1972, Bigford 1978, Ebert et al. 1983, Villamar & Brusca 1987, Fernández de Puelles 
1985, McTigue & Zommerman 1991). 

5.3 The quantity of food uptake 

Besides knowledge of qualitative aspects of larval feeding, quantitative information is 
necessary to understand the trophic relationships in a pelagic community or to optimize 
the nutritional conditions in scientific or aquaculture-related rearing experiments. As in 
most other aspects of larval biology, this raises the old principal question of whether labo-
ratory or field data provide better insights and to what extent the former can be extrapolat-
ed to natural conditions (cf. section 1.3; see also discussion in MacKenzie et al. 1990, 
Suthers 2000, Elliott & Leggett 2000). In the following section, I will recur to this prob-
lem, addressing specific technical difficulties in the measurement of ingestion rates and 
implications for the extrapolation to natural conditions. 

Laboratory feeding rates have been determined using mostly Artemia nauplii or mono-
specific phytoplankton cultures as a food source, while little quantitative information ex-
ists on the uptake of natural prey species, and even less on selective larval feeding behav-
ior in mixed assemblages of food organisms. Hence, the available data must be treated 
with caution, in particular when extrapolations to field conditions are attempted. Strath-
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mann (1987) argued convincingly that much of the literature on larval feeding rates may 
significantly underestimate the actual rates of food uptake under natural conditions, be-
cause the prey offered or other experimental factors may often have been inappropriate. 
Thus, in situ experiments with natural mixtures of prey should generally yield a more reli-
able picture of larval growth and feeding. However, the disadvantage of this type of ex-
periments is in its poor reproducibility. When information is needed on developmental 
variation in food uptake, for instance between the stages of the molting cycle or in succes-
sive larval instars, there is normally no alternative to measurements under controlled con-
ditions in the laboratory. Likewise, this applies to the study of effects of environmental 
factors such as temperature, salinity, or the food factor itself (e.g. the species or density of 
prey). 

When we attempt to find general patterns in the quantity of food uptake in relation to 
environmental factors, taxonomic position, or the developmental stage, we often need to 
compare ingestion rates in larvae with unequal size and biomass, and frequently also the 
type of food varies. Especially when the stage-specific demands for size, behavior, or 
quality of prey change during the course of development, an interpretation of differential 
feeding rates is impossible in terms of numbers of prey ingested. Hence, feeding rates 
should be converted to units of biomass ingested (dry mass, carbon, or energy; Omori 
1979, Hirata et al. 1985, Anger 1991a). Since ingestion rates depend also strongly on the 
size of the consumer, it may further be necessary to convert the absolute values (rates of 
uptake per individual) to biomass-specific ingestion rates, i.e. weight, carbon, or energy of 
ingested food expressed as a fraction of the consumer’s biomass. 

In the following section, technical problems associated with the quantitative measure-
ment of feeding rates are reviewed, before developmental patterns and extrinsic effects are 
discussed. 

5.3.1 Measurements of ingestion rate: technical constraints to accuracy 
In grazing experiments, the uptake of particulate food is usually quantified with conven-
tional particle counts carried out at the beginning and the end of defined intervals of time; 
as an alternative, radiotracer techniques have been employed in planktology (Rigler 1971, 
Schiller et al. 1977, Lynch et al. 1986). Extrapolations to field conditions may be unrealis-
tic, because (1) it is impossible to simulate the quality, quantity, diversity, and spatial dis-
tribution of natural food sources in the plankton; (2) with particle-counting techniques, 
measurable feeding rates can be obtained only at unrealistically high experimental densi-
ties of both the predator and the prey organisms; (3) larvae do not always swallow entire, 
well-defined particles, but lose or discard major fractions of their food. Most of these 
losses occur as a “leakage” (Pechenik 1979) or “leaching” (Dagg 1974) of liquid and 
fine particulate matter. The failure to ingest all killed prey is in the literature also referred 
to as “overhunting” (Ikeda 1977) or “wasteful killing” (Johnson et. al. 1975). 

As a further complication, the rate of food uptake varies not only among larval stages, 
between the molt-stages within an instar, with changes in environmental factors, and with 
the density and quality of food, but also with the preceding feeding history. The same in-
certainties apply to the quantities of leached materials and fecal losses. Direct measure-
ments of lost materials are rendered difficult by rapid colonization, conversion, and deg-
radation by bacteria and protozoans. Hence, only few quantitative data of larval ingestion, 
leaching, and defecation are available in the literature. Leaching has widely been ignored, 
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treating it as a technically uncontrollable factor (for general discussion and references see 
Kurmaly et al. 1989a, Anger 1991a).  

As an attempt to control, at least partially, losses occurring during the feeding process, 
a combination of regular microscopical techniques with computer-aided quantitative im-
age analysis may be imployed (Anger & Dietrich 1984, Dietrich & Uhlig 1984, Dawirs & 
Dietrich 1986). With this technology, the projection area of remaining food particles, in-
cluding pieces of partially eaten prey, can be measured quite accurately and converted to 
biomass data. However, size-biomass calibrations with intact prey organisms are required, 
and losses with leached liquids and small particles remain as an unresolved problem. Ad-
ditionally, there may be differences in the chemical composition of eaten and uneaten 
pieces of food, even if the size and weight of the latter can be quantified correctly. This 
problem should be particularly great in small larvae that suck out rather than swallow their 
prey (see above). These and other technical problems may explain the great individual 
variability that usually occurs in parallel measurements of ingestion rates, even among 
sibling larvae that are treated identically. 

In spite of all those technical problems, quantitative estimates of food uptake are neces-
sary for interspecific comparisons or to identify developmental and environmental 
changes in feeding activity. This is possible to some extent as long as the methodical error 
is kept constant. In the following sections, I will show examples of relative changes, 
which are often more important than the absolute values of food uptake. Among the fac-
tors that are known to affect the rate of ingestion, the concentration of food, the state of 
hunger, temperature, salinity, and developmental changes may be the most important.  

5.3.2 Variation in food availability: response patterns in feeding activity 
In a widely accepted model of filter-feeding, ingestion rate increases as a linear function 
of particle concentration until a plateau is reached (Strathmann 1987). Above the satura-
tion concentration, the ingestion rate remains constantly high, while the clearance rate de-
creases with further increasing food density. These theoretical relationships should in 
principle apply also to raptorial particle feeding, because the rate of capture depends on 
the chance of encounters with prey organisms, and thus, on food density (Gerritsen & 
Strickler 1978). This has been experimentally quantified in larvae of various decapod spe-
cies, including several species of sergestid, penaeid and caridean shrimps, clawed and 
spiny lobsters, and brachyuran and anomuran crabs (Carlberg & van Olst 1976, Anger & 
Nair 1979, Omori 1979, Paul et al. 1979, Emmerson 1980, Yúfera et al. 1984, Yúfera & 
Rodríguez 1985a, b, Chu & Shing 1986, Wong et al. 1989, Minagawa & Murano 1993a, 
Harvey & Epifanio 1997, Zhang et al. 1998b, Moss et al. 1999, Tong et al. 2000).  

Both the overall level of feeding and the concentration where the plateau is reached de-
pend on prey characteristics and the larval stage. As an example, the relationship between 
the ingestion rate per larva and density of prey is shown here for several zoeal stages of a 
raninid crab, Ranina ranina (Fig. 5.3; for developmental changes in feeding activity, see 
section 5.3.4). Figure 5.4 shows the increase in the weight-specific rate of ingestion with 
increasing food concentration in caridean shrimp larvae. 

At low food concentrations, the feeding rate may become so low that larval develop-
ment is delayed, and growth and survival are reduced (for review see McConaugha 1985). 
At plateau concentrations, on the other hand, growth is at a maximum (Emmerson 1980, 
Yúfera & Rodríguez 1985b). However, the available data indicate that only unnaturally 
high densities of monospecific prey allow for satiated feeding and maximal growth. When 
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early zoeae of a spider crab, Hyas araneus, were fed with natural prey items (larval spi-
onid polychaetes, Polydora ciliata), maximum ingestion was reached only when the food 
concentration exceeded about 1000 prey individuals per litre; this is well above the high-
est densities ever recorded for Polydora larvae in the plankton (Anger & Nair 1979).  

 
 
 

 

 
Figure 5.3. Ingestion rate (numer of prey eaten per hour per individual) in relation to the density of 
prey (Artemia spec. nauplii) in four larval stages of a raninid crab, Ranina ranina (from Minagawa 
& Murano 1993a, with permission from Elsevier, Oxford, UK). 

 
 
In most experimental studies, the ingestion rate increased over a wide range with food 

concentrations, often without reaching a plateau (see Fig. 5.4). Hence, the available evi-
dence suggests that larval feeding in the natural environment is typically limited by 
suboptimal food densities (Strathmann 1987, 1996). On the other hand, quantitative defi-
cits may be compensated by higher quality of mixed natural plankton as compared with 
monospecific laboratory food. Moreover, the generally patchy distribution of particles in 
the water column, which may sometimes lead to transitory periods of famine, can cause 
also temporary abundance of food. The inhomogeneous particle distribution is caused by 
physical processes, namely small-scale turbulence, which was recently shown to enhance 
also feeding activity and growth in planktonic copepods (Saiz et al. 1993, Alcaraz 1997; 
for recent controversial discussion see also Irigoien et al. 2000, Peters & Marrasé 2000). 
As another possible adaptation to patchiness, larvae may respond to chemical cues, 
swimmming actively towards dense food patches. This response has recently been shown, 
for the first time in larval invertebrates, in echinoid larvae (Metaxas & Young 1998). As 
an opposite pattern, active avoidance of small-scale scarcity of food has been observed in 
copepods (Dagg 1977). In future research, similar behavioral response patterns may be 
found also in larval decapods. 
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Figure 5.4. Weight-specific rates of ingestion (in % of larval dry mass, W, eaten per day) in caridean 
shrimp, Palaemon serratus, larvae at four different levels of food density (expressed in numbers of 
Artemia spec. nauplii given per larva per day; redrawn after data from Yúfera & Rodríguez 1985b). 

 
 
A simulation model of larval survival in an environment with patchy distribution of 

food particles suggests that differential selection pressures are exerted on small vs. large 
types of larvae (Winemiller & Rose 1993). In fish larvae, the simulation predicts that lar-
ger larvae have an advantage when prey is locally strongly clumped, especially when the 
average level of food density is low. Small larvae, on the other hand, should survive better 
under conditions of high average food concentration and a low level of small-scale 
patchiness. Also in freshwater cladocerans, large species were shown to have a selective 
advantage under conditions of low average resource density (Gliwicz & Lampert 1993). 
Hence, resource patchiness occurring on a large spatial scale should select for the produc-
tion of a high number of small offspring (as in most fish and decapod species), while a 
strong small-scale (or short-term) variability in food availability should select for a pro-
duction of less but larger larvae. These interesting theoretical relationships, which may 
explain the evolution of differential life history strategies, remain to be tested in experi-
mental and field studies of larval feeding and survival.  

Under conditions of irregular availability or permanently low concentrations of food, 
hunger should generally enhance the feeding activity (“maximal feeding strategy”). This 
was observed in some although not all larval stages of a penaeid shrimp, Metapenaeus en-
sis (Chu & Shing 1986). In mud crab (Rhithropanopeus harrisii) larvae, starvation caused 
changes in phototactic behavior, suggesting that hunger stimulates the larvae to ascend to 
the water surface, where phytoplankton production is higher (Cronin & Forward 1980). 
However, the feeding response to variability in food concentration might actually be yet 
more complicated. In a recent experimental study with freshwater zooplankton (Plath 
1998), it was shown that the enhancement of feeding activity after starvation depends not 
only on the duration of the period of food deprivation but also on the overall nutritional 
condition of the consumer, i.e. on the long-term feeding history. As another complication 
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in the functional response to famine, the same study suggests that the feeding activity at 
low food levels may be reduced to save energy rather than enhanced to maximize inges-
tion. This finding contradicts the hypothesis of a “maximal feeding strategy” and supports 
the “optimal foraging strategy” in zooplankton; it remains to be ascertained whether this 
applies also to decapod crustacean larvae. 

Short periods of food deprivation may thus enhance the appetite and subsequent inges-
tion rates, while longer periods of poor food availability induce energy saving mecha-
nisms, including a reduction of feeding activity. Under conditions of severe food limita-
tion, extended periods of starvation will eventually cause a serious impairment in the 
capability to catch and process prey. In king crab (Paralithodes camtschaticus) larvae, 
such detrimental effects were observed already after 60 to 84 h (Paul & Paul 1980). In 
several other species, however, no such effects were observed, even after prolonged peri-
ods of famine (Kon 1979, Anger & Dawirs 1981, Anger et al. 1981a, b, Anger 1987a). 
This suggests a great deal of interspecific variability.  

In summary, most decapod larvae appear to be well adapted to temporary lack of food. 
Among the adaptations that maximize the overall rate of feeding, there are behavioral re-
sponses to hunger, water turbulence, gradients in particle concentration, or food odor. 
Moreover, the degree of selectivity tends to decrease at low food levels, i.e. larval feeding 
becomes increasingly opportunistic when food is scarce. As a consequence, hungry larvae 
take particular advantage of the superior chemical quality of mixed food, which compen-
sates for a reduced quantity. Larval survival and development in the plankton may be fa-
voured by additional unknown feeding mechanisms, e.g. those allowing for clearing a lar-
ger volume of water (or to process water at lower particle concentrations) when the 
available food particles are on average larger than those commonly concentrated by filter-
feeders (Strathmann 1987). Together, such mechanisms explain the successful develop-
ment of decapod larvae in the field in spite of low average zooplankton concentrations. 

5.3.3 Diurnal feeding rhythms 
Diurnal activity rhythms appear to be another source of variation in the feeding rate of de-
capod larvae, although the available evidence is incongruous. In zoeae of a raninid crab, 
Ranina ranina, for instance, 2.6 to 2.8 times higher ingestion was measured during day-
light than in darkness (Minagawa & Murano 1993b). Similarly, the larvae of a caridean 
shrimp, Hippolyte inermis, ate more by day than by night (Regnault 1969a). Also en-
hanced larval growth under conditions of long photoperiod and bright light observed in 
the Australian giant crab, Pseudocarcinus gigas, suggested a maximum feeding activity 
during daylight (Gardner & Maguire 1998). In the latter case, this corresponded with an 
increasing intensity of cannibalism at longer photoperiods. A tendency of higher rates of 
food uptake during periods of light was observed also in larval mud crab, Rhithropano-
peus harrisii, although this effect was only weak in this species (Cronin & Forward 1980).  

In contrast to these consistent observations, no variation in relation to light conditions 
was found in the feeding rates of larval king crabs, Paralithodes camtschaticus (Kurata 
1960). Also in mud crab (Panopeus herbstii) zoeae, neither feeding rate nor selectivity for 
prey was influenced by light conditions (Harvey & Epifanio 1997). Moreover, the larvae 
of several other decapod species have been reared with equal success in light and dark-
ness, suggesting that the light factor was not important for their feeding (e.g. Costlow & 
Bookhout 1962, Dawirs 1982, Sulkin et al. 1998b). Further indirect evidence from larval 
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growth data suggests that the feeding response to variation in light varies considerably 
among taxa and may not show a general pattern (see section 6.4.3). 

As Strathmann (1987) pointed out, there is no experimental evidence for visual search 
for prey in decapod larvae. Yet, light may act as a trigger for enhanced swimming actvity 
and thus, affect larval ingestion rates indirectly. Strathmann proposed the hypothesis that 
zoeae show undirected swimming, scanning a certain area normal to their path. This im-
plies that the volume swept clear is proportional to the larval swimming speed. If this is 
enhanced by environmental cues such as changes in light or turbulence, the feeding rate 
will increase as well. Such an indirect stimulation would not be associated with visual 
hunting, but could be an adaptive response to daily vertical migrations of potential prey 
organisms in the natural environment. This may explain also, at least in some species, ob-
servations of enhanced feeding and growth under light conditions.  

5.3.4 Developmental variation among stages 
Since planktotrophic larvae grow during their development in size and biomass, succes-
sive stages require increasing amounts of energy per individual and unit of time. In conse-
quence, not only the overall level of feeding, but also the minimal concentration where in-
gestion reaches its maximum (the plateau concentration) increases in successive stages 
(Fig. 5.3). In the zoeae of Ranina ranina, for instance, the minimum food density for sati-
ated ingestion increased from about 2 Artemia nauplii/ml in the zoea I to 8/ml in the zoea 
VII (Minagawa & Murano 1993a).  

When the total quantity of food ingested during the course of a molting cycle is com-
pared among successive larval instars, in some species a gradual increase found (Logan & 
Epifanio 1978, Wienberg 1982, Yúfera & Rodríguez 1985a, Zhang et al. 1998b). More 
commonly, however, it increased exponentially with the number of stages (e.g. Kurata 
1960, Mootz & Epifanio 1974, Carlberg & van Olst 1976, Levine & Sulkin 1979, Omori 
1979, Johns & Pechenik 1980, Johns 1982, Dawirs & Dietrich 1986, Minagawa 1994). 
These pattern may not hold any longer in premetamorphic stages such as decapodids. The 
megalopa of the spider crab Hyas araneus, for instance, consumed considerably less food 
than should be expected from the previous increase between the zoeal instars (Anger & 
Dietrich 1984, Harms et al. 1991). In another brachyuran crab, Rhithropanopeus harrisii, 
larval feeding rate decreased during the last zoeal stage (Levine & Sulkin 1979). Particu-
larly low ingestion rates in premetamorphic stages may be associated with the advent of 
dramatic changes in morphology, ecology, and behavior. In species where the early ben-
thic life-history stages show highly specilized habitat requirements, those needs should se-
lect for a strongly reduced feeding activity at settlement and, eventually, may lead to sec-
ondary lecithotrophy (section 5.1.2).  

When biomass-specific rather than absolute ingestion rates are compared among suc-
cessive larval stages, there is usually a decreasing trend throughout development (Anger 
1991a, Jones et al. 1997a). However, there is great interspecific variation in the average 
level, and maybe, in the patterns of ontogenetic change. In spider crab (Hyas araneus) 
larvae, the maximum rates reached in the zoeal stages an equivalent of about 40% of lar-
val energy content consumed per day, but only about 15% in the megalopa (Anger & 
Harms 1989). Similar values (on a dry-weight basis) were found in lobster (Homarus 
americanus) larvae, with average daily consumption rates decreasing from initially 40% 
to about 30% (Logan & Epifanio 1978). 
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Far higher biomass-specific feeding rates have been observed in the larvae of caridean 
and penaeid shrimps (Yúfera & Rodríguez 1985a, b, Yúfera et al. 1984). In Palaemon ser-
ratus, the early larval stages (zoea I-III) consumed an equivalent of up to 125% of their 
own biomass per day, depending primarily on food concentration, while later stages con-
sumed successively lower amounts of prey in relation to larval biomass (Fig. 5.4). Inter-
estingly, the average daily feeding rates of the zoea I did not fit well in this general pat-
tern, showing relatively low values. This is consistent with the observation that the zoea I 
of palaemonid shrimps frequently reveal an endotrophic tendency, reaching in several 
species full lecithotrophy (see section 5.1.1). The zoea I stage of a closely related species, 
Palaemonetes varians, ingested at the highest tested food concentration an equivalent of 
231% of larval weight per day (Yúfera & Rodríguez 1985a). The weight-specific feeding 
rate decreased subsequently throughout larval development, reaching 69%·d-1 in the “post-
larva” (in this case unclear whether referring to a decapodid or a juvenile stage).  

Yet higher ingestion rates are reached by early larval stages that feed exclusively or 
primarily on phytoplankton. The fully herbivorous protozoea I of Melicertus kerathurus, 
for instance, consumed up to 10 times its own body weight (i.e. 1000%!) per day (Yúfera 
et al. 1984). Although the specific feeding rate decreased considerably during later devel-
opment, even the mysis and “postlarval” stages ate still about 200%·d-1 as long as their 
food was suitable in size and concentration. However, when exclusively rotifers were of-
fered as prey (apparently too small for the late developmental stages), there was a much 
stronger ontogenetic decrease in the specific feeding rates. In protozoeae of Fennero-
penaeus indicus, the daily ingestion of diatoms averaged about 860% of larval dry mass, 
while mysis larvae still ate 520% (Emmerson 1980). Comparable values were reported by 
Kurmaly et al. (1989a) for Penaeus monodon, with 390, 200, and 90% measured in the 
protozoeal, mysis, and “postlarval” phase, respectively. From these consistent patterns we 
may conclude that high biomass-specific daily ingestion rates measured in late develop-
mental stages should indicate omnivorous feeding behavior; this is known, for instance, 
for F. indicus (Jones et al. 1997a). 

Deviating results were obtained in the protozoeal stages of another dendrobranchiate 
shrimp, Sergestes similis, with maximum biomass-specific (carbon-based) ingestion rates 
reaching only about 70-100%·d-1, and decreasing values in later larval and juvenile stages 
(about 30%·d-1; Omori 1979). Similarly, the maximum feeding rates measured in the lar-
vae of Metapenaeus ensis ranged between ca. 30-100%·d-1 (Chu & Shing 1986). As a rare 
exception, an ontogenetically increasing specific ingestion rate was reported in this study. 

The discrepancy between the low average biomass-specific feeding rates in Hyas ara-
neus as compared with most other decapod species is possibly associated with differences 
in their latitudinal origin, and thus, differential temperature adaptation. The spider crab 
shows a boreal-subarctic distribution, whereas all shrimp species mentioned above are 
tropical or subtropical. The latter are adapted to high temperatures, where they show a 
rapid larval development and hence, high daily energy requirements. Additionally, spider 
crabs like H. araneus show a tendency towards an abbreviation of larval development 
(only two zoeal stages) which may be associated with an enhanced endotrophic potential, 
and thus, some complementary utilization of internal reserves. 

5.3.5 Variation during the molting cycle 
When the rate of ingestion is measured in small intervals during the development through 
a larval instar, molt-cycle related variation in feeding activity may be detected (Fig. 5.5; 
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cf. section 4.2.1). As a general pattern, the feeding rate increased after ecdysis, reached a 
maximum in the postmolt or intermolt phase, and decreased throughout the premolt stages 
(Kurata 1960, Regnault 1969a, Anger & Dietrich 1984, Dawirs & Dietrich 1986, Anger et 
al. 1989a, Minagawa & Murano 1993a). Similar changes in daily food uptake, i.e. particu-
larly low feeding activity at the beginning and near the end of the molting cycle, were ob-
served also in adult penaeid shrimps (Hill & Wassenberg 1992), suggesting that this may 
be a common pattern in decapods. 

 
 
 

 
This pattern is plausible, as the new exoskeleton is soft during early postmolt, so that 

the feeding appendages and (where present) the gastric mill are temporarily non-
functional. The same applies to late premolt, when there are again cuticular reconstruction 
processes requiring, at least shortly before ecdysis, that the uptake of food is interrupted. 
Since these periods, especially early postmolt, are associated with rapid physiological and 
behavioral changes, a low temporal resolution of ingestion measurements will cause great 
errors and high variability in estimates of feeding rate. As an additional source of variabil-
ity among parallel measurements, the molting cycle is not strictly coordinated among sib-
ling larvae, especially in late larval stages. 

Molt-cycle related patterns in the rate of larval food uptake may be veiled also by over-
laying diurnal rhythms related to the light cycle (section 5.3.3), or by variations in the 
quantity or quality of available prey (section 5.3.2). When large chain-forming diatoms 
(Biddulphia sinensis) were given as food to spider crab (Hyas araneus) larvae, their inges-

Figure 5.5. Molt-cycle related vari-
ation in the ingestion rate (express-
ed in µg carbon, C, per day per in-
dividual) of the successive larval 
stages of a spider crab, Hyas ara-
neus, reared under constant condi-
tions; food: Artemia spec. nauplii 
(after data from Anger et al. 
1989a).
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tion rates were on average lower, yet following the same arched pattern as when fed with 
Artemia nauplii (Harms et al. 1991). However, when smaller or qualitatively inferior 
phytoplankton species were offered (Thalassiosira rotula, Skeletonema costatum), the av-
erage feeding rates decreased further, and the typical pattern in relation to the molting cy-
cle was lost. In addition, the shape of the feeding curves may vary among successive lar-
val stages. In H. araneus, for instance, the time of maximal daily ingestion showed a shift 
from intermediate towards progressively earlier stages of the molting cycle (see Fig. 5.5). 

The biomass-specific (energy-based) ingestion rates of larval Hyas araneus were con-
sistently maximal in postmolt, decreasing throughout the molting cycle (Anger 1991a). In 
zoeae, maximum rates of ca. 40% per day were measured during postmolt, but <20% in 
premolt. In the megalopa, the feeding activity decreased during the molting cycle from 
maximally ca. 15% to <5% per day. Clearly not enough comparative data are available to 
allow for generalizations of these molt-cycle related patterns in larval feeding rate. 

5.3.6 Physico-chemical effects: temperature, salinity, pollutants 
While a reduced feeding activity can have intrinsic causes associated with development 

or the molting cycle, it occurs frequently also as an unspecific effect of stress, e.g. under 
unfavourable conditions of temperature, salinity, poor food quality, or exposure to toxic 
substances. Moreover, the feeding activity decreases generally with decreasing metabolic 
requirements at lower temperatures (Wienberg 1982, Paul & Nunes 1983, Yúfera & 
Rodríguez 1985a, b, Dawirs & Dietrich 1986, Zhang et al. 1998b, Tong et al. 2000). 

The enhancement of daily feeding by high temperatures is, at least in some stages or 
species, weaker than the concurrent acceleration of development. Due to this difference in 
the temperature-dependence of two processes, the cumulative amounts of food that are in-
gested during the time of a larval instar may decrease with increasing temperature, as ex-
perimentally demonstrated in larve shore crab, Carcinus maenas (Dawirs & Dietrich 
1986). When the temperature exceeds the optimum of a species or larval stage, also the 
daily (instantaneous) rates of ingestion will decrease, while the metabolic losses may be 
further enhanced (Johns 1982, Minagawa 1990b). As a consequence of such energetically 
adverse conditions, the larvae show reduced growth and survival. At unfavourably low 
temperatures, on the other hand, the decline of the feeding activity can be stronger than 
reduction of the metabolic demand, and in consequence, larval growth and survival will 
also decrease (see Dawirs & Dietrich 1986). Similarly, effects of famine are enhanced by 
temperatures below the optimum, in spite of reduced metabolic losses (Paul & Paul 1980, 
Anger et al. 1981b).  

As another stress factor, unsuitable salinities are known to affect most biological proc-
esses in aquatic invertebrates, including their feeding activity. In larvae of marine decapod 
species such as the shrimp Pandalus borealis or the crab Cancer irroratus, the rate of in-
gestion was shown to decrease at reduced salinities (Wienberg 1982, Johns 1982). In the 
larvae of another marine crab, Ranina ranina, feeding activity was depressed in both di-
luted and hypersaline media (Minagawa 1992). A reduction of larval food uptake was ob-
served also during exposure to pollutants such as water-soluble hydrocarbons from crude 
oil (Johns & Pechenik 1980), toxic metals (Cr, Cu, Ni; Wong et al. 1993), or after con-
tamination of food particles with hydrocarbons (Gharrett et al. 1985).  
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5.4 Activities of digestive enzymes 

Our review of the nutrition of decapod crustacean larvae has shown that there is ample 
evidence for a generally omnivorous, widely opportunistic mode of feeding (except for 
the herbivorous penaeid protozoeae), with characteristic developmental shifts in the pre-
ferred size and type of prey. We know that most larval decapods eat both phyto- and zoo-
plankton in variable quantities, which largely depend on developmental stage, composi-
tion and concentration of food, and physical factors. A broad food spectrum, however, 
does not necessarily mean that the larvae are physiologically adapted to utilize all types of 
food equally well. In general terms, the efficiency of conversion depends primarily on the 
available mechanisms for mechanical and chemical maceration of food (e.g. feeding ap-
pendages, gastric mill, filter apparatus, digestive enzymes), and on gut evacuation time 
(GET, the span between ingestion of food and egestion of feces). The available data sug-
gest that digestive enzyme activities show a negative relationship with GET, especially in 
penaeid shrimp larvae, but a positive correlation with ingestion rates (Jones et al. 1997a). 
Hence, larvae that feed on different trophic levels or at different food concentrations can 
tune their feeding rate, GET, and digestive enzyme activities to control the overall assimi-
lation of food. 

During the GET, the degradation of dietary macromolecules depends on the presence 
and activation of specific digestive enzymes, which are synthesized and stored primarily 
in the hepatopancreas (or, in early penaeid shrimp larvae, in the midgut caeca; see section 
3.11.6). Since the hepatopancreas grows conspicuously in size during the course of larval 
development, it should generally produce increasing quantities of digestive enzymes. In 
spite of this simple and plausible relationship between digestive gland development and 
secretion of digestive enzymes, however, there has been considerable discussion whether 
the efficiency of food conversion depends primarily on the ontogeny of the digestive or-
gan system or rather on a regulation of the activities of existing enzymes in response to 
variations in food quantity or quality (see e.g. Lovett & Felder 1990a, b, c, Jones et al. 
1993, Kamarudin et al. 1994, Rodríguez et al. 1994, Kumlu & Jones 1995a, b, 1997). 

In the following section, a brief account of the principal mechanisms of enzyme regula-
tion is given, problems related to the comparability of literature data are discussed, and 
major ontogenetic and nutritional variations in digestive enzyme activities of decapod 
crustacean larvae are reviewed. Eventually, a simple conceptual model of putative inter-
actions between feeding level, secretion or activation of digestive enzymes, and growth 
shall serve as a brief summary of the available data on the digestive physiology of larval 
decapods. 

5.4.1 Principal mechanism of regulation 
Quality and quantity of available food sources vary throughout ontogeny and with envi-
ronmental conditions. Thus, an organism needs the capability to readjust its physiological 
mechanisms of food utilization according to the present feeding level and nutritional re-
quirements. Besides a response in the rate of food uptake or GET, the most effective con-
trol mechanism should be in a regulation of digestive enzyme activities. This is possible 
on either a genetic or a physiological level. 

Since enzyme synthesis, in general, is under direct genetic control, regulation can occur 
as an activation or repression of genes, acting in three different ways (see Hochachka & 
Somero 1984; for recent review of environmentally mediated enzyme induction see also 
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Henry 2001): (1) quantitative regulation, adjusting enzyme concentrations; (2) qualitative 
regulation, in the species of produced enzymes; (3) a combined regulation, in the relative 
proportions of different enzyme variants (isoenzymes), which catalyse the same reaction 
but may show different catalytic characteristics. These types of regulation are very spe-
cific but generally slow processes, requiring at least several hours to become effective. 
Since the environmental conditions may change much faster, the genetic level of enzyme 
regulation plays a significant role in ontogenetic changes (namely between successive lar-
val instars; see Jones et al. 1997b) rather than in short-term responses to variations in the 
quality or concentration of food. 

When a faster response is required, the available enzymes can most efficiently be acti-
vated or repressed by changes in the concentration of their chemical substrate or by inter-
actions with specific metabolites of the catalysed reaction (“positive and negative modu-
lators”). Modulatory enzyme regulation occurs typically at the initial step of the catalytic 
reaction, i.e. at the formation of the enzyme-substrate complex. The speed of this process 
depends highly on the specific affinity between an enzyme and its substrate. At variable 
substrate concentrations, the affinity can be enhanced or depressed by modulators, allow-
ing for an optimal speed of the catalytic reaction (Hochachka & Somero 1984). These 
rapid mechanisms of enzyme regulation should play an important role in decapod crusta-
cean larvae in the field, where they are exposed to rapidly varying food sources. 

5.4.2 Individual vs. specific activity 
Since the activities of digestive enzymes are measured as rates of substrate degradation, 
we do not know whether different results reflect variations in enzyme quantities, iso-
enzyme composition, substrate-induced activation or repression of pre-existing enzymes, 
or a combination of these regulation mechanisms. This makes it sometimes difficult to 
distinguish between ontogenetic changes in enzyme secretion and those induced by differ-
ential feeding levels or changing nutritional requirements. As a consequence of an onto-
genetic increase in body size, also the size of the digestive gland and the overall quantity 
of digestive enzymes secreted will increase. Thus, the absolute activity (expressed in In-
ternational Units, IU, per individual) are generally correlated with total biomass in suc-
cessive larval stages. Short-term substrate-induced activation or repression of already ex-
isting enzymes, by contrast, may cause independent or inversely related variations in the 
individual enzymatic activities and biomass. 

In order to make enzyme activities directly comparable among differently sized stages 
or species, biomass-specific activities (expressed in IU per unit biomass) are commonly 
given in the literature. In merely ontogenetic, genetically controlled changes of total en-
zyme secretion, these values should theoretically change only little, whereas great varia-
tions may be expected as a result of fast adaptive responses to variable feeding conditions. 
Thus, it is generally assumed that different mass-specific digestive enzyme activities re-
flect differences in feeding habits, namely among carnivorous, herbivorous, and omnivo-
rous larvae (section 5.4.4). 

In most publications, specific enzyme activities are given in relation to the total protein 
content, in others as fresh or dry mass-specific values. When dry mass (W) is used as a 
reference base, problems may arise due to differential ash contents of larval biomass. 
Since the inorganic fraction varies greatly among species, larval instars, and even within 
individual molting cycles (cf. section 7.1.2), different mass-specific activity values may 
reflect taxonomic or ontogenetic differences in biomass composition rather than those in 
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the digestive intensity of the responsible organs and tissues. In the semibenthic, heavily 
sclerotisized instar IV of the European lobster (Homarus gammarus), for instance, ex-
tremely low W-specific trypsin activities were measured, although the individual enzyme 
activity had increased (Kumlu & Jones 1997). Most probably, this was primarily a conse-
quence of a dramatically increasing mineral content rather than a change in digestive 
physiology. 

Such problems, in addition to those in the statistical evaluation of relative data in gen-
eral, have recently evoked a far-reaching criticism of normalization techniques such as the 
use of size-specific values (see Packard et al. 1999). Some of these problems can be 
amended using the ash-free dry mass, AFW, rather than total W, excluding variation in the 
inorganic fraction as a potential source of error. Since AFW contains variable amounts of 
enzymatically inert materials such as fat deposits, protein should be a better reference base 
for enzyme activities. Within this biomass fraction, however, the proportions of enzymes, 
muscles, nervous tissues, and structural proteins may vary significantly among stages or 
species, so that similar artifacts can still occur. As an example of this effect, we may com-
pare changes recorded in the individual and protein-specific trypsin activities of zoea I 
spider crab (Hyas araneus) larvae fed carnivorously or herbivorously, respectively 
(Harms et al. 1991). When exclusively diatoms (Biddulphia sinensis) were given as food, 
the proteolytic activity per individual decreased by about one half in comparison to Ar-
temia-fed zoeae; the protein-specific activity, by contrast, was about 30% higher in dia-
tom-fed larvae. The cause of this discrepancy was in differential growth rates; total body 
protein (the reference base) increased in herbivorously fed larvae by only 22%, but by 
178% in the Artemia-fed group. 

In contrast to total body protein, the protein content of the major digestive organ (in 
crustaceans usually the hepatopancreas) should thus be a suitable reference base for spe-
cific activity values. Unfortunately, however, this is impractical in larval stages. In con-
clusion, it seems to be impossible to find fully comparable units of enzyme activity meas-
ured in whole-body samples of decapod crustacean larvae. 

5.4.3 The major digestive enzymes of larval decapods 
Numerous hydrolytic digestive enzymes (proteases, lipases, carbohydrases, chitinases) 
have been identified and characterized in adult crustaceans (Vonk 1960), while much less 
is known about their occurrence in larval stages. The first paper dealing with the digestive 
enzymes of larval decapods was, to my knowledge, published only in 1973, describing on-
togenetic changes in the activities of amylase and an unspecified protease in the caridean 
shrimp Palaemon serratus (van Wormhoud 1973). Later, comparative data have become 
available for larvae of various species of caridean and penaeid shrimps, brachyuran crabs, 
and clawed lobsters (for recent review, see Jones et al. 1997a, b; Sheen & Huang 1998, 
Lemos et al. 1999, 2000). 

These studies have consistently shown that larval decapods have, compared with adult 
crustaceans, simple digestive systems, generally reliant on a high activity level of rela-
tively few digestive enzymes (Lovett & Felder 1990a, b, c, Jones et al. 1997a, b). Some of 
these hydrolytic enzymes appear already during embryonic development, i.e. before first 
food uptake (Li et al. 1995, Shaojing et al. 1995). As a possible complementary mecha-
nism of food digestion in decapod larvae, a participation of exogenous enzymes (originat-
ing from prey organisms) has been proposed (Lovett & Felder 1990a, b). However, this 
was later found to be insignificant (Jones et al. 1993, Kamarudin et al. 1994). Possibly, 
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also enzymes produced by endosymbiontic microorganisms may assist in digestion (see 
Harris 1993), but this has not been investigated in larval stages. 

Among the digestive enzymes studied in larval decapods, trypsin-like proteases have 
received particularly great attention. Consistent with most of the literature, these enzymes 
will in the following sections briefly be referred to as “trypsin”, although they are not 
identical with vertebrate proteases. This type of enzymes is responsible for up to about 
60% of total proteolysis in the hepatopancreas of adult penaeid prawns (Galgani et al. 
1984), and it appears to be the dominant digestive enzyme also in larval decapods (Mac-
Donald et al. 1989, Lovett & Felder 1990a, Jones et al. 1997a). Among the various deca-
pod taxa, the highest trypsin levels have been observed in the herbivorous protozoeae of 
penaeid prawns and in early brachyuran crab zoeae, while nephropid lobster and caridean 
shrimp larvae revealed far lower protease activities (Jones et al. 1997b). 

As in several holoplanktonic crustaceans, the carbohydrase α-amylase has commonly 
been measured also in studies of the digestive physiology of decapod larvae. Surprisingly 
high activities were observed, although the substrate of this enzyme (starch) hardly occurs 
in potential food organisms such as diatoms and most zooplankton (Gaudy & Boucher 
1983). It has been speculated that amylase production in decapod larvae might represent a 
phylogenetic relic from herbivorous ancestor species (Hirche & Anger 1987a). In carnivo-
rously fed zoeae of the spider crab Hyas araneus, an almost parallel increase was ob-
served in the activities of amylase and trypsin, suggesting that these enzymes could be ac-
tivated and repressed by the same factor (Hirche & Anger 1987a). However, an equally 
increasing activity could also simply reflect a proportionally constant enzyme production 
in the growing hepatopancreas. Shifts in the trypsin:amylase ratio occurring during the 
megalopa stage, especially under exposure to nutritional stress, indicate that these en-
zymes may, in principle, be regulated independently (Harms et al. 1991). Changes in this 
activity ratio were observed also in the larvae of other species (Fang & Lee 1992, 
Rodríguez et al. 1994, Jones et al. 1997b), suggesting that amylase has a function in deca-
pod larvae, in spite of the scarcity of its substrate. 

A disproportionate increase in the activitiy of amylase was frequently observed during 
herbivorous feeding. Since planktonic algae contain, in general, less protein but more car-
bohydrates than zooplankton, this response may be explained as a co-regulation of amy-
lase with another carbohydrase. Among these, laminarinase has been considered as a can-
didate (Meyer 1992). This enzyme digests chrysolaminarin, the principal storage product 
of most phytoplankton including diatoms (Haug & Myklestad 1973). In shore crab (Car-
cinus maenas) larvae, its activity showed a significant correlation with that of amylase 
(Meyer 1992). Also in this crab species, the amylase activity was surprisingly high, inde-
pendent of substrate availability; on average, it was about four to eight times higher than 
the laminarinase activity.  

In penaeid shrimp larvae, also activities of acid phosphatase, carboxypeptidase, and a 
non-specified esterase have been demonstrated, besides amylase and trypsin, while pepsin 
and lipase activities could not be detected (Lovett & Felder 1990a, b, Kamarudin et al. 
1994). In stage I lobster larvae, in contrast, lipase was also found and characterized (Bie-
siot & Capuzzo 1990). 

5.4.4 Trophic position 
The provision of an organism with digestive enzymes is generally believed to be related to 
its phylogenetic position (Kozlovskaya & Vaskovsaky 1970, Kristensen 1972). However, 
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quantitative studies in closely related taxonomic groups also suggested differences associ-
ated with their feeding habits, i.e. trophic position. In marine invertebrates, high prote-
olytic activities accompanied by low activities of carbohydrases have often been attributed 
to a primarily carnivorous mode of feeding, whereas an inverse relation was interpreted as 
an indication of herbivorous or omnivorous nutrition (e.g. Brun & Wojtowitz 1976). This 
seems to be corroborated by low protease and relatively high carbohydrase activities in 
phytoplankton-fed crab larvae (Hyas araneus, Carcinus maenas; Harms et al. 1991, 
1994).  

In most recent studies of the digestive physiology of other larval decapods, however, 
rather the opposite pattern has been observed. In penaeid shrimp larvae, for instance, high 
proteolytic activities occurred during herbivorous feeding (i.e. especially during the proto-
zoeal stages), while low and intermediate levels were measured with carnivorous and 
mixed diets, respectively (Jones et al. 1993, Le Vay et al. 1993, Rodríguez et al. 1994, 
Kumlu & Jones 1995b). High proteolytic activity was observed also in herbivorous cope-
pods (Harris et al. 1986). Likewise, high weight-specific tryptic activities were found in 
herbivorous copepods and in omnivorous crab larvae as compared to predominantly car-
nivorous lobster larvae (Kumlu & Jones 1997). In a recent review and interspecific com-
parison of trypsin activity in planktonic crustaceans (including various developmental 
stages of penaeid and caridean shrimps, nephropid lobsters, brachyuran crabs, as well as 
copepods and Artemia metanauplii), Jones et al. (1997b) demonstrated a consistent posi-
tive relationship between trypsin activity and the degree of herbivory (Fig. 5.6). Addition-
ally, however, the mass specific trypsin activity is controlled also by differential body 
size, as large larvae tend to show a lower proportion of digestive activity in relation to 
other tissues (e.g. hepatopancreas vs. muscles). 

According to Jones et al. (1997b), this pattern indicates that high proteolytic activity 
occurs as a response to low-protein food sources such as phytoplankton, maximizing the 
assimilation of scarce nutrients. This would be important in herbivorous larvae such as 
penaeid protozoeae, because they show a much shorter GET than omnivorous and carni-
vorous larvae. In late developmental stages which are better capable of regulating the ac-
tivities of digestive enzymes, measurements of tryptic activity should thus provide an as-
say for diet digestibility (Jones et al. 1997b). 

Despite these plausible relationships, interspecific variation is often difficult to inter-
pret, as it may reflect the phylogenetic rather than trophic position, or differential body 
size. Moreover, the reference base of comparison (enzyme activities per individual or per 
unit of dry mass, protein, etc.) requires further standardization. 

 
 
 



The Biology of Decapod Crustacean Larvae  141 

 
 
Figure 5.6. Biomass-specific trypsin activities (x10-5 IU per µg W; mean ± SD) in different decapod 
larvae (D), calanoid copepods (C), and brine shrimp (B); species: Tl, Temora longicornis (C); 
Pm1Z, Penaeus monodon, protozoea I-mysis I (D); Ct, Centropages typicus (C); PiZ, Fennero-
penaeus indicus, protozoea I-mysis I (D); Pm1M, Penaeus monodon, mysis II-“postlarva” I (D); 
Pm2Z Penaeus monodon, protozoea I-III (D); Cm: Carcinus maenas, zoea I-megalopa (D); PjZ, 
Marsupenaeus japonicus, protozoea I-mysis I (D); PiM, Fenneropenaeus indicus, mysis II-
“postlarva” I (D); As: Artemia salina (B); PjM, Marsupenaeus japonicus, mysis II- “postlarva” I 
(D); Pm2M, Penaeus monodon, mysis I-III (D); Mr, Macrobrachium rosenbergii, zoea I-instar XI 
(D); Pe, Palaemon elegans, zoea I-instar IX (D); Hg, Homarus gammarus, mysis I-instar IV (D); 
Nn, Nephrops norvegicus, mysis I-III (D) (from Jones et al. 1997b, with permission from Elsevier, 
Oxford, UK). 

 

5.4.5 Ontogeny of digestive capacity and nutritional requirements 
Most studies of digestive enzyme activities in decapod crustacean larvae have considered 
gross ontogenetic changes among successive stages, widely ignoring variations within the 
individual molting cycles. In general, the average activities per individual (sometimes also 
biomass-specific values) were found to increase during larval development, reflecting an 
increasing size and functionality of the hepatopancreas. Abrupt changes were sometimes 
observed between particular instars, varying among species and enzymes studied.  

Particularly high biomass-specific activities of digestive enzymes were observed in the 
protozoeal stages of penaeid prawns (Rodríguez et al. 1994, Kumlu & Jones 1995b, 1997; 
Sheen & Huang 1998, Lemos et al. 1999, 2000). These early larvae eat primarily or exclu-
sively phytoplankton (in contrast to the subsequent mysis stages which are omnivorous or 
predominantly carnivorous), growing generally well with algal diet alone. This suggests a 
greater capability for conversion of phytoplankton biomass as compared with the mysis 
stages and most other larval decapods, which are generally more carnivorous. The physio-
logical basis of this capability is a particularly high activity of digestive enzymes, primari-
ly trypsin, probably due to the presence of anterior midgut caeca in these stages. These 
traits have been interpreted as special adaptations to a low-energy type of food (Kumlu & 
Jones 1995b, 1997). 
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In experimental studies of feeding and digestion in the larvae of higher Decapoda 
(Pleocyemata), the type of food is usually not changed during the course of development. 
An increase in the activity of digestive enzymes is therefore generally interpreted as an 
indication of ontogenetic progress in the development of the alimentary system, namely in 
the hepatopancreas. This should explain why early zoeal stages of caridean shrimps, 
which have a smaller hepatopancreas and lower digestive enzyme activities than the late 
stages, were found to be particularly dependent on high-energy food sources like Artemia 
nauplii (Kumlu & Jones 1995a).  

In contrast to these observations in shrimps, no increasing capability of phytoplankton 
utilization could be detected in the late larval stages of brachyuran crabs (Hyas araneus, 
Carcinus maenas; Harms et al. 1991, 1994). When these were fed with diatoms (after pre-
vious rearing with Artemia), they showed a similar reduction in growth, survival, and di-
gestive enzyme activities per larva as the earlier stages. The mass-specific values showed 
inconsistent trends, depending on the proportional change in absolute enzyme activities 
and larval biomass, respectively. Thus, these crab larvae were apparently unable to en-
hance their digestive enzyme activities under poor feeding conditions to maximize the 
utilization of limited nutrients, which suggests a very limited capability of enzyme regula-
tion.  

The following example shows that differential production or activation of enzymes is 
not the only control mechanism in the conversion of food. In the larvae of two caridean 
shrimp species, Palaemon elegans and Macrobrachium rosenbergii, a gradual increase in 
tryptic activity (both per individual and in relation to biomass) was observed from hatch-
ing to an intermediate larval stage, but this was followed by a decrease throughout the 
later instars (Kumlu & Jones 1995a). The downregulation of enzyme activities in later 
stages, notwithstanding the continued development and growth of the hepatopancreas, was 
interpreted as an adaptation to an increasing efficiency in the uptake of large, high-energy 
prey (Artemia). Interestingly, the decrease in enzyme activity was counterbalanced by an 
increase in gut evacuation time (GET). Food conversion and growth could thus remain 
constantly high in the late larval stages, because food materials were exposed for a longer 
period to the action of digestive enzymes, compensating for their reduced activity. A 
maximum activity of digestive enzymes in an intermediate larval instar was observed also 
in several penaeid species (Galgani & Benyamin 1985, Kumlu et al. 1992, Kamarudin et 
al. 1994, Rodríguez et al. 1994). It should thus be interesting to ascertain in future com-
parative studies, if a combination of prolonged GET and downregulated enzyme activities 
represents a general pattern in the regulation of food conversion in late penaeid and carid-
ean shrimp larvae.  

Molt-cycle related changes in digestive enzyme activities of larval decapods were first 
measured in the spider crab Hyas araneus (Hirche & Anger 1987a). When Artemia nauplii 
were exclusively given as food, the absolute (per individual) activities of amylase and 
trypsin increased gradually throughout zoeal development, with consistently higher values 
in trypsin. Similarly, the activities of amylase and an unspecified protease increased 
gradually during the mysis I stage of Homarus americanus, regardless whether the larvae 
were fed or not (Biesiot & McDowell Capuzzo 1990). These patterns appear to reflect a 
gradual increase in the size and enzyme production of the hepatopancreas, independent of 
variation in the feeding conditions. 

In Hyas araneus, the digestive enzyme activities increased from hatching and reached a 
maximum in late postmolt or early intermolt of the megalopa molting cycle, thereafter 
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they decreased. The pattern of decreasing enzyme activities in a late stage of development 
resembles that observed in shrimp larvae. However, this was probably not compensated 
by an increasing GET, as the megalopa showed a premolt decrease also in its ingestion 
rate (see Fig. 5.5) and in biomass (see section 6.2.3). Similar molt-cycle related growth 
patterns as in the megalopa were observed also in juvenile spider crabs (Anger et al. 
1992), suggesting that the megalopa approaches or attains the adult type of regulation in 
feeding, digestive activity, and growth.  

5.4.6 Putative relationships with feeding level and growth 
In studies of physiological traits in decapod larvae and other zooplankton, varying activi-
ties of digestive enzymes have frequently been compared with variations in food concen-
tration and feeding rates, without finding universal relationships. In shrimp and crab lar-
vae exposed to conditions of starvation, a decrease in digestive enzyme activities was 
generally observed (Harms et al. 1991, 1994, Rodríguez et al. 1994, Kumlu & Jones 
1995a). At suboptimal feeding levels, e.g. with phytoplankton given as a sole diet to car-
nivorous or omnivorous larvae, the digestive enzyme activities were in some cases en-
hanced (maximizing the conversion of scarce nutrients), but reduced in others.  

In spite of inconsistent results, the available data may allow the proposal of a concep-
tual model of possible interactions among food concentration, ingestion rate, survival, 
growth, and digestive enzyme activities (Fig. 5.7). The term food “concentration” is not 
restricted to the density of suspended particles, but may translate also to differential food 
quality (e.g. the dietary protein level of phytoplankton vs. zooplankton). This model at-
tempts to explain why positive correlations between feeding rates and enzyme activities 
were observed in some studies, but negative or no relationships in others (for references 
and discussion see Harms et al. 1991). The following nutritional levels may be distin-
guished in Figure 5.7: 
• At extremely low food densities (concentration range [A]), particle feeders may not 

even begin to capture and ingest food; there seems to be a species-specific lower 
threshold concentration for the initiation of a feeding response (Strathmann 1987). 
Survival of planktotrophic larvae is impossible under such conditions (starvation), 
and digestive enzymes show a minimum activity. At slightly higher concentrations 
[B], some food will be ingested, but this low feeding level is quantitatively insuffi-
cient to allow for growth; some prolonged survival (compared with unfed individuals) 
may become possible though. Within the concentration range [A]-[B], the activities 
of digestive enzymes remain low, without a measurable response to small variations 
in food concentration or ingestion; hence there is no correlation between enzyme ac-
tivities and either ingestion, growth, or survival. 

• Above a hypothetical threshold concentration, the energy of absorbed materials ex-
ceeds that of the metabolic losses, and hence, allows for tissue growth. Over a certain 
range [C], both the amounts ingested and the activities of digestive enzymes should 
increase with food density (positive correlation). This implyies that both ingestion 
and growth are food-limited, and digestive enzyme activities are regulated according 
to the availability of substrate. If this assumption is correct, the conversion of increas-
ing amounts of ingested food is guaranteed by enhanced secretion or activation of en-
zymes, while malnutrition should, at this level of food density, induce a reduction of 
enzyme activity. Most data from brachyuran crab larvae reared on different diets fit 
into this scheme. Under food limitation, gut evacuation time (GET) should remain 
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maximum, and food particles may be recycled from the intestine back into the hepa-
topancreas and (where present) the anterior midgut caeca (see Lovett & Felder 
1990c). 

 
 

 

 

 
Figure 5.7. Conceptual model of presumable relationships between feeding level (food concentra-
tion), ingestion rate, growth, survival, and digestive enzymes activities (for detailed explanation, see 
text; after data from Harms et al. 1991). 

 
 

• The rate of ingestion continues to increase when food densities become higher than 
necessary (range [D]). Under these conditions, excess quantities of available substrate 
may induce a reduction in the activities of digestive enzymes. In consequence, the ab-
sorption efficiency is decreased, and assimilation and growth, which have reached 
genetically set maxima, remain constant. At such high feeding levels, the actvities of 
hydrolytic enzymes should thus be negatively correlated with food density. This pat-
tern has frequently been observed in the tryptic activity of penaeid and caridean 
shrimp larvae (Jones et al. 1997b). As an additional regulation mechanism, GET may 
decrease with further increasing food availability. 

• When the food concentration exceeds the level of maximally possible ingestion 
(range [E]), the rates of food uptake and growth should remain constantly high, while 
the digestive enzyme activities (and possibly, GET) should reach a minimum. When 
“superfluous feeding” occurs under conditions of high food density, as it has been ob-
served in copepods and other zooplankton (Conover 1966), digestion is poor or prey 
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may pass alive through the gut. Thus, there should be no correlation between enzyme 
activities, food density, or ingestion rate at such high feeding levels. 

 
Although this conceptual model remains largely speculative, it can be tested experi-

mentally and may thus stimulate further research on the nutritional physiology of decapod 
larvae and other zooplankton. 
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6 GROWTH 

Growth can be measured as a change in body size or weight during a defined period, or as 
the time required to reach a determined size or developmental stage. The characteristics of 
molting and growth in the Crustacea have been described in detail for juvenile and adult 
life-cycle stages (e.g. Kurata 1962, Hartnoll 1982, 1985, Botsford 1985, Chang 1995), 
while much less is known about larval growth patterns (Rice 1968, Gore 1985, Anger 
1991a, 1998). As another limitation to our knowledge, most studies of larval development 
and growth were carried out in the laboratory under constant and, presumably, close-to-
optimum conditions of nutrition, temperature and salinity, while quantitative data of larval 
biomass in the field are relatively scarce (see Nichols & Lawton 1979, Lindley 1988, Paul 
et al. 1990, Harms et al. 1994, Juinio & Cobb 1994, Lindley et al. 1994, Anger 1995c, 
Anger & Schultze 1995, Ouellet et al. 1995, Welch & Epifanio 1995). Moreover, most 
publications deal with economically important decapods such as prawns, lobsters, or large 
crab species, while other taxa have received less attention. More comparative data from 
field and laboratory research, and from more species, are thus necessary to enhance the 
general understanding and predictability of larval growth in decapod crustaceans. 

In this chapter, I will first review the most commonly used measures of larval growth 
and describe typical patterns of change in body size and biomass during development un-
der constant, favourable rearing conditions in the laboratory. One may expect that these 
patterns represent developmental changes in maximum growth, which is reached only un-
der physically and nutritionally optimized conditions. However, data from field studies 
show that natural growth rates may sometimes exceed those obtained in the laboratory 
(e.g. Knight 1968, Nichols & Lawton 1979, Ebert et al. 1983, Harms et al. 1994, James-
Pirri & Cobb 1997, González-Gordillo & Rodríguez 2000). This implies that the experi-
mentally defined maximum must occasionally be corrected upwards. The lower end of the 
relative scale, over which changes in larval biomass are theoretically possible, is defined 
by losses measured in planktotrophic larvae deprived of food, or in larvae with a fully 
lecithotrophic (nonfeeeding) type of development. We may thus expect that intermediate 
levels of growth are most common in nature, where nutritional and other environmental 
limitations occur. Examples of depressed growth under suboptimal conditions are shown 
in subsequent sections of this chapter. 

Occasionally larger body size in field-caught larvae may be caused by selective mortal-
ity of smaller individuals, either directly as a consequence of pysiological weakness, or 
indirectly due to greater vulnerability to predation. Also, unfavourable conditions may oc-
cur in laboratory cultures, e.g. high larval density, poor or variable water quality, wall ef-
fects in rearing containers etc., and the monotonous laboratory food may be qualitatively 
inferior to mixed natural food sources, potentially reducing the otherwise positive effects 
of ad libitum concentrations that are normally provided in cultivation experiments. How-
ever, the scarcity of comparative larval growth data from the field does not allow for gen-
eralization. If future studies show that higher growth rates in the natural plankton repre-
sent the rule rather than an exception, then growth observed in laboratory cultures should 
be considered as an estimate of an average rather than maximum possible growth. 

In spite of doubts related to the comparability of absolute growth data from artificial 
rearing and field collections, respectively, laboratory experiments remain an essential tool 
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to observe and quantify basic biological priciples and ecological response patterns. These 
are the primary subject of this chapter. Finally, I will discuss here possible mechanisms of 
intrinsic growth control, attempts of point estimates of growth rate in the field, and the 
production and loss of exuviae 

6.1 Age determination 

Estimates of growth rate require a knowledge of absolute age or time elapsed in relation to 
a defined life-history event. Hence, most available data originate from laboratory studies 
where the times of hatching and subsequent molts are known. Two decades ago, it seemed 
that a simple chemical method would allow for age determination also in the field. In 
various animals including vertebrates and invertebrates, an accumulation of “age pig-
ments” was described, collectively named “lipofuscin” (for references of older literature, 
see Hirche & Anger 1987b). These pigments were identified as peroxidation products of 
the lipid metabolism which cannot be digested in the lysosomes, and hence, should theo-
retically be accumulated in a time-dependent manner (Fletcher et al. 1973, Leibovitz & 
Siegel 1980). Ettershank (1983, 1984) quantified, for the first time in field-caught crusta-
ceans, the putative lipofuscin in Antarctic krill. The first study of solvent-extractable age 
pigments in laboratory-reared decapod larvae (Hyas araneus) was that by Hirche & Anger 
(1987b). However, the concentrations of the soluble compounds of interest were found to 
be correlated with larval biomass rather than age. 

Subsequently, several comparative investigations of age pigments in crustaceans and 
other poikilotherms (Sheehy & Ettershank 1988, Sheehy & Roberts 1991, Sheehy 1996) 
showed that the solvent-extractable autofluorescence measured in previous studies was in 
fact not identical with lipofuscin age pigment. True lipofuscin accumulates in the central 
nervous system, where it can be detected cytologically. Extensive investigations on the 
quantity of morphologically identifyable lipofuscin in the brains and eyestalks of crusta-
ceans such as crayfish (e.g. Sheehy 1990, Belchier et al. 1998), prawns (Sheehy et al. 
1995), crabs (Sheehy 2000), as well as clawed and spiny lobsters (Sheehy et al. 1996, 
1998, 1999) indicate that the pigment is in general a good measure of the chronological 
age. So far, however, the applicability of this method has not been tested in larval crusta-
ceans with known age. 

6.2 Maximum growth under constant conditions: measures, patterns and models 

This section describes patterns of growth in planktotrophic larvae reared under constant, 
physically favourable, and nutritionally unlimited (ad libitum) conditions. Since variations 
in extrinsic factors are experimentally excluded, changes in growth rate should reflect in-
trinsic processes, i.e. development. These patterns can be described with regression equa-
tions linking the number of molts, body size, biomass, and time. With such empirical 
models, it is possible to predict the size or biomass in successive instars, or time-
dependent changes within a molting cycle. Indices of growth derived from these models 
can be applied in ecology and aquaculture to assess and compare the quality of environ-
mental conditions. 
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6.2.1 Molting frequency 
When arthropod growth is measured in terms of size increments, a stepwise pattern is ob-
tained, reflecting the sudden increase in body size immediately after each ecdysis. In a se-
ries of instars, growth can thus be described as a molting frequency, fm. This is defined as 
average number of instars or stages (S) passed during a given time (t), while the reciprocal 
value of fm represents the average duration of development (D) per instar:  

    
fm =

S
t

 (6.1)  

    
D =

1
fm

=
t
S   (6.2)  

In most larval and juvenile crustaceans reared under constant conditions, D increases in 
successive instars with body size (Kurata 1962, Hartnoll 1982). Where D remains constant 
(“isochronal development”; Miller et al. 1977), S is a linear function of the time of devel-
opment, t: 

S = a·t + b (6.3) 

In this and the following equations, the constants a and b are fitted parameters defining 
the slope of the regression line and the intercept with the Y-axis, respectively. 

 
 
 
 

 

 
Figure 6.1. Linear relationship (Eq. 6.3) between the number of stages (S) and the time of develop-
ment (t) in shrimp larvae, Pandalus montagui, reared at different constant temperatures; r2: coeffi-
cient of determination for least-square linear regression equations) (redrawn after data from Schultze 
& Anger 1997). 
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This simple linear pattern appears to be common in caridean shrimps (e.g. Rothlisberg 
1979, Fincham 1985 and earlier papers cited therein, Criales & Anger 1986, Willführ-
Nast et al. 1993, Schultze & Anger 1997), but has been observed also in the zoeal stages 
of some anomuran and brachyuran crabs (Fagetti & Campodónico 1971, Minagawa 
1990a). As an example, Figure 6.1 shows the linear increase in the number of larval stages 
in Aesop shrimp, Pandalus montagui. The slope of the regression line increases with tem-
perature, reflecting the increase in fm (see below, Equations 6.13-6.15). On the other hand, 
poor nutrition, unfavourable salinity, or other adverse conditions, tend to lengthen the av-
erage duration of successive stages. Thus, the regression coefficient (a) in Equation 6.3 
may be used as a comparative index of molting frequency. 

6.2.2 Size increment 
In taxa with a gradual type of morphological development, the increase in larval body size 
(length, L) may be described as a linear function of the number of consecutive stages, S: 

L = a·S + b (6.4) 

 
 
 

 

Figure 6.2. Linear relationship (Eq. 6.4) between body size (carapace length, CL) and the number of 
stages (S) in caridean shrimp larvae; regression equations, coefficients of determination (r2); re-
drawn after data from:  

Crangon allmanni:  CL = 0.072·S + 0.65 [r2 = 0.993] (Criales & Anger 1986) 
Crangon crangon:  CL = 0.073·S + 0.68 [r2 = 0.986] (Linck 1995; North Sea population) 
Pandalus borealis:  CL = 0.365·S + 0.97 [r2 = 0.994] (Shumway et al. 1985) 
Pandalus montagui:  CL = 0.144·S + 0.89 [r2 = 0.990] (Schultze & Anger 1997) 
Paratya australiensis:  CL = 0.114·S + 0.28 [r2 = 0.982] (Walsh 1993; estuarine population) 

Such a relationship implies a constant absolute size increment per molt, but a declining 
percentage increment. As practical measures of size, total body length (TL) or carapace 
length (CL) have been used most commonly. In Figure 6.2, a linear increase in size is ex-
emplified with data from several caridean shrimp species. This simple relationship holds 
in general throughout the zoeal and early decapodid stages, but sometimes not any longer 
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in late (not consistently occurring) decapodid instars and in early juveniles. These transi-
tional stages, which are in the literature often collectively referred to as “postlarvae” (see 
section 2.2), show frequently longer molting cycles, smaller size increments at ecdysis, 
and the number of instars may vary among species, hatches, individuals within a hatch, or 
rearing conditions (Rothlisberg 1979, Criales & Anger 1986, Schultze & Anger 1997). 

In taxa where both the instar duration and the increment between successive larval 
stages remain constant (Equations 6.3, 6.4), body size (L) can be described as a linear 
function of the time of development, t: 

L = a·t + b (6.5) 

  
 
 

 

Figure 6.3. Linear relationship (Eq. 6.5) between body size (total length, TL) and the time of devel-
opment (t) in shrimp larvae, Pandalus montagui, reared at five different constant temperatures; r2: 
coefficients of determination for least-square regression equations (redrawn after data from Schultze 
& Anger 1997). 
 

 
This applies, for example, to Pandalus montagui (Fig. 6.3). Similar patterns have been 

found in P. jordani (Rothlisberg 1979), P. borealis (Shumway et al. 1985), and various 
Palaemon spp. (Fincham 1985 and earlier papers; Yúfera & Rodríguez 1985a). Linear re-
lationships between age, the number of instars, and body size may thus be typical of 
caridean shrimps. In some species, however, non-linear models gave a better fit of pre-
dicted and observed data. In Macrobrachium vollenhovenii, for instance, the time-
dependent increase in body length was described as an exponential function (Willführ-
Nast et al. 1993), and in spiny lobster larvae as a parabola (fitted with a third-order poly-
nomial equation; Mikami & Greenwood 1997a). The time-dependence of larval size may 
be described with yet another commonly used model of growth, the von Bertalanffy equa-
tion (Bertalanffy 1957, Guerao et. al. 1994, Wang & Thomas 1995, Rotllant et al. 2001). 
However, this model contains an asymptotic term of “final” size or biomass, which may 
not be an appropriate parameter in the description larval growth (see Alford & Jackson 
1993, Day & Taylor 1997). 
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Figure 6.4. Hiatt diagrams of size increments (Eq. 6.6) in successive larval stages of caridean shrimp 
and brachyuran crab species: carapace length in stage S (CLS) plotted against CL in subsequent stage 
(CLS+1); least-square linear regression equations, r2: coefficients of determination; redrawn after data 
from:  

Crangon allmanni: CLS+1 = 1.057·CLS + 0.02 [r2 = 0.992] (Criales & Anger 1986) 
Crangon crangon: CLS+1 = 1.141·CLS - 0.05 [r2 = 0.991] (Linck 1995) 
Pandalus borealis:  CLS+1 = 1.041·CLS + 0.26 [r2 = 0.970] (Shumway et al. 1985) 
Pandalus jordani: CLS+1 = 0.915·CLS + 0.44 [r2 = 0.994] (Rothlisberg 1979) 
Pandalus montagui: CLS+1 = 0.975·CLS + 0.19 [r2 = 0.921] (Schultze & Anger 1997) 
Paratya australiensis:  CLS+1 = 1.137·CLS + 0.02 [r2 = 0.994] (Walsh 1993) 
Carcinus maenas:  CLS+1 = 1.284·CLS + 0.00 [r2 = 0.996] (Rice & Ingle 1975a) 
Liocarcinus holsatus: CLS+1 = 1.160·CLS + 0.10 [r2 = 0.962] (Rice & Ingle 1975b) 
Chasmagnathus granulata: CLS+1 = 1.137·CLS + 0.13 [r2 = 0.976] (Boschi et al. 1967) 
Eriocheir sinensis: CLS+1 = 2.208·CLS - 0.75 [r2 = 0.999] (Montú et al. 1996) 
 

 
 
Gradual patterns of growth allow for using another simple model that has frequently 

been applied to juvenile and adult, but less to larval crustaceans, the Hiatt plot (Hiatt 
1948). This is basically a description of average size (or biomass) increments in a series of 
molts. Size in an instar (LS) is plotted against that in the subsequent instar (LS+1), so that 
postmolt size can be predicted from premolt measurements:  

LS+1 = a·LS + b (6.6) 

There has been controversial discussion about the most appropriate form of this model 
(linear vs. non-linear; see Mauchline 1976). Although this might vary among species and 
developmental stages, the linear version appears to describe larval size growth adequately 
(Kurata 1962, Reeve 1969, Rothlisberg 1979; examples shown in Fig. 6.4). As a rule, 
Hiatt plots should be used only where larval development consists of a fairly high number 
of morphologically similar instars, e.g. in species of caridean shrimps, or in raninid, por-
tunid, and grapsid crabs. 

Kurata (1962) distinguished three growth patterns based on the slope (a) of the Hiatt 
plot. In his terminology, all brachyuran crab species that are used in Figure 6.4 as exam-
ples of this relationship, as well as the shrimps Paratya australiensis and Crangon spp., 
show “progressive geometric growth” (arbitrarily defined by a >1.05). In this pattern, 
successive molt increments increase with increasing premolt size. This growth type was 
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most strongly pronounced in the successive zoeal stages of the Chinese mitten crab, Eri-
ocheir sinensis (a = 2.2). 

When a is close to a value of 1.0 (defined range: 0.95 to 1.05), the average growth in-
crement remains practically constant and independent of premolt size. This type, by 
Kurata referred to as “arithmetic growth”, was found in the shrimps Pandalus borealis 
and P. montagui; also the larvae of Crangon crangon came very close to this pattern.  

The smallest increments per ecdysis were recorded in the shrimp Pandalus jordani (a = 
0.911 and 0.915 in field-caught and laboratory-reared larvae, respectively; Rothlisberg 
1979). Thus, they belong to the third category, “retrogressive geometric growth” (a 
<0.95). Since, in this growth type, the size increment in successive molts decreases with 
increasing premolt size, the body size of these larvae shows an asymptotic pattern when it 
is plotted against the stage number. 

In general, the Hiatt plot may be used as a rough description of the overall patterns of 
size or biomass growth, with major changes in the slope (inflection points) indicating 
transitions between different life-history phases (e.g. larval vs. juvenile, or juvenile vs. 
sexually mature). A more detailed analysis of growth patterns should consider both the 
absolute and percentage size increments in successive developmental stages, including 
possible changes in the degree of variation within individual instars. In a study of larval 
and juvenile growth of a shrimp species, Palaemon elegans, Hartnoll & Dalley (1981) 
showed that phase transitions may be reflected by transitorily decreasing variation in in-
star size. In this case, the two stages immediately preceding and following metamorpho-
sis, respectively, showed a relatively constant size, which appeared to be achieved by a 
negative feedback between premolt size and the percentage increment at ecdysis. 

6.2.3 Mass increment 
Biomass (B) can be expressed as wet mass or “fresh weight” (FW), dry mass (W), or ash-
free dry mass (AFW); the symbol W is derived from “weight”, which is in the literature 
commonly used instead of “mass”. Likewise, the energy content (E), amounts of organi-
cally bound elements (e.g. carbon, C; nitrogen, N; hydrogen, H), proximate biochemical 
constituents (e.g. protein, lipid), or other quantitative measures of living matter (see chap-
ter 7) can be used as measures of biomass. Again, its increase in a sequence of develop-
mental stages can be described by means of a Hiatt plot. In contrast to size growth, the de-
scription of weight increments in successive molts appears to be better when a power 
function is applied (linearized after logarithmic transformation of both pre- and postmolt 
biomass data, BS, BS+1): 

BS+1 = b·BS
a (6.7) 

ln BS+1 = a·ln BS + ln b (6.7a) 

In fitted regressions, the parameter a is frequently close to 1.0, so that this relationship 
may become almost linear. As in the size increments (Fig. 6.4.), weight growth shows a 
great deal of interspecific variability. Among the examples shown in Figure 6.5, brachy-
uran crab larvae show generally larger weight increments than caridean shrimp larvae, 
again with the steepest increments in the zoeae of Eriocheir sinensis. Shrimp larvae, on 
the other hand, have mostly a higher initial weight, tend to pass through more stages, and 
reach a larger final size and biomass as compared with larval crabs. 
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Figure 6.5. Hiatt diagrams of biomass increments (Eq. 6.7) in successive larval stages of caridean 
shrimp and brachyuran crab species: dry mass in stage S (WS) plotted against W in subsequent stages 
(WS+1); least-square regression equations, r2: coefficients of determination; s redrawn after data 
from:  

Pandalus montagui: WS+1 = 2.41·WS
0.923 [r2 = 0.994] (Schultze & Anger 1997) 

Palaemonetes argentinus:  WS+1 = 2.85·WS
0.873 [r2 = 0.978] (Anger, unpubl. data) 

Crangon crangon: WS+1 = 5.59·WS
0.657 [r2 = 0.892] (Criales 1985) 

Liocarcinus holsatus: WS+1 = 1.57·WS
1.044 [r2 = 0.998] (Harms 1990) 

Chasmagnathus granulata: WS+1 = 2.91·WS
0.889 [r2 = 0.940] (Anger & Ismael 1997) 

Eriocheir sinensis: WS+1 = 1.52·WS
1.088 [r2 = 0.986] (Mataliotaki 1991, Anger, unpubl.) 

The examples compiled in Figure 6.5 show also that the patterns of interspecific varia-
tion in the weight increments of successive larval stages does not always reflect those in 
size increments (cf. Fig. 6.4): in the Hiatt plots of size growth, Pandalus montagui shows 
a weaker slope than Crangon crangon (a = 0.98 vs. 1.06), while the opposite is true for 
the comparison of weight increments (a = 0.92 vs. 0.66). This indicates that the relation 
between size and biomass varies among species, superimposed by interspecific variation 
in morphometric proportions. 

Larval biomass, B, is an allometric function of body size, L (Kurata 1962, Reeve 1969, 
Hirota & Fukuda 1985, Lindley 1988). This function can be linearized by logarithmic 
transformation of both variables: 

B = b·La (6.8) 

ln B = a·ln L + ln b (6.8a) 
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Figure 6.6. Allometric relationships (Eq. 6.8) between biomass (dry mass, W) and size (carapace 
length, CL) in successive larval stages of caridean shrimp and brachyuran crab species; least-square 
regression equations, r2: coefficients of determination; redrawn after data from:  

C. allmanni: W = 68.1·CL3.877 [r2 = 0.989] (Criales & Anger 1986) 
C. crangon: W = 58.0·CL2.834 [r2 = 0.950] (Linck 1995)  
P. montagui: W = 50.7·CL4.498 [r2 = 0.982] (Schultze & Anger 1997)  
C. maenas:  W = 79.3·CL2.110 [r2 = 0.999] (Rice & Ingle 1975a, Dawirs et al. 1986)  
L. holsatus: W = 74.5·CL2.341 [r2 = 0.996] (Rice & Ingle 1975b, Harms 1990)  
C. granulata: W = 123·CL2.156 [r2 = 0.976] (Boschi et al. 1967, Anger & Ismael 1997) 
E. sinensis: W = 166·CL3.846 [r2 = 0.935] (Montú et al. 1996, Mataliotaki 1991)  
pooled data: W = 88.1·CL3.239 [r2 = 0.982] (Hirota & Fukuda 1985) 
 

Using this model, Hirota & Fukuda (1985) calculated a pooled regression of dry mass 
vs. carapace length in larvae from various crab families. When this is compared with ex-
amples of the size-weight relationship in some other brachyuran taxa, the multispecies-
regression curve appears intermediate (Fig. 6.6). This comparison shows, similarly as the 
Hiatt plots (see above), considerable interspecific variability in the growth patterns of crab 
larvae. Among our examples, the zoeae of Eriocheir sinensis are characterized not only by 
especially great molting increments in both size and weight (cf. Figs. 6.4, 6.5), but also by 
particularly steep slopes in the allometric size-weight function. The larvae of two Portunid 
crab species, on the other hand, show weaker than average slopes. 

Since the chemical composition of larval biomass varies relatively little among crab 
taxa (Anger & Harms 1990), these differences reflect an interspecific variation in the ratio 
of total body volume (and hence, weight) to carapace length rather than variability in 
biomass density. The availability of more specific regressions for single families, genera, 
or species should thus enhance the accuracy of conversions of larval size to biomass data, 
for instance in estimates of plankton production in the field (see Lindley 1988, 1998b). In 
caridean shrimp larvae, less variable body proportions may render such conversions more 
reliable than in brachyurans. 

When biomass (B) is compared among successive instars, it shows an exponential in-
crease with the number of stages, S (linearized by logarithmic transformation of B; e is the 
base of the natural logarithm, ln; if the decadic logarithm (log10) is used for linearization 
of the equation, e must be replaced by a constant of 10: 

B = eb·ea·S (6.9) 

ln B = b + a·S (6.9a) 
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This relationship, in the literature referred to as “Brook’s law” (Kurata 1962), has 
commonly been observed in larval decapods (e.g. Nates & McKenney 2000a; for recent 
review, see Anger 1998). In Figure 6.7a, it is exemplified with growth data from several 
species of shrimps and crabs, using the postmolt dry mass (W) as a measure of B in suc-
cessive larval stages. 

This comparison shows that there is considerable interspecific variability in both the 
slopes (a) and the intercept parameters (b) of the regression lines. The height of a growth 
curve depends on the initial biomass in a species (with the term b as a fitted approxi-
mation of lnB in stage-I larvae) and on the molt-stage in which biomass was measured. 
Similar as in the Hiatt plot, parameter a may be used as an index of the average biomass 
increment per instar, allowing for comparisons among taxa or different rearing conditions. 

For the time of development through an instar, biomass is in this function treated as if it 
remained constant. In contrast to size, however, B may actually change dramatically, in-
creasing up to more than threefold during an individual molting cycle (Anger & Dawirs 
1982). In Figure 6.7b, this increment is illustrated as the gap (∆W) between the regression 
curves calculated separately for time-dependent changes in postmolt and premolt weight, 
respectively, of crab larvae (Chasmagnathus granulata). Hence, when this model of 
growth is applied to decapod larvae, it should always be specified whether initial, final, or 
an “average” weight is plotted against the stage number. 

When growth is measured with a sufficiently high temporal resolution, the molt-cycle 
related patterns of change in biomass during the time of an instar can be analysed. The 
zoea I stage of the spider crab Hyas araneus, which has a long molt cycle duration, is 
taken here as a particularly suitable example. In Figure 6.8, the rates and patterns of 
change in two commonly used measures of biomass are compared: wet mass (FW) and 
dry mass (W). 

 
 
 

 

 
Figure 6.7. Exponential relationship (Eq. 6.9) between biomass (dry mass, W) and the number of 
successive stages (S); [a] initial larval W plotted against S in various caridean shrimp and brachy-
uran crab species; [b]: separate regressions for initial and final W in a crab, Chasmagnathus granu-
lata; ∆W: mass increment in individual instars; after Anger & Ismael (1997). [a]: regression equa-
tions, r2 (coefficients of determination), redrawn after data from:  

Crangon crangon: W = 23.5·e0.341·S [r2 = 0.917] (Criales & Anger 1986) 

Pandalus montagui: W = 41.0·e0.458·S [r2 = 0.994] (Schultze & Anger 1997) 
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Palaemonetes argentinus:  W = 50.3·e0.350·S [r2 = 0.975]  (Anger unpubl. data) 
Liocarcinus holsatus: W = 8.5·e0.615·S [r2 = 0.999] (Harms 1990)  
Chasmagnathus granulata: W = 4.6·e0.691·S [r2 = 0.990] (Anger & Ismael 1997)  
Eriocheir sinensis: W = 9.3·e0.776·S [r2 = 0.994] (Mataliotaki 1991) 

 
 
 
Under constant laboratory conditions of ad libitum feeding, zoeal FW increased in 

Hyas araneus by about 25% from hatching to the end of the first instar. However, when W 
or the organic carbon content (C) per individual is taken as a measure of biomass, much 
higher growth increments are obtained. W increased to more than double of its initial 
value, and the C fraction by a factor of about three (i.e. with an increment of ca. 200%). 
Thus, changes in W reflect those in organic biomass far better than FW. This difference in 
the quality of FW and W as measures of living matter is shown also when we compare 
changes during conditions of continual feeding or starvation, respectively. While W de-
creased throughout most of the time of food deprivation (Fig. 6.8b), FW continued to in-
crease with a similar pattern as in fed larvae, although at a lower rate (Fig. 6.8a). Charac-
teristics of the various measures of biomass will be discussed in more detail in the context 
with the chemical composition of the larval body (chapter 7). 
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Figure 6.8. Patterns of change in [a] wet mass (FW) and [b] dry mass (W) of continually fed or 
starved zoea I larvae of a spider crab, Hyas araneus; mean ± SD; regression equations (Eq. 6.10) de-
scribing FW or W (for fed larvae only) as non-linear functions of the time of development, t; r2: co-
efficient of determination (redrawn after data from Anger 1998). 
 

 
Regardless whether we quantify biomass in terms of FW, W, or C, the pattern of 

growth within a molting cycle appears under constant and favourable feeding conditions 
normally as a parabola-shaped curve (Fig. 6.8). Most of the increase in B occurs during 
the first half of the molting cycle, i.e. in postmolt and intermolt (molt-stages A-C), level-
ling off through premolt. This pattern can be described with a power function linking 
biomass (B) with the time (t) of development (after transformation of t to (t+1) to elimi-
nate zero values; Anger & Dawirs 1982): 

B = b·(t+1)a = B0·(t+1)a (6.10) 

In this model, the intercept parameter (b) may be re-termed B0, as it is a fitted estimate 
of the initial (t = 0) value of B (usually given in µg or mg per individual). This equation 
can be linearized by logarithmic transformation of both the dependent and independent 
variable: 

ln B = ln B0 + a·ln (t+1) (6.10a) 

When molt-cycle related growth is compared among species or stages with different 
body size, it is convenient to express the increase in B as a fraction or a percentage of the 
initial biomass value, B0. Hence, Equation 6.10 must be divided by B0 to obtain relative 
biomass, Br (and multiplied with a factor of 100 to obtain percentage values): 

Br = (t+1)a·100 (6.10b) 

In Figure 6.9, absolute and relative growth patterns are compared among the three lar-
val stages of the Norway lobster, Nephrops norvegicus, with biomass expressed in µg car-
bon, C, per individual and in % of initial (early postmolt) biomass, B0, respectively. In the 
absolute values, all larval instars show similar patterns of C accumulation (Fig. 6.9a). The 
growth curves appear to parallel each other, with successively higher B0 values (196, 372, 
and 650 µg C). However, the slopes of these regression curves show actually the opposite 
trend, decreasing from 0.334 (mysis I) to 0.187 (mysis III). This can be seen clearly when 
C is given in % of B0 (Fig. 6.9b). This comparison shows also that the mysis III stage, due 
to its longer molting cycle duration, may eventually reach similar final Br values as the 
preceding stage, in spite of a weaker slope.  

Daily (instantaneous) rates of growth within a larval stage are obtained by differentia-
tion of Equation 6.10: 

dB/dt = a· B0·(t+1)(a-1) (6.10c)  

dB/dt is highly dependent on initial biomass, B0. Large larval forms, for instance the 
mysis stages of lobsters, may reach far higher daily biomass increments per individual 
than small ones, e.g. portunid crab zoeae. For comparative purposes, it is therefore con-
venient to express instantaneous growth rates in weight-specific rather than absolute terms 
(Omori 1979). With our power function, the weight-specific rate of growth (dB/B·dt) can 
be obtained by dividing Equation 6.10c by Equation 6.10, yielding a simple expression:  
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dB/B·dt =
    

a
t + 1  (6.10d) 

W-specific growth rates have the dimension of a fraction of the present larval biomass 
(B) or, when multiplied with a factor of 100, a percentage of B per unit of time (usually 
per day). According to Equation 6.10d, the fitted parameter a in Equation 6.10 represents 
an estimate of the initial (t = 0) weight-specific growth rate in a given larval instar and 
species.  

 

 
Figure 6.9. Patterns of change in carbon during the time of the molting cycle in successive larval 
stages (mysis I-III) of a clawed lobster, Nephrops norvegicus; [a] absolute C (µg/individual), [b] C 
as a percentage of the initial biomass value (B0) in each stage; coefficients: a, slope; B0, intercept of 
the fitted regression equations (Eq. 6.10) describing C as a function of the time (t) within each molt-
ing cycle (redrawn after data from Anger & Püschel 1986). 

 
 
 
As an alternative to Equation 6.10, a second-order polynomial equation may be used to 

describe the parabola-pattern of growth during a molting cycle (Anger & Jacobi 1985, 
Dawirs et al. 1986, Minagawa et al. 1993):  

B = B0 + a·t - c·t2 (6.11)  

The intercept with the Y-axis is here again a fitted estimate of the initial biomass (B0) 
in an instar, while parameters a and c define the curvature of the relationship between 
biomass and time. In the polynomial model, the instantaneous rate of larval growth 
(dB/dt) decreases as a linear function of the time (t) of development:  
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dB/dt = a - 2·c·t (6.11a)  

This expression indicates that the constant a in Equation 6.11 is a fitted estimate of the 
initial (t = 0) growth rate per day, while c is the slope parameter, defining the rate of 
change (i.e. of decrease) in the instantaneous rate of biomass growth. 

The weight-specific instantaneous rate of growth, dB/B·dt, is given as the quotient of 
Equations 6.11a and 6.11:  

dB/B·dt =
    

a- 2ct
B0 +at - ct2  (6.11b)  

While a power function (Equation 6.10) describes a continuous gain of biomass 
throughout the molting cycle, the polynomial model (Equation 6.11) predicts that B in-
creases to a maximum and may decrease during the premolt period. This pattern has been 
observed especially in late zoeal stages and decapodids. When the time of maximum bio-
mass (tmax) is reached, the instantaneous rate of growth (Equation 6.11a) must become 
zero. Hence, tmax can easily be estimated from the regression parameters of Equation 6.11: 

tmax = 
    
a

2c  (6.11c)  

When this quotient is higher than the duration, D, of a given molting cycle this model 
predicts, like the power function (Equation 6.10), a continuous gain but no final decrease 
in biomass. Thus, the polynomial model may be more universally applicable than Equa-
tion 6.10, although it has the disadvantage to be more complex, introducing an additional 
fitted parameter, c. 

Regardless of which of these two models (Equations 6.10 or 6.11) is applied to des-
cribe the parabolic pattern of larval growth throughout a molting cycle, the instantaneous 
rates of biomass accumulation (both in absolute and weight-specific terms) tend to de-
crease during the time of an instar. This pattern, which was first described for the spider 
crab Hyas araneus, has consistently been observed in the larvae of various decapod taxa, 
and it may thus be considered as a growth rule in decapod crustacean larvae (for review, 
see Anger 1991a, 1998). Using again the larval stages of H. araneus as a typical and ex-
tensively studied example, this recurrent pattern is illustrated in a simplified graphical 
model (Fig. 6.10), assuming a linear decrease in daily growth rates (i.e. applying a poly-
nomial function, Equation 6.11). 

This schematic presentation indicates that the biomass-specific instantaneous growth 
rate, dB/B·dt, is during a short initial phase of the molting cycle (molt-stage A) negative, 
because the soft exoskeleton does not allow for capturing and ingesting prey (see section 
5.3.5). Soon after the onset of feeding (molt-stage B), dB/B·dt increases rapidly to a 
maximum. In the zoea I of Hyas araneus, biomass increments of up to ca. 40% per day 
were observed in this early phase of the molting cycle. Later instars, by contrast, did not 
reach such high maximum growth rates. In the megalopa of H. araneus, maximum growth 
did not exceed about 15% of present larval biomass per day, and a decrease in biomass 
(negative growth) occurred commonly throughout the second half of the molting cycle. 
These premolt losses may be explained by decreasing and eventually ceasing food uptake 
prior to ecdysis, especially before metamorphosis. Since also the exuvial losses tend to in-
crease in successive larval stages (section 6.7), biomass-specific net growth decreases in 
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general in successive stages of larval development. Almost identical patterns of larval 
growth as in our “model species” H. araneus, were found also in various other decapods 
(Shin & Chin 1994, 1995, Anger & Ismael 1997, Anger 1998). 

 
 
 

 

Figure 6.10. Schematic presentation of molt-cycle related changes in the weight-specific instantane-
ous growth rate (dB/B·dt; expressed as a fraction of larval biomass gained or lost per day) during the 
time of larval development in a decapod (typical example: the spider crab Hyas araneus; polyno-
mial model, Eq. 6.11); A-E: stages of the molting cycle. 
 

 

6.3 Nutritional constraints: endotrophic development and food-limited growth 

All models that are shown above describe an approximation of the maximum possible 
biomass growth of planktotrophic larvae developing under constant, close-to optimal 
feeding conditions. The lower extreme in our theoretical scale is found in planktotrophic 
larvae living in complete absence of food (starvation) and in nonfeeding larvae (obligatory 
lecithotrophy). In both cases, biomass will continually decrease as a consequence of cata-
bolic losses (endotrophy). Patterns that are transitional between the extremes of maximal 
feeding and complete starvation (or full lecithotrophy) occur under conditions of limited 
food supply and in cases of facultatively lecithotrophic development.  

6.3.1 The extreme cases: planktotrophy, starvation, full lecithotrophy 
During nonfeeding development and, in planktotrophic larvae, under conditions of com-
plete food deprivation, biomass, B, has been found to decrease as an exponential function 
of time, t (Anger & Dawirs 1982, Anger 1986): 

B = B0·e-a·t (6.12) 

This relationship becomes linear when biomass data are logarithmically transformed 
and plotted against the time: 
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Figure 6.11. Changes in organic biomass (carbon, C) during [a] food limitation or [b] lecithotrophic 
development; [a] planktotrophic zoea II spider crab (Hyas araneus) larvae fed with different diets 
(Artemia nauplii; diatoms: B. sinensis, T. rotula, S. costatum) or starved: C given as a percentage of 
the early postmolt (EPOM) content (in µg, mean ± SD); growth of Artemia-fed zoeae described as a 
power function (Eq. 6.10), biomass loss in starved individuals as an exponential function of time, t 
(Eq. 6.12); regression curves given without data points, for clarity of graph (after Harms et al. 
1991); [b] fully lecithotrophic stone crab (Lithodes maja) larvae: biomass loss described as an expo-
nential function of time (t) of development (Eq. 6.12); fitted parameters given for regressions of ab-
solute C values (µg/individual) plotted against t from hatching (zoeae) or from the beginning of the 
megalopa stage, respectively; r2: coefficient of determination (redrawn after data from Anger 
1996b). 

 
 

ln B = ln B0 - a·t (6.12a) 

This pattern has been documented, for example, in starved larvae of the spider crab 
Hyas araneus and, more recently, in the nonfeeding larvae of northern stone crab, Lith-
odes maja (Fig. 6.11). Similar patterns (although described with a different regression 
model) were observed in larval shore crab, Carcinus maenas (Dawirs 1983). In general, 
the rate of biomass loss per day is maximum during the initial phase of a period of famine, 
later this rate levels off. This is an effect of a an energy-saving physiological response to 
starvation, namely a reduction of the metabolic rate (see section 8.3.3). Before continually 
starved larvae of H. araneus or C. maenas died, they had usually lost about 50% of their 
initial carbon and energy contents. 
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Similar losses of organic matter were observed during the fully lecithotrophic larval 
development of Lithodes maja, which takes about three months from hatching through 
metamorphosis (Fig. 6.11b). In contrast to planktotrophic larvae exposed to continual star-
vation, physiological damage due to endotrophic degradation of internal structures is, in 
this case, prevented by initially enhanced energy stores. L. maja produces extremely large 
(ca. 2 mm) eggs, equipped with great amounts of organic matter.  

When average rates of biomass degradation are compared among successive larval in-
stars of Lithodes maja, significant ontogenetic changes in behavior and metabolic activity 
become evident (Fig. 6.11b). While the patterns in the three pelagic zoeal stages remain 
quite similar and can be described with a single regression equation, dramatic changes 
were observed in the megalopa. This stage shows an increasingly benthic and sluggish be-
havior, and thus, metabolizes much less energy than the free-swimming zoeal stages. 
These bioenergetic and behavioral changes are clearly reflected in a decreasing exponent 
(parameter a, Equation 6.12), being –0.0083 and –0.0031 in the zoeae and megalopae, re-
spectively. Immediately after metamorphosis, the juvenile stone crabs begin to eat and 
grow rapidly, showing in their biomass the typical parabola pattern that is known from 
planktotrophic larvae (Equation 6.11). 

6.3.2 Intermediate patterns: partial food limitation and facultative lecithotrophy 
Fully planktotrophic larvae react quite sensitively to food limitation. In larval lobsters 
(Homarus americanus), for instance, growth was depressed, survival reduced, and the re-
sulting juveniles were smaller, when food was given at lower densities (Carlberg & van 
Olst 1976). Similarly, larval body size of penaeid shrimps (Litopenaeus stylirostris), xan-
thid crabs (Panopeus herbstii), and spiny lobsters (Jasus edwardsii) increased less at 
lower prey concentrations (Abreu-Grobois et al. 1991, Welch & Epifanio 1995, Moss et 
al. 1999). 

Effects of food limitation were demonstrated also in spider crab, Hyas araneus, larvae 
fed with monospecific cultures of algae (Fig. 6.11a). With phytoplankton as a sole diet, 
not only the height but also the shape of the biomass curves was transitional between the 
typical parabola pattern of maximum growth with Artemia (Equation 6.10) and the expo-
nential decrease under complete starvation (Equation 6.12). With large diatoms (Biddul-
phia sinensis), the crab larvae showed a weak biomass increase during postmolt and in-
termolt, followed by a slight decrease during premolt, i.e. an arc-shaped growth pattern 
that may be described with a parabolic function (Equation 6.11). Less appropriate diets 
(Thalassiosira rotula, Skeletonema costatum) caused a gradual, almost linear decrease in 
biomass, approximating the typical pattern known from starved larvae (Equation 6.12). 

Intermediate patterns of growth should be expected also in larvae with an enhanced but 
incomplete independence from food (facultative lecithotrophy; see section 5.1.1). This 
developmental mode occurs in habitats where the larvae encounter, on average, an insuffi-
cient or unreliable production of food (see section 10.4). It was described, for example, in 
the zoeal stages of two semiterrestrial crab species from Jamaica, Armases miersii and 
Sesarma curacaoense. Compared with fully planktotrophic larvae, the reduction of growth 
during starvation was found to be surprisingly weak in the larvae of these species; on the 
other hand, they showed unusually low growth rates even when food was abundant (An-
ger & Schultze 1995, Anger 1995c). These traits were interpreted as a consequence of the 
partially endotrophic mode of development, which probably implies a generally reduced 
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feeding activity, also when food is available in sufficient density. This is reflected also by 
very small increments in body size of successive larval stages (see section 2.4, Fig. 2.11). 

6.3.3 Critical points in the molting cycle: is there a critical biomass? 
Effects of food availability and of other environmental factors on larval development and 
growth do not remain constant throughout the course of a molting cycle. The sensitivity 
against nutritional or other stress changes at particular “critical points” (section 4.5). This 
raises the question if these critical points are associated with particular (i.e. critical) levels 
of biomass. 

Point of reserve saturation, PRS. The phenomenon of facultatively endotrophic de-
velopment exists, in principle, also in fully planktotrophic decapod larvae. When they 
pass the point of reserve saturation (PRS, also termed D0 threshold), the larvae acquire the 
ability to finish, independent of further food availability, their development through an in-
star. Under optimal feeding conditions, the PRS may be reached after passing through 
only one fifth to one half of the time of the molting cycle. This is a consequence of sub-
stantial biomass accumulation during a short initial period, reflecting the typical growth 
patterns in well-nourished decapod larvae (see Equations 6.10, 6.11; Figs. 6.8-6.11). In 
the zoea I of Hyas araneus, the PRS was observed at about 30% of the molt-cycle dura-
tion; at this time, the energy content had increased by about 70% since early postmolt 
(Anger & Spindler 1987). The zoea-I of Carcinus maenas reached this critical point after 
passing through ca. 20% of its molting cycle, with a concurrent biomass gain of about 
60% (Dawirs 1986). These figures suggest that similar critical biomass increments might 
be necessary to reach the D0 threshold in different crab species; however, certainly more 
comparative studies should be made available to allow for generalizations. 

Exuviation threshold. As another critical event, the molting process may depend on a 
certain minimum biomass. During the premolt stages of the molting cycle, the rate of lar-
val growth declines in general, resembling that in facultatively lecithotrophic larvae (Fig. 
6.10). This is consistent with a decrease in feeding activity during premolt (section 5.3.5, 
Fig. 5.5). When food is absent during this phase, under previously favourable feeding 
conditions, the stored reserves suffice to meet the energetic requirements for metabolism 
and development through ecdysis. 

In the zoea I of Hyas araneus starved after the D0 threshold, even more than the previ-
ously accumulated biomass can be catabolized without losing the capability for successful 
molting (Anger & Spindler 1987). Thus, an early postmolt zoea II may show a lower bio-
mass than a freshly hatched zoea I, and still remain viable. By comparison, continually fed 
larvae molt with a threefold higher biomass to the zoea II. Similar results were obtained in 
zoea I Carcinus maenas larvae (Dawirs 1986, Harms et al. 1990), where one day of initial 
feeding provided enough energy to develop in later absence of food through premolt and 
ecdysis. As in H. araneus, the early zoea II contained in this case less carbon and lipid 
than a zoea I at hatching. This indicates that the exuviation threshold depends very little 
on a particular critical premolt biomass. 

Point of no Return, PNR. When planktotrophic larvae are continually starved from 
postmolt, they reach another critical point, the Point of no Return (PNR; cf. section 4.5.1). 
After this, irreversible damage (chiefly in the R-cells of the hepatopancreas; section 
3.11.5, see Fig. 3.19) does not allow any longer for a recovery from famine. In the zoea I 
of Hyas araneus, the PNR50

 was observed after ca. 8 days of starvation, when about 20-
27% of their initial carbon pool was lost (Anger & Dawirs 1982, Anger 1986). Similar 
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losses were measured also at the PNR50 of the zoea I of Carcinus maenas (Dawirs 1983). 
The larvae of both species died when they had lost about one half of their initial biomass. 
These similarities suggest that critical lower limits of biomass might be associated with 
the PNR and the maximal time of survival under starvation; however, this applies proba-
bly only to newly hatched first-stage larvae which rely exclusively on remaining yolk re-
serves. Later, the previous feeding conditions appear to be crucial for the severity of star-
vation effects, as one can see in the examples shown in the paragraph above (see Dawirs 
1986, Anger & Spindler 1987, Harms et al. 1990). Again, generalizations require more 
comparative studies of critical points, larval molting cycles, and growth. 

6.4 Effects of physical and chemical factors 

In all preceding sections of this chapter, exclusively developmental (i.e. intrinsic) and nu-
tritional factors have been considered in relation to larval growth. These basic patterns are 
modulated by effects by numerous environmental variables such as temperature, salinity, 
or toxic chemicals. 

6.4.1 Temperature 
Besides nutrition, temperature is one of the most important extrinsic factors in the regula-
tion of growth. Its most conspicuous effects are found in the frequency of molting, which 
is closely associated with the increase in body size and biomass in successive stages (sec-
tion 6.2). As in all chemical and most biological processes, the duration of development 
(D) in a given stage decreases with increasing temperature (T). In decapod larvae, this re-
lationship can be described with a hyperbolic function (Equation 6.13), which becomes 
linear after logarithmic transformation of both variables (Equation 6.13a). 

D =b·Ta  (6.13) 

ln D =ln b + a·ln T (6.13a) 

In the linearized regression, the constants a and b determine the slope and the intercept 
with the Y-axis, respectively. The fitted parameter a is negative, reflecting the inverse re-
lationship between D and T (Fig. 6.12). This power function has been applied to describe 
the temperature-dependence of development duration in larvae of several species of carid-
ean shrimps (Criales & Anger 1986, Schultze & Anger 1997), anomurans (Lindley 1990), 
and brachyuran crabs (Nichols et al. 1982, Anger 1983b, Dawirs 1985, Ismael et. al. 
1997). 

As an alternative to the commonly used power function (Equation 6.13), also Bele-
hrádek’s equation (Equation 6.14) can be used to describe the temperature-dependence of 
developmental rates (Belehrádek 1935, 1957). 

D = a·(T - α)-b (6.14) 

In this modified power function, an additional fitted parameter, α, is introduced. It is 
termed the “biological zero”, representing the temperature at which the molting frequen-
cy, 1/D, theoretically becomes zero (i.e. D = ∞). This equation has been applied to de-
scribe the temperature-dependence of development in copepods (e.g. Escribano et al. 
1998) and lobsters (Homarus americanus, Panulirus japonicus; MacKenzie 1988, Ma-
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tsuda & Yamakawa 1997), or larval respiration rate as a function of temperature (section 
8.3.5). 

 
 
 

 
 

Figure 6.12. Average larval molt-cycle duration (D, mean ± SD) of a shrimp (Pandalus montagui) 
in relation to temperature (power function, Eq. 6.13); r2: coefficient of determination (redrawn after 
data from Schultze & Anger 1997). 

 
 
 
In some species, an exponential model (Equation 6.15) gave a better fit of predicted 

and observed data of development at different temperatures (Lindley 1990, Anger 1991b); 
in this function, a and b are again fitted constants, and e is the base of the natural loga-
rithm: 

D = eb·ea·T (6.15) 

ln D = b + a·T (6.15a) 

The temperature-depencence of biological and chemical processes such as development 
or metabolism can quantitatively be compared with an index, the temperature coefficient, 
Q10: 

    Q10 = R2 / R1( ) 10/ T2-T1[ ]( )
 (6.16) 

The Q10 compares two rates (R1, R2) measured at two different temperatures (T1, T2, 
with T2>T1), based upon van’t Hoff’s equation of thermodynamics. As an example, Figure 
6.13 shows the Q10 for molting frequency, fm, in the larval stages of a crab, Chasma-
gnathus granulata; in this graph, the value for the lowest temperature range is missing in 
the megalopa because there was no survival to metamorphosis at 12°C (Ismael et. al. 
1997). As a common pattern, the Q10 depends not only on the developmental stage but 
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also on the temperature range considered, decreasing in general at higher temperatures. In 
larval C. granulata, this becomes increasingly evident in the late zoeal stages. 

 
 
 

 
 
Fig. 6.13. Temperature coefficient (Q10) of the instantaneous rate of development (molting fre-
quency, fm) in the successive larval stages of a crab, Chasmagnathus granulata (redrawn after data 
from Ismael et al. 1997). 

 
 
 
Besides molting frequency, also the final size and biomass of individual larval stages 

may be affected by temperature. A larger size has frequently been observed in the colder 
parts of the distribution area of a taxonomic group (“Bergman’s size rule”; see Kinne 
1970). Among the crustacean larvae, this tendency has been found in barnacles (e.g. 
Harms 1986) and decapods (Hartnoll & Mohamedeen 1987, Shirley et al. 1987, Sulkin & 
McKeen 1994, Sulkin et al. 1996, Furota 1996, Matsuda & Yamakawa 1997, Lindley 
1998a, Robinson & Tully 2000, Thatje & Bacardit 2000). However, exceptions of this 
rule have also been observed, for instance in a comparison of spider crab (Hyas spp.) lar-
vae originating from different geographical regions (Pohle 1991). In caridean shrimps, 
high temperatures tend to decrease the size increment per instar and to increase the num-
ber of stages, which may eventually lead to similar final size (Knowlton 1974, Criales & 
Anger 1986, Linck 1995). 

Most of the experimental evidence suggests that growth is maximum near the tempera-
ture where the physiological performance of a given stage or species is optimal; thus, it 
decreases at both higher and lower temperatures (Regnault 1969b, Rothlisberg 1979, Ku-
nisch & Anger 1984, Dawirs et al. 1986, Anger 1987b, MacKenzie 1988, Laughlin & 
French 1989a, Minagawa 1990b, Sulkin & McKeen 1994, 1996, Matsuda & Yamakawa 
1997). This indicates that the degree of temperature-dependence of two principal devel-
opmental processes, namely molting and growth, diverges at extreme temperatures. At the 
lower end of the tolerated range, it seems that reduction of the instantaneous rate of bio-
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mass accumulation is stronger than the deceleration of development, while at unfavoura-
bly high temperatures the enhancement of biomass growth appears to be weaker than the 
concurrent acceleration of the molting frequency. In a recent review of larval growth (An-
ger 1998), this presumable effect was exemplified with the temperature-dependence of 
biomass growth in larval shore crab, Carcinus maenas. The larvae of the spider crab, 
Hyas araneus, may be used as another example (Fig. 6.14). 

 
 
 

 

 
Figure 6.14. Growth of spider crab (Hyas araneus) larvae reared at different constant temperatures; 
[a] increments in carbon (C, in % of initial [early postmolt, EPOM] values); [b] final (late premolt) 
C per individual in each stage; mean ± SD; * = statistically significant differences (P<0.05; Mann-
Whitney U-test; Anger, unpublished data). 

According to the maximum biomass achieved in successive stages, this species shows 
an ontogenetic shift in the stage-specific temperature optimum. In the zoea I, maximum 
biomass increments and highest survival occurred in the range from 3-9°C, while the zoea 
II and the megalopa grew and survived better at higher temperatures (12-15°C); in these 
experiments, no survival through metamorphosis occurred at 3-6°C. This apparent shift in 
the temperature preference observed under constant conditions in the laboratory corre-
sponds with a seasonal increase in water temperature during larval development in the 
field. Throughout the geographic range of this boreal and subarctic species, the larvae 
hatch in late winter when temperatures are at their minimum (ca. 3°C in the North Sea), 
and the subsequent stages develop in spring when water temperature rises gradually (cf. 
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section 10.2). Thus, the shift in the optimum may be based upon a genetic adaptation to 
recurrent (i.e. predictable) seasonal changes in the water temperature. This is suggested 
also by consistently low larval tolerance of 18°C. In the southern North Sea, this is near 
the average summer maximum, which is reached only after the time of settlement and 
metamorphosis in Hyas araneus, and thus, is not normally experienced by the larvae of 
this species (Anger 1983b). 

6.4.2 Salinity 
As another environmental key factor, salinity is known to influence the chances of survi-
val and the rate of development in decapod larvae (see e.g. Kinne 1971). Compared with 
the effects of temperature, however, the influence of salinity on the duration of develop-
ment through individual stages is relatively weak, and little is known about salinity-
induced changes in larval size or biomass. 

Salinity effects have recently been demonstrated in the rate of carbon accumulation of 
larval shore crab, Carcinus maenas (Anger et al. 1998). This species, which is a typical 
inhabitant of coastal and estuarine environments, may release its larvae in brackish water 
about half the strength of seawater. The zoeae are subsequently transported to more saline 
coastal or offshore waters, where most of their later development occurs (Queiroga et al. 
1994). The successive larval stages may thus encounter varying salinity regimes, with a 
high probability that brackish conditions prevail after hatching. In laboratory experiments, 
even short initial periods of exposure to reduced salinities (one day, 20‰) reduced signifi-
cantly the rate of C accumulation during the first larval stage, and hence, may later de-
crease the chance of successful recruitment. When the larvae were reared from hatching at 
different constant salinities (15-32‰), their growth rates decreased, within this ecologi-
cally realistic range, with decreasing salinity. 

The semiterrestrial crab Armases miersii may be used as another example of salinity ef-
fects on larval growth. In the Caribbean, this species is known to release its larvae in su-
pratidal rock pools, where salinity can vary between extremely diluted and hypersaline 
conditions (<5 to >50‰; Anger 1995c, Schuh & Diesel 1995a). Not surprisingly, all lar-
val stages show an extreme degree of euryhalinity (Schuh & Diesel 1995b, Anger 1995c, 
1996a, Charmantier et al. 1998). Yet, the rates of biomass accumulation measured during 
development under different salinities show that extreme (both enhanced and reduced) salt 
concentrations affect larval growth negatively (Fig. 6.15). The range for maximum growth 
was wide in the beginning of larval life (15-45‰), but it narrowed throughout the time of 
zoeal development, shifting gradually towards a higher salinity (45‰). Interestingly, 
however, the opposite trends were observed thereafter. 
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Figure 6.15. Growth of crab (Armases miersii) larvae reared at different constant salinities: carbon 
content (C, mean ± SD) at hatching, after one day, and in late premolt zoea II, zoea III, megalopa, 
and first juvenile stage; different letters indicate statistically significant differences (P<0.05) (re-
drawn after data from Anger et al. 2000). 

 
 
These ontogenetic shifts cannot be explained as an adaptation to predictable changes 

occurring in the natural habitat. Instead, it may reflect a developmental change in the 
physiology of these crab larvae (Anger et al. 2000). From hatching, they are strong hyper-
regulators in dilute media, but at salinities >25% they are osmoconformers (Charmantier 
et al. 1998). The reduction of cumulative zoeal growth in brackish water was thus tenta-
tively interpreted as a consequence of energy expenditure for osmoregulation at low sa-
linities. The megalopa and the juvenile crabs are, in contrast to the zoeae, also capable of 
hyporegulation in concentrated media, and thus, they should require an extra energy for 
this process. Concurrently, the hyperregulation in dilute media may become energetically 
more efficient after the formation of functional gills in the megalopa (cf. section 3.2). 
Thus, the apparent backward shift in the salinity optimum (Fig. 6.15) could be a conse-
quence of increasing energetic needs for hyporegulation and decreasing costs of hyper-
regulation. However, this tentative interpretation remains widely speculative (but also 
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testable), as long as too little is known about the actual energetic costs for osmoregulation 
and the potential consequences for growth in decapod larvae. 

6.4.3 Other environmental factors 
Besides nutrition, temperature and salinity, a number of further extrinsic factors such as 
photoperiod, pH, oxygen concentration, and pollutants affect the survival and develop-
ment of decapod larvae. Relatively little, however, is known about the influence of such 
variables on larval size and biomass. 

6.4.3.1 Light 
Inconsistent effects of daylength and/or light intensity on larval growth were demon-
strated in various species of crabs (Ranina ranina, Minagawa 1994; Pseudocarcinus gi-
gas, Gardner & Maguire 1998) and lobsters (Homarus americanus, Aiken et al. 1981; 
Thenus orientalis, Mikami & Greenwood 1997b; Jasus edwardsii, Moss et al. 1999). H. 
americanus larvae showed their maximum growth under short-day conditions (1:23h 
light:dark), while those of R. ranina grew better at a 12:12h cycle. In T. orientalis, larval 
growth was negatively affected by a regime with continuous light, while the larvae of the 
Australian giant crab, P. gigas, showed minimum size growth and shortest molt cycle du-
ration in continuous darkness. These effects were associated with light-induced changes in 
larval swimming or feeding activity. 

6.4.3.2 Pollutants 
Among the numerous stress factors occurring in the environment, also man-made pollut-
ants are known to affect larval growth. This has been demonstrated experimentally in 
various studies, only a few examples of which shall be mentioned here, in the specific 
context with size and biomass; further examples of toxic pollution effects are given in sec-
tion 10.1.5). In the larvae of the crab Rhithropanopeus harrisii, for instance, long-term 
exposure to sublethal concentrations of aromatic hydrocarbons caused a reduced size at 
metamorphosis (Laughlin et al. 1978a). Similarly, the growth of lobster (Homarus ameri-
canus) larvae was depressed in the presence of various organic pollutants (Capuzzo 1977, 
Capuzzo & Lancaster 1981, Capuzzo et al. 1984), and several pesticides were shown to 
reduce the rates of larval growth, survival, and metamorphosis in an estuarine shrimp, Pa-
laemonetes pugio (Laughlin et al. 1978b, McKenney & Celestial 1993, McKenney et al. 
1998). Also in a portunid crab (Portunus pelagicus), water contamination with toxic met-
als such as chromium, nickel, or copper reduced the molting frequency in the larval stages 
and the growth in subsequent juvenile instars (Mortimer & Miller 1994). Furthermore, 
water quality may be deteriorated also by naturally occurring toxic substances, for in-
stance those originating from decay of organic matter or released by nuisance blooms of 
dinoflagellates. Ammonia and various other toxic nitrogenous compounds are normally 
excreted by aquatic animals, and hence, are a common problem also for growth in the in-
tense commercial culture of edible decapods (e.g. Armstrong et al 1978, Chin & Chen 
1987, Chen & Nan 1991, Lin et al. 1993, Zhao et al. 1998, Cavalli et al. 2000). 

6.5 Regulation of growth and the hormesis concept: a cybernetic approach 

Cybernetic models for growth regulation postulate that growth is not necessarily maxi-
mized but regulated towards a genetically derived “set point” (Calow 1976, Patten & 
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Odum 1981, Hartnoll & Dalley 1981). This requires the existence of intrinsic sensors 
which compare the actual with a “required” rate of growth. When these rates deviate from 
one another, control elements will change growth-regulating metabolic processes which 
increase or decrease the actual growth rate accordingly (Fig. 6.16a). Extrinsic factors 
(“disturbance”) may affect these processes, and hence, cause changes in the actual rate of 
growth. As soon as this deviates from the “required” rate (∑), the control elements will 
again initiate a correction. 

 
 
 
 

 

Figure 6.16. [a] Simplified model for growth regulation; [b] expected oscillations of the actual 
growth rate around a required rate, ∑ (redrawn after Stebbing 1981a, Sanders et al. 1985). 

Although this conceptual model of growth regulation does not attempt to explain the 
underlying physiological mechanisms, it postulates predictable reaction patterns which 
can be tested experimentally. As one of the typical traits of such a hypothetical regulation 
system, there must be a time lag between the detection of an unrequired change in growth 
rate and its subsequent correction via the metabolic machinery (Fig. 6.16b). This delayed 
response causes overcorrections that should be followed by regulations in the opposite di-
rection. In consequence, the actual growth rate oscillates around the “required” rate. 
Those oscillations appear to be a typical characteristic of self-regulating systems reacting 
to perturbations (Hubbell 1971). The amplitude of the oscillations should successively 
dampen over time when the counteraction is effective. However, when the stress effect is 
greater than the capacity of an organism to compensate for it, the oscillations should theo-
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retically increase with time. Furthermore, it has been postulated that the control mecha-
nisms are unspecific, responding similarly to a wide range of environmental effects, for 
instance pollution, salinity or temperature stress, and they should occur in numerous taxa 
of microorganisms, plants and animals (Stebbing 1981a, b). 

Among the decapod crustacean larvae, such response patterns were reported from mud 
crab (Rhithropanopeus harrisii) zoeae. When these were exposed to sublethal concentra-
tions of triorganotin compounds, they showed enhanced oscillations in their instantaneous 
growth rate, increasing in number and amplitude with the concentration of the toxicant 
(Sanders et al. 1985, Laughlin et al. 1985). The increase in amplitude at high organometal 
levels was interpreted as an indication that the regulation system became increasingly in-
efficient. At the lowest concentration, in contrast, the amplitude tended to decrease over 
time, indicating an effective compensation of the perturbation on growth. Similar oscil-
lation patterns were observed also when mud crab larvae were reared at cyclically varying 
temperature regimes (Sanders & Costlow 1981). 

When the upregulation of growth in the presence of a subinhibitory stress signal is 
stronger than necessary for compensation, the instantaneous growth rate may become 
higher than in unstressed control individuals. Thus, weak stress signals may transitorily 
stimulate rather than depress the rates of growth and other biological processes. As a con-
sequence of frequent transitory overcompensations, also the cumulative growth increment 
may eventually exceed that in an unstressed control (Stebbing 1981b). The phenomenon 
of enhanced growth after the action of sublethal stress was for the first time observed, 
more than a century ago, by Schulz (1888) and subsequently confirmed in studies with 
various types of organisms (for literature, see Stebbing 1981b). It became known as the 
“Arndt-Schulz Law” or “hormesis” (Southam & Ehrlich 1943, Collocott 1971). 

Hormesis was suggested to occur also in the zoeae of Rhithropanopeus harrisii (Sand-
ers & Costlow 1981, Sanders et al. 1985, Laughlin et al. 1981, 1985). When the larvae 
were exposed to stressful thermal conditions or toxic pollutants, their growth (measured as 
dry mass) seemed to be enhanced compared with an unstressed control group. Also in a 
recent study with a grapsid crab species from south-east Asia, Nanosesarma (Beanium) 
batavicum, a stimulation of larval growth under the exposure to low levels of copper and 
mercury was reported (Selvakumar & Haridasan 2000). 

When we analysed the growth of Hyas araneus zoeae for possible indications of the 
hormesis phenomenon (Pfannschmidt 1995), we realized that there are some principal 
problems in the detection of this effect in crustacean larvae. Since the regulation of 
growth is an important issue, not only in larval biology, I will discuss these problems in 
some detail. The following characteristics of growth and development in crustacean larvae 
must be considered: (1) as a consequence of developmental (i.e. intrinsic) processes, the 
instantaneous rate of growth changes greatly among and within individual instars; (2) 
daily growth rates become very small during the second half of the molting cycle, namely 
in the premolt phase; (3) stressed larvae tend to lengthen their development through the 
molting cycle. 

Problem (1) requires both a clear separation of successive instars and a high temporal 
resolution of biomass measurements within a molting cycle. When mass-culture techni-
ques are applied and successive stages are not thoroughly separated in at least daily inter-
vals, the chronological age of the larvae (time from hatching) is generally not a reliable 
measure of their developmental stage. In mixed samples taken from different molt-stages 
or even from different instars, the “noise” (i.e. the variability due to inhomogeneity of the 
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material) is enhanced in relation to the “signal” (the response to disturbance). This prob-
lem is particularly severe in fast-growing larvae with short molting cycles, where the 
number of data points per instar must remain low. In this respect, Rhithropanopeus har-
risii is certainly much less suitable for this kind of study than Hyas araneus. 

Problem (2) implies that very small daily biomass increments must be precisely meas-
ured and compared between experimentally treated and control larvae; this is technically 
difficult, especially during the second half of the molting cycle where growth rates are 
generally low. Consequently, also the possible differences between such small instantane-
ous growth rates become extremely small, falling sometimes below the detection limits of 
analytical techniques. On the other hand, insignificant differences may appear tremendous 
when they are expressed in relative terms, i.e. as a percentage of the instantaneous growth 
rate in a control group (R%; see Sanders et al. 1985). Relative growth differences may 
easily reach values of several hundred percent, without being statistically significant or 
biologically meaningful. In order to reduce these problems of accuracy, we measured the 
larval carbon content rather than dry mass (which had been used by previous authors as a 
measure of growth). 

Problem (3) is associated with the fact that development will normally proceed at un-
equal rates in stressed and control larvae. As a consequence, even precisely controlled and 
equal intervals of sampling cannot guarantee that biomass changes in different experimen-
tal groups are compared in identical molt-stages. Due to their delayed development, 
stressed larvae may remain in an earlier molt-stage, while the unstressed control group has 
already advanced to a later developmental state. As the instantaneous rate of growth tends 
to decrease substantially during the course of a molting cycle (see section 6.2.3), control 
larvae will tend to show a lower rate than stressed individuals with an equal chronological 
age. This developmental effect may then be misinterpreted as an overregulation of growth 
after stress, i.e. as “hormesis”. 

We chose the spider crab Hyas araneus for our study, because the larvae of this cold-
water species very have long molt-cycle durations, allowing for a high temporal resolution 
of sampling within an instar. Measuring biomass in daily intervals, we were able to obtain 
13 to 16 data points within the zoea I molting cycle. Since H. araneus is a stenohaline ma-
rine species (Anger 1985), we applied a short-term exposure to reduced salinities as a per-
turbance on larval growth. After the second day of development, one group of larvae (the 
control) was left at constant 32‰, whereas two others were exposed for 24 hours to condi-
tions of hypoosmotic stress (20 and 15‰; later referred to as “20‰ group” and “15‰ 
group”, respectively). 
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Figure 6.17. Growth of crab larvae (Hyas araneus, zoea I) exposed for 24 h to hypo-osmotic stress 
(15 or 20‰ salinity), compared with an unstressed control group (constant 32 ‰); [a] individual 
carbon (C) content; [b] relative daily growth rate in experimentally stressed larvae (∆G, in % of 
concomitant instantaneous growth in the control group) (redrawn after data from Pfannschmidt 
1995, with permission from the author). 

 

 
The results of these experiments are illustrated in Figure 6.17, showing developmental 

changes in the larval carbon content (in µg per individual) and in the percentage differ-
ence (∆G, in %) between the instantaneous growth rates in the control (defined as 100%) 
and the two experimental treatments. Overshoots and undershoots of growth relative to 
the control are highlighted as shaded areas (Fig. 6.17b; cf. Fig. 6.16b). No comparisons of 
growth after day 11 are included in these graphs, because differences in daily C accumula-
tion became insignificant in late premolt, appearing nevertheless as exremely high per-
centage differences (see problem #2). Moreover, development was shorter in the control, 
so that no more reference values were available. 

Immediately after the experimental disturbance, highly significant differences in larval 
biomass were measured among all treatments (day 3; Fig. 6.17a). No growth occurred 
during the 24 hours of exposure to 20‰, and significant amounts of C were lost at 15‰, 
while a steep increase was measured in the undisturbed control group (32‰). During the 
following three days, the growth rate in the 20‰-group oscillated around that in the con-
trol, with deviations of ca. ±50% (Fig. 6.17b). In consequence, the biomass curves re-
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mained almost parallel during this period, and similar final values were eventually meas-
ured in the 20‰-group and the control (Fig. 6.17a). 

Larvae exposed to 15‰ recovered more slowly from low-salinity stress, reaching a 
similar growth rate as in the control only more than four days after the disturbance. Tran-
sitorily enhanced ∆G values after day 7 of the molting cycle were caused by decreasing 
instantaneous growth rates in the reference group, which had meanwhile reached the pre-
molt phase (see problem #3). Notwithstanding the delay in development in this group (i.e. 
despite more time available for growth), the final premolt biomass remained significantly 
below that in the other two treatments. Thus, no effective compensation of stress-induced 
growth reduction occurred in this treatment, nor signs of an overcompensation (hormesis). 

An indication of compensatory growth was thus found only at a moderate level of 
stress (20‰-group), but no overcompensation with enhanced cumulative biomass gain. In 
conclusion, no signs of hormesis could be detected in this treatment. Also transitorily en-
hanced relative growth (∆G) values did not indicate an overcompensation (Fig. 6.17b), as 
this could be also an effect of a slight developmental delay within the molting cycle (prob-
lem 3). Likewise, oscillations around the average control growth rate could also be an arti-
fact caused by variable growth in the control group; moreover, these oscillations did not 
tend to decrease as predicted by the cybernetic model of growth regulation. 

Similar response patterns were recently observed also in early zoeae of the shore crab, 
Carcinus maenas (Anger et al. 1998). Immediately after exposure to low-salinity stress, 
the larvae ceased to grow or lost biomass. During the second half of the molting cycle, in 
contrast, they recovered and showed slightly higher daily growth rates than larvae reared 
at more favourable salinities. This transitory enhancement of instantaneous growth after 
an osmotic shock may resemble hormesis; however, it may again be explained with a de-
velopmental delay in the experimentally treated larvae. Their cumulative biomass incre-
ments remained consistently below those in the unstressed control group, indicating that 
the compensation of growth was not fully effective. 

In conclusion, there exists no concluding evidence of an occurrence of hormesis in de-
capod crustacean larvae. In contrast to the predictions of the cybernetic model of growth 
regulation, all available biomass data with a high temporal resolution suggest that larval 
growth may be maximized rather than up- and downregulated around a genetically set 
level, the hypothetically postulated “required rate”. The particular growth patterns in crus-
tacean larvae render the detection of possibly existing mechanisms of growth regulation 
especially difficult. However, the problems discussed and exemplified above may be 
overcome, when more accurate methods for the measurement of instantaneous growth 
rates become available. Recent attempts of point measurements of growth will be the sub-
ject of the following section. 

6.6 Nucleic acids and growth 

Processes of growth and development are closely associated with the production and me-
tabolism of nucleic acids. Thus, the quantification of DNA and RNA has increasingly 
been considered as a promising tool for a rapid assessment of the nutritional condition or 
an analysis of growth rates and mechanisms, namely in fish larvae and other zooplankton 
(e.g. Clemmesen 1989, 1994, Malloy & Targett 1994). However, only few comparative 
data of nucleic acids have become available for decapod crustacean larvae. These are re-
viewed in the following section. 
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6.6.1 Point measurements of growth rate 
Since larval growth may vary considerably, even during individual molting cycles, point 
measurements of instantaneous growth rates would be highly desirable. Such estimates 
should be useful in studies of comparative physiology (including the analysis of possible 
mechanism of growth regulation; see above), in the evaluation of larval performance in 
aquaculture, and in studies of plankton production in the field. Nucleic acids and, in par-
ticular, the RNA:DNA ratio have recently been used as indirect measures of instantaneous 
rates of biomass accumulation. 

This method is based on the following theoretical considerations: (1) the amount of 
RNA carrying information from the nucleus to the ribosomes should be proportional to 
the rate of protein synthesis (RNA is predominantly ribosomal); (2) the DNA content per 
cell is constant (most DNA is concentrated in nuclei). Thus, the RNA:DNA ratio should 
be an index of the average synthetic activity per cell, theoretically allowing for point 
measurements of biomass growth. A positive relationship between this quotient and 
growth rate has been observed in a variety of organisms including zooplankton (Båmstedt 
& Skoldal 1980) and fish (Bulow 1987). Among the decapod crustaceans, this was most 
convincingly shown in early juvenile lobsters (Juinio & Cobb 1994) and larval penaeid 
shrimps (Jayaprakas & Sambhu 1996). In lobster (Homarus americanus) larvae, a close 
relationship between the RNA:DNA ratio and growth (expressed as daily increment in 
protein) was described with a regression model, which considers also temperature effects 
(Juinio & Cobb 1994). This model has later been used as a routine tool for estimates of in 
situ growth rates of larval lobsters (James-Pirri & Cobb 1997). In penaeid shrimp larvae, a 
reduced RNA:DNA index was shown to indicate depressed growth during exposure to 
pollution stress (Galindo et al. 1996). 

However, in the literature there are also examples of a poor correlation between growth 
rate and the RNA:DNA ratio (e.g. Bergeron & Boulhic 1994, Mathers et al. 1994). Con-
troversial results were obtained also in several studies of nucleic acids in decapod larvae 
(Regnault & Luquet 1974, 1976, Sulkin et al. 1975, Anger & Hirche 1990, Lemmens 
1995). This might be partly due to species-specific traits, or it could be a consequence of a 
more general problem: different organs may show different developmental patterns in 
growth rates and nucleic acid concentrations. Since the small size of larvae requires meas-
urements of nucleic acids in whole individuals, organ-specific variation cannot be identi-
fied. Thus, histochemical and cytochemical rather than conventional biochemical tech-
niques may yield a more detailed image of growth and development. At present, the 
evidence for a general applicability of the RNA:DNA ratio as a quantitative estimator of 
instantaneous growth in decapod larvae is still inconclusive. 
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Figure 6.18. Developmental changes in the DNA content of crab (Hyas araneus) larvae; [a] content 
per individual; [b] ratio of carbon:DNA as a measure of average cell biomass (redrawn after Anger 
& Hirche 1990). 

 
 

6.6.2 Hyperplasia, hypertrophy, programmed cell death 
We defined growth as an increase in body size or biomass. On the cellular level, this in-
crease can be theoretically based upon two distinct mechanisms: (1) cell multiplication 
(hyperplasia); (2) cell enlargement (hypertrophy). As a third developmental phenomenon, 
there may be also phases with a reduction in the number of cells (programmed cell death 
or apoptosis; see section 4.1.3). In order to distinguish between these processes, we may 
apply the following considerations. If we assume that the DNA content per nucleus is 
constant in somatic cells of a given species (Leslie 1955), then an increase in the amount 
of DNA per individual indicates a proliferation of cells, while a decrease indicates the oc-
currence of cell death. An increase in the average cell size, on the other hand, should be 
indicated by an increasing ratio of organic matter to DNA, e.g. in an increasing C:DNA 
ratio (Anger & Hirche 1990, Lemmens 1995). The inverse quotient (DNA:C) has recently 
been proposed as an index of the physiological condition of fish larvae (Bergeron et al. 
1997). Hence, the parallel quantification of biomass and nucleic acids during the develop-
ment of larval decapods should allow for an identification of different growth phases 
based on hyperplasia or hypertrophy, respectively. 

As an example of such an analysis, Figure 6.18 shows the DNA content per individual 
and the C:DNA ratio in the spider crab Hyas araneus from hatching to the end of the first 
juvenile instar. According to gradually increasing amounts of DNA per larva, cell multi-
plication was the dominating growth mechanism throughout zoeal development from 
hatching to the beginning of the megalopa stage (Fig. 6.18a). This is consistent with ob-
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servations from larval lobsters (Homarus americanus) which indicate that the increase in 
epidermal cell number is crucial for the increase in size at ecdysis (Cheng & Chang 1993). 

The C:DNA ratio remained almost constant throughout the zoeal phase of Hyas ara-
neus (except for a sudden increase immediately after hatching), indicating that the average 
cell size did not change much (Fig. 6.18b). Thereafter, a steep incease in this quotient 
suggests a period of cell enlargement during the postmolt phase of the megalopa, while 
weakly increasing DNA values indicated a reduced but continued mitotic activity (Fig. 
6.18a). During later stages of the megalopa molting cycle (C-D1), both the number and the 
average size of cells remained widely constant. Finally decreasing DNA values suggest 
the occurrence of programmed cell death prior to metamorphosis to the first crab stage. 
This may reflect major reconstruction processes including cell lysis. In the crab I stage, 
the average cell size showed another initial increase, which again was followed by rela-
tively constant values, while the DNA content per crab increased gradually throughout the 
later parts of the molting cycle, without showing signs of cell death. 

The similarity of growth patterns in the megalopa and the first crab instar suggests that 
the last larval stage acquires major characteristics of the juvenile life-history stages. This 
supports the concept of a two-step metamorphosis in the Brachyura, which is indicated 
also by similarities in other physiological, anatomical, and morphological traits. 

6.7 Exuvia production 

The formation of the exoskeleton represents an integral part of body growth in the Arthro-
poda. In budgets of energy or matter, however, it must be considered separately from tis-
sue production, as a loss (see section 9.1). While the synthesis, partial reabsorption, and 
loss of ecdysial matter have been quantitatively studied in juvenile and adult decapods, lit-
tle is known about these processes in larval stages. In contrast to the adult exoskeleton, 
which is heavily calcified in many taxa, the larval cuticle is generally thin and flexible. 
This difference implies ontogenetic changes in the relative proportions of tissue and cuti-
cle production. 

As a general pattern, the percentage of late premolt (LPM) biomass cast as exuvial mat-
ter shows an increasing trend in successive ontogenetic stages (for references, see Anger 
1991a). In the zoeal stages of spider crab and hermit crab species (Hyas araneus, Pagurus 
bernhardus), ecdysial losses of ca. 3-6% of total LPM energy occurred, whereas signifi-
cantly higher values (>10%) were measured in the megalopa. An ontogenetic increase in 
the exuvia production relative to LPM biomass was observed also in larvae of caridean 
shrimps (Pandalus borealis) and lobsters (Homarus gammarus, Nephrops norvegicus). 
Shrimp zoeae produce generally very thin and fragile exuviae; in P. borealis, they con-
tained ca. 4-6% of LPM biomass, while the first “postlarva” (in this case probably a juve-
nile; Shumway et al. 1985) lost about 9% at ecdysis (Ikeda & Aritaki 1991). The same 
trend was observed in larval lobsters, although on a higher average level (9-30%). How-
ever, there are apparently exceptions to the possible rule of ontogenetically increasing ex-
uvial losses. In the zoeae and megalopae of portunid crabs (Liocarcinus holsatus, Car-
cinus maenas), they remained generally low (<6% of LPM matter), without showing a 
clear trend.  

Exuvial losses may be expressed also as a percentage of total body growth that is 
achieved during a given instar (Anger 1991a). In Hyas araneus, for instance, the three lar-
val stages were found to lose 9, 13, and 35% of their preceding body growth, respectively. 
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However, comparative data from other larval decapods are too scarce to allow for safe 
generalizations. In particular, it remains unclear whether those percentage values are nor-
mally constant in a given species and developmental stage, or vary with the conditions of 
feeding or other environmental factors. If the exuvial losses relative to previous growth or 
LPM biomass remain constant, then the absolute values of exuvia production within total 
growth must be variable. As an alternative, the cuticle thickness may remain widely unaf-
fected by external conditions; in this case, the fraction of LPM biomass or of total growth 
that is lost in exuviation must vary with total body growth.  

Indirect evidence from the chemical composition of crab larvae reared at different ex-
ternal salt concentrations suggest that at least the salinity factor affects the thickness and 
the degree of sklerotisation of the cuticle (see section 7.1). According to changes in the 
inorganic fraction of larval body mass, a reduced exuvia production per larva should be 
expected in brackish water as compared with seawater. Variations in cuticle production 
and resorption should be expected also under different feeding conditions, maybe both in 
absolute and relative terms. Thus, the absolute exuvia production may generally vary in 
response to external factors; this does not exclude, on the other hand, that it may vary also 
relative to previous growth and/or LPM biomass. Since such relationships are potentially 
relevant in aquaculture and production biology, more comparative data of larval growth 
and exuvia production should be desirable. 
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7 CHEMICAL COMPOSITION 

Changes in body size or biomass, measured in successive stages or within individual molt-
ing cycles, may be used to describe the basic developmental patterns of growth, which are 
further modified by the action of environmental factors (see chapter 6). However, all those 
patterns may actually vary among the different chemical constitutents of biomass. For in-
stance, significant changes may occur in the relative proportions of water and dry matter, 
or between organic and inorganic substances, although total wet or dry mass is stable. On 
the other hand, total body weight may change due to changes in the water or mineral frac-
tion, while the quantity of living matter remains constant. As another example, in postmolt 
there is regularly a decrease in the relative contents of carbon and nitrogen (C, N; in per 
cent of dry mass), notwithstanding a concurrent increase in the absolute amounts of these 
elements (in µg per individual). This pattern is caused by an initially higher rate of in-
crease in the fraction of mineral substances, which temporarily outweighs the increase in 
organic constituents. Diverging patterns can be observed also within the organic fraction, 
e.g. in the proportions of C and N. 

For a deeper understanding of growth, it is thus essential to quantify not only changes 
in total biomass, but to consider also changes in its chemical composition. Depending on 
the question, it may be sufficient to distinguish between gross fractions such as dry matter 
and water, or ash and organic matter, while more detailed analyses of elemental or bio-
chemical components are required in other cases. Changes in the proportions of various 
chemical fractions of biomass have frequently been used as indicators of larval “condi-
tion” (i.e. health), which is believed to be correlated with the overall chances of survival 
and recruitment in the field (see reviews by Ferron & Leggett 1994, Suthers 1998; for re-
cent controversial discussion see Suthers 2000, Elliott & Leggett 2000). In this chapter, 
developmental and environmentally induced changes in the principal chemical fractions of 
larval biomass are reviewed, quantitative relationships between elemental and biochemi-
cal constitutents are shown, which may be used for approximative conversions of one 
constituent to another, and potential condition indices are discussed. 

7.1 The principal fractions of biomass: water, ash, organic matter 

Biomass, in its widest sense, is the total body mass of an organism, measured as wet mass, 
FW (see section 6.2.3). In a narrower sense, the term biomass is restricted to the fraction 
of organic matter. This is usually estimated as dry mass (W), which excludes the water 
content of FW. However, W still consists not only of organic compounds, but contains 
also a mineral fraction. This can be quantified by complete combustion of dry mass at 
500°C and subsequent weighing of the ash residue (Paine 1971, Hirota & Szyper 1975). 
The difference between total W and ash weight, the ash-free dry mass (AFW), is consider-
ed to represent the fraction of organic matter within biomass. 

In the pelagic environment, physical contraints determine to some degree the chemical 
composition of its freely floating inhabitants, the plankton. It is namely the need for boy-
ancy in the water column which requires a high water content and limits the maximum 
possible degree of cuticle calcification, i.e. the ash content. The water content of both lar-
val and non-larval planktonic marine crustaceans has been observed to range between ca. 
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64 and 92% of FW, the ash content from about 3 to 25% of W (Childress & Nygaard 
1974, Morris & Hopkins 1983). Compared with planktonic forms, benthic animals show 
on average a lower water content and a much larger mineral fraction, regardless of their 
taxonomic position and developmental stage. This reflects their generally compact, often 
heavily sklerotisized nature. These differential traits were described also within a single 
species, the galatheid squat lobster Munida gregaria, where two distinct postmetamorphic 
forms occur, one showing a pelagic, the other a benthic life style (Williams 1980). Hence, 
the overall chemical composition of meroplanktonic decapod larvae shows more similar-
ity with that of adult holoplanktonic forms (including those belonging to unrelated taxa 
such as copepods or mysids) than with conspecific benthic life-cycle stages. 

7.1.1 Wet mass and water content 
In chapter 6, we have seen that FW changes only little during the course of a molting cy-
cle as compared with the concomitant changes in dry mass (W). The same is true for com-
parisons between fed and starved larvae. Hence, FW is generally a poor indicator of age, 
developmental stage, or nutritional condition of larvae (Anger 1998). This is a conse-
quence of nearly constant body size in a given instar: larval size shows a sudden increase 
during the brief soft-skinned postmolt period, due to a rapid uptake of water, but it 
changes only little after the cuticle has become more rigid (see section 4.1). Constraints on 
the available body volume may thus require a partial mutual replacement of dry matter 
(including organic constituents) with water in starved larvae, and an inverse exchange in 
fed individuals. This mutual replacement implies a negative correlation between the per-
centage of water (as a fraction of total FW) and that of the organic constituents (as a frac-
tion of dry mass, W). This relationship can be seen in larval growth data obtained from the 
spider crab Hyas araneus (see Anger & Dawirs 1982), where the percent water content 
correlated negatively with the contents of carbon and nitrogen. More recently, Lemos et 
al. (1999) demonstrated a significant negative correlation between the percentage of water 
(%FW) and the protein content (%W) in the larval biomass of a penaeid shrimp, Farfante-
penaeus paulensis. Hence, variation in the relative water content should, at least in com-
parable larval stages or within a given molting cycle, generally indicate opposite varia-
tions in organic constituents. In small decapod crustacean larvae, the potential value of the 
percentage of water as a condition index is reduced by relatively low precision of FW de-
terminations; however, it should be a useful additional information. 

Some characteristic patterns in the water content of larval biomass are illustrated here 
with time-dependent changes observed in starved and fed zoea I larvae of the spider crab 
Hyas araneus (Fig. 7.1). Throughout the time of starvation, W decreased exponentially 
(cf. section 6.3.1, Fig. 6.11), while both the absolute (in µg per individual; not shown in 
Fig. 7.1) and the relative water content (in % of FW) increased during the time of food 
deprivation (r2 = 0.752 and 0.892, respectively; P<0.001). These inverse changes in dry 
mass and water do not compensate each other, because the increase in the absolute water 
content is stronger than the concomitant loss in dry matter. In consequence, FW increased 
not only during feeding and growth but also during starvation, showing the same para-
bola-shaped pattern (see section 6.3.1, Fig. 6.8a). This pattern of time-dependent increase 
in the water content of starved larvae was found also in later larval stages kept without 
food (Anger & Dawirs 1982), and it is probably similar in adult crustaceans exposed to 
nutritional stress (Lemcke & Lampert 1975, Hiller-Adams & Childress 1983, Chu et al. 
1994, Gu et al. 1996, Stuck et al.1996). 



The Biology of Decapod Crustacean Larvae  183 

 

 
Figure 7.1. Developmental changes in the water content (% of wet mass, FW) in fed and starved 
spider crab (Hyas araneus) larvae; water content plotted against [a] the time (t) of development; [b] 
against dry larval weight (W); r2: coefficient of determination for least-square regression equations 
(redrawn after Anger & Dawirs 1982). 

 
 
 
Regardless of feeding or starvation, there is typically a rapid water uptake during and 

shortly after ecdysis, so that the absolute water content per individual shows consistently a 
maximum in early postmolt. In fed larvae, this is followed by gradually decreasing values 
through the later stages of the molting cycle. Hence, the relative water content (in % of 
FW) increases sharply at each ecdysis and during the short postmolt period, but then it de-
creases exponentially through intermolt and most of premolt (Anger & Dawirs 1982, Sa-
saki et al. 1986, Anger & Püschel 1986, Minagawa et al. 1993; Fig. 7.1a). In consequence, 
both fed and starved larvae show, within a given instar, an inverse relationship between 
dry matter per individual and the percent water content of total wet mass (Fig. 7.1b). 

When the water content (in % of FW) is compared among the successive zoeal stages 
of a given species, the average level and the patterns of change within each molting cycle 
remain similar (Anger & Dawirs 1982, Sasaki et al. 1986, Anger & Püschel 1986, 
Saotome & Ikeda 1990, Lim & Hirayama 1991, Minagawa et al. 1993, Chu & Ovsianico-
Koulikowsky 1994, Savenkoff et al. 1995). Later life-history stages, however, show a de-
creasing tendency in the average water content. This reflects the ontogenetic change in life 
style, from fully planktonic zoeae to semibenthic decapodids and, eventually, to fully ben-
thic juveniles. 
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7.1.2 Dry mass, organic matter, ash content 
Among the larval Decapoda, the average inorganic mass fraction (as a percentage of W) 
shows little interspecific variation. Most ash measurements from marine decapod larvae 
fall within a range from ca. 15 to 30% of W. Larvae of brachyurans (Anger 1984b, Anger 
et al. 1989b) and clawed lobsters (Anger & Püschel 1986, Sasaki et al. 1986) appear to 
show a somewhat higher mineral content than caridean and penaeid shrimp larvae 
(Saotome & Ikeda 1990, Chu & Ovsianico-Koulikowsky 1994). Extremely low values 
were found in lecithotrophic larvae. In the zoeal stages of the bromeliad crab, Metopaulias 
depressus, for instance, the ash content was only 7-12% of W (Anger & Schuh 1992). It 
doubled, however, after the metamorphosis to a non-swimming but feeding megalopa 
stage. This change is typical also insofar, as semibenthic and benthic decapodid stages 
show generally a higher ash content than pelagic zoeae (see above). 

Patterns of change in total biomass are normally dominated by changes in the organic 
fraction. However, also variations in the mineral content per larva may contribute to those 
patterns. This is conspicuous in the postmolt increase in both FW and W, when the in-
tegument is particularly thin and permeable, and inorganic constituents can pass it rapidly. 
Minerals are incorporated and later used for a mechanical reinforcement of the larval cuti-
cle (sklerotisation), and they play a significant role in numerous physiological processes 
such as osmoregulation and maintenance of the turgor (Foskett 1977). 

Using again the spider crab Hyas araneus as a model, developmental changes in the in-
organic fraction of larval body mass are illustrated in Figure 7.2; in addition, the influence 
of salinity as a modifying environmental factor is demonstrated in this example. Since H. 
araneus is a stenohaline marine species, its typical developmental patterns can be ob-
served in undiluted seawater (32 ‰ salinity). During the course of larval development, the 
ash content per individual was found to double from hatching to the middle of the zoea II 
stage; another threefold increase occurred in the megalopa (Fig. 7.2a). As a percentage of 
W, however, the average ash content tended to decrease from hatching through the end of 
the zoeal phase (Fig. 7.2b). This indicates that the zoeal stages of H. araneus accumulate, 
on average, proportionally more organic than inorganic compounds. If we assume that 
most inorganic matter is concentrated in the cuticle, this observation is explained by the 
fact that the mass of the cuticle increases proportionally to the body surface, while the or-
ganic content increases with its volume. The cuticle becomes more calcified in the mega-
lopa, causing in this stage a particularly steep postmolt increase in the ash content both per 
larva and as a percentage of total W. The level of the percentage of ash remained in the 
megalopa similar as in the zoea II stage, indicating that the increasing calcification in the 
terminal larval stage was compensated by an equally intense tissue production. 

Dramatic changes in the mineral content occur not only between successive stages, but 
also during individual molting cycles. In Hyas araneus larvae reared under constant con-
ditions in seawater, for instance, the ash content varied between 13 and 37% of W; greater 
variation occurred under exposure to reduced salinities (Pfaff 1997). Due to the loss of 
exuvial materials, there is generally a short transitory decrease in the ash content at ec-
dysis. Immediately thereafter, minerals are rapidly taken up from the surrounding water, 
so that the ash content increases steeply. After a maximum in early intermolt, the mineral 
content tends to decrease gradually throughout the premolt stages (both per individual and 
in percent of W), indicating a partial replacement of minerals with accumulating organic 
constituents (Fig. 7.2a). 
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Figure 7.2. Developmental changes in the mineral (ash) content of spider crab (Hyas araneus) lar-
vae reared at three different salinities; [a] ash content in µg per individual (mean ± SD, n = 5); [b] in 
% of dry mass, W (redrawn after Pfaff 1997, with permission from the author). 
 

The typical molt-cycle related pattern in the mineral content, with a sudden loss at ec-
dysis, a steep gain in postmolt, and a gradual loss through premolt, is shown in Fig. 7.2b. 
The changes in the relative ash content (%W) indicate that the uptake of inorganic sub-
stances during postmolt is considerably faster than the concomitant accumulation of or-
ganic matter. During premolt, in contrast, the proportion of inorganic matter within total 
dry mass decreases, while the absolute ash content per individual remains stagnant or de-
creases, while the accumulation of organic matter continues. 

All these developmental changes in the mineral content of larval biomass can be 
eclipsed by effects of environmental variables, in particular by salinity changes in the sur-
rounding water (Lockwood 1976). During development under brackish conditions, the ec-
dysial mineral losses are more pronounced, whereas the subsequent accumulation in 
postmolt is weaker or delayed. Thus, the average ash content per individual decreases in 
reduced salt concentrations (Fig. 7.2a). Higher mineral losses at ecdysis and a reduced 
storage capacity for inorganic ions are consequences of a poor osmoregulatory capability. 
In larvae reared continuously at 25 ‰, the body mass of the megalopa contained less min-
erals per individual than a freshly hatched zoea I; during development in seawater, by 
comparison, there was a six-fold increase in the inorganic fraction (Fig. 7.2a). Similarly as 
in the absolute ash values, also the relative mineral content (in % of W) decreased on av-
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erage at low external salt concentrations (Fig. 7.2b). This indicates that the depression of 
mineral accumulation at low salinities was proportionally stronger than the reduction of 
organic tissue growth, in particular after prolonged exposure to dilute media. In spider 
crab megalopae reared at 25‰ salinity, the ash content decreased to values <10% of W, 
while it was more than twice as high in siblings reared in seawater (32‰; Fig. 7.2b). 

In summary, the amounts of inorganic constituents per individual and per unit of W 
vary dramatically both within the molting cycle and in response to salinity. Similar molt-
cycle related changes were observed also in the larvae of the Norway lobster (Nephrops 
norvegicus; Anger & Püschel 1986), the American lobster (Homarus americanus; Sasaki 
et al. 1986), and a South American spider crab (Libinia ferreirae; Anger et al. 1989b), 
suggesting that these patterns are typical of larval decapods and, probably, other crusta-
ceans. Unfortunately, however, generalizations are difficult at present, because inorganic 
constituents have only rarely been measured with sufficient temporal resolution within 
and among individual larval stages or under various environmental conditions. 

Little is known also about the chemical composition of the ash fraction. It his has been 
studied in benthic, nectonic, and holoplanktonic organisms (see Vinogradov 1953, Nakai 
1955) but not in decapod larvae. The literature shows that there is a great deal of variation 
among taxa. In the planktonic copepod Calanus finmarchicus, for instance, K and Na 
were the predominant elements, followed by Ca and Mg (Mayzaud & Martin 1975). In 
another pelagic crustacean, the Antarctic krill, Na was present in much higher concentra-
tions than Ca, K and Mg (Nicol et al. 1992). The available data are thus not representative 
for the inorganic composition of biomass in decapod larvae. In addition, this may change 
ontogenetically from the larval to the adult phase, and the molting cycle might impose fur-
ther alterations. Data of inorganic carbon suggest that the process of calcification begins 
early in the development of crustacean larvae, and thus, it should be interesting to study it 
with X-ray diffraction techniques (see Medakovic et al. 1997). 

7.2 Elemental composition: carbon, nitrogen, hydrogen 

Within the organic fraction of biomass, carbon (C), nitrogen (N) and hydrogen (H) are the 
predominant elements, averaging >35, 8-11, and 5-6% of W, respectively (Childress & 
Nygaard 1974, Hirota & Fukuda 1985, Mashiko 1985, Anger & Harms 1990, Minagawa 
et al. 1993). Oxygen (O), phosphorus (P), and sulphur (S) are ubiquitous but quantitati-
vely less important. Throughout the scientific literature of the past decades, the contents 
of C and N have become standard measures of growth and chemical composition in the 
plankton (e.g. Vinogradov 1953, Beers 1966, Platt et al. 1969, Ikeda 1974, Omori 1978, 
Gorsky et al. 1988, Hessen & Lyche 1991). The H content is less frequently given, al-
though it may contribute important additional information on the composition of biomass 
(see Vollenweider 1985). Since only few H data are presently available for comparison, I 
will concentrate here on the proportions of C and N within biomass (in % of W); changes 
in their absolute amounts (per individual) are considered as measures of growth rather 
than composition, and thus, are treated in chapter 6. 

The most important organically bound elements can be measured with high precision 
and accuracy using a CHN analyser as standard equipment. This gas-chromatographic 
technology has commonly been applied in chemical and geological research and, increas-
ingly, also in planktology and other biological disciplines. In consequence, measurements 
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of C and N have become standard techniques also in studies of growth and chemical com-
position of decapod crustacean larvae (Anger 1998). 

7.2.1 Proportions of C, N and H within dry mass 
Developmental changes in the absolute amounts of C, N and H per individual, measured 
either within or between successive larval molting cycles, are similar to those in total dry 
mass. Thus, they may be described as functions of the number of stages or of the time of 
development, applying the same types of regression models as for W; these growth pat-
terns are described in detail in section 6.2. However, similar patterns of growth do not 
necessarily imply that the relative chemical composition of larval biomass remains con-
stant over time. When, for instance, the percentage of C within W is measured with a suf-
ficiently high temporal resolution, a typical cyclic pattern is found, which is roughly in-
verse to that in the percentage of ash (see above). In Figure 7.3, temporal changes in the 
relative C content (in % of W) of the larval stages of a crab (Chasmagnathus granulata) 
are used as an example to demonstrate this developmental pattern.  

In all successive instars, the percentage of C drops sharply after ecdysis, consistently 
followed by an increase throughout the later molt-stages. Exuvial C losses are relatively 
small and thus, contribute only little to the dramatic initial decrease. This is chiefly caused 
by the rapid postmolt uptake of inorganic ions, outweighing the concurrent increase in the 
absolute contents of C and other organic constituents per larva (see preceding section). 
Later in the molting cycle, the inorganic fraction remains constant or decreases, while the 
accumulation of C continues; as a consequence, the percentage of C increases substanti-
ally during intermolt and premolt. When the average level of C is compared among the 
successive stages of Chasmagnathus granulata, there is an increasing tendency during the 
zoeal growth phase, leading to a maximum at the end of the zoea IV stage. This is follow-
ed by decreasing tendencies in the megalopa and first juvenile instar. 

In most decapod species, where developmental changes in the elemental composition 
were studied with sufficiently high temporal resolution within and between successive 
larval stages, the same patterns as in Chasmagnathus granulata were observed, for in-
stance in Hyas araneus (Anger et al. 1989a), Carcinus maenas (Dawirs et al. 1986), 
Pagurus bernhardus (Anger 1989), and Liocarcinus holsatus (Harms 1990). In a raninid 
crab from Japan, Ranina ranina, the same cyclic patterns within larval molting cycles 
were found, but the average percent C values in successive stages showed a decreasing 
tendency (Minagawa et al. 1993). 
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Figure 7.3. Developmental changes in total carbon content (C, in % of dry mass, W) in crab (Chas-
magnathus granulata) larvae reared under constant conditions in the laboratory (redrawn after An-
ger & Ismael 1997). 

 
 
In summary, cyclic changes in the relative C content as shown in Figure 7.3 represent a 

general pattern in decapod crustacean larvae. Changes in the percentages of H and N are 
generally similar to those in C, but less pronounced in the N fraction. These patterns are 
primarily dictated by inversely directed changes in the inorganic fraction. In contrast to 
these molt-cycle related patterns, changes in the average level of C, N and H within total 
dry mass of successive larval stages may vary among taxa. 

7.2.2 Inorganic C 
The carbon content is certainly one of the most accurate and convenient measurements of 
organic biomass. However, some C is bound also in carbonates, i.e. within the mineral 
fraction (Curl 1962, Paine 1971, Hirota & Szyper 1975). Since inorganic C (Ci) is consid-
ered to play only a minor role in the biomass of zooplankton (Curl 1962), it has only sel-
dom been quantified. Among the larval Decapoda, the ash residue was only in Hyas ara-
neus analysed for the occurrence of inorganic C, N and H (Anger 1984b). Measurable 
amounts were detected in the C fraction, sometimes accompanied by insignificant traces 
of N, while H was practically absent. In the three larval stages of this crab species, the ash 
of the complete body contained on average ca. 7-8.5% Ci. 

The Ci values measured in premolt were generally higher than in postmolt, suggesting 
that the chemical composition of the mineral fraction differs between the cuticle and the 
rest of the larval body. This was confirmed by direct measurements in exuviae, where the 
ash residue contained on average ca. 10% Ci. This shows that more carbonates are concen-
trated in the exoskeleton than in the remaining body parts, indicating an incipient calcifi-
cation of the cuticle. 

When the Ci content of Hyas araneus larvae is expressed as a fraction of their total 
body C, it represents only 1-3%. Inorganic carbon seems thus be negligible within the 
bioenergetics of decapod larvae. However, the proportion of Ci within total C must be-
come substantially higher in starved individuals, where organic C is metabolized while the 
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Ci content per individual should remain constant. Hence, energetic losses in the absence of 
food may be underestimated, when Ci is disregarded as a fraction of total C. A considera-
tion of inorganic C should be important also in benthic juveniles. In the crab I stage of H. 
araneus, the content of Ci amounted to 17% of total C. This reflects clearly the thickness 
and heavy calcification of the exoskeleton in benthic crustaceans in comparison with 
planktonic forms. 

Compared with the remaining body materials, cast exuviae contain smaller proportions 
of organic substances (namely chitin and protein) but higher amounts of inorganic matter. 
The exuvial Ci fraction was in the larval stages of Hyas araneus equivalent to about 22-
24% of total exuvial C, and it reached as much as 43-50% in juvenile crabs. As a conse-
quence of selective concentration of inorganic matter in the exoskeleton, the mineral frac-
tion shows a much faster molt-cycle related turnover than the organic parts. During the 
time of one instar, the amounts of ash and Ci per individual increased up to 24-fold; on the 
other hand, up to 84% of the inorganic matter present in late premolt were lost with the 
exuvia (Anger 1984b). Studies of exuvial carbon or energy losses should thus consider 
that significant parts of total C measured in exuviae may actually be bound within the in-
organic fraction. 

7.2.3 The C:N ratio 
The nitrogen and hydrogen contents vary during the course of larval development with 
similar patterns as the C fraction, but with less pronounced variations in N than in C and 
H (Anger 1998). In order to demonstrate changes in the relative chemical composition of 
organic biomass, it is thus useful to present mass proportions between single elements. In 
the literature, the ratios of C:N and C:H have been used as indices. Theoretically, the C:N 
mass quotient (sometimes given as an atomic ratio) reflects changes in the relative propor-
tions of lipids and proteins; carbohydrates play only a minor role in crustaceans (see sec-
tion 7.3) and have thus no significant influence on this index (Anger & Harms 1990). 
However, inorganic C may affect the C:N index when the ash content is high. Total C 
should in such cases be corrected for Ci (particularly in starved larvae and in juveniles; see 
above). The C:H ratio is less frequently given in the literature; it may be an indicator of 
the average degree of saturation in the fatty acid pool and other lipids. Moreover, the H 
content can be used in stoichiometric conversions of elemental to biochemical constitu-
ents (Gnaiger & Bitterlich 1984, Vollenweider 1985). 

The C:N ratio shows frequently a steep increase during the postmolt phase, a maximum 
in intermolt, and a decreasing trend through premolt (Anger 1991a, 1998). This typical 
pattern is illustrated in Figure 7.4, using again spider crab (Hyas araneus) and shore crab 
(Carcinus maenas) larvae as examples. It has been interpreted as a molt-cycle related shift 
in the relation between the lipid and protein fractions, suggesting that the proportion of 
lipids increases initially faster than the protein pool. In later molt-cycle stages, the rate of 
lipid accumulation slows down, while the protein fraction (per individual) continues to in-
crease. This interpretation is corroborated by direct measurements of proximate biochemi-
cal composition (see section 7.3).  
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Figure 7.4. Developmental changes in the carbon:nitrogen (C:N) weight ratio of crab larvae reared 
under constant conditions in the laboratory; [a] Hyas araneus (after Anger & Hirche 1990); [b] Car-
cinus maenas (redrawn after Dawirs et al. 1986). 
 

 
 

Since the percentage of N remains comparatively constant during larval development, 
changes in the C:N ratio reflect predominantly variation in the C fraction. When the aver-
age C:N ratio is compared within a sequence of larval stages, frequently an increasing 
tendency may be found during the zoeal growth phase, followed by a decrease in the 
megalopa. As may be seen in our examples in Fig. 7.4, there is not only developmental, 
but also a great deal of interspecific variability in the average level of the larval C:N ratio. 
The values measured in Hyas araneus were mostly higher than in Carcinus maenas. The 
latter species is, in this respect, closer to the overall average in the Brachyura (Anger & 
Harms 1990). 

Besides significant interspecific variation within a clade, there might be also characte-
ristic differences on higher taxonomical levels. Among the Decapoda, the larvae of 
brachyuran crabs show on average the highest C:N values, caridean shrimp larvae the 
lowest, and other groups (Astacidea, Anomura) are intermediate (Anger & Harms 1990). 
Thus, it appears that the average C:N ratio increases in a sequence of increasingly ad-
vanced taxonomical position, i.e. supposedly from ancestral towards derived taxa (cf. 
chapter 2). If high C:N ratios are considered as indicators of a high lipid:protein ratio and 
hence, an increased ability to develop independent of food, then this index suggests dif-
ferences in the average degree of lecithotrophy among these decapod taxa. This corre-
sponds with a presumable evolutionary trend towards an abbreviation of the free-living 
planktotrophic larval phase (for review see Strathmann 1978, 1985).  

The elemental composition of larval biomass varies not only during individual molting 
cycles and between successive instars, but responds also to the action of environmental 
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factors. For instance, the C:N ratio tends to decrease under adverse thermal or osmotic 
conditions (Dawirs et al. 1986, Anger 1987b, Mataliotaki 1991, Seidler 1993, Pfaff 1997). 
This indicates that a stress-induced depression of growth affects proportionally more the 
lipid than the protein fraction of biomass, regardless of the kind of stress. Also starvation 
causes, at least initially, a decline in the C:N ratio, reflecting a preferential utilization of 
energy-rich lipid components as a substrate for the energy metabolism (Anger 1998). Af-
ter longer periods of food deprivation, the lipid pool is widely exhausted, so that proteins 
are increasingly degraded and, in consequence, the C:N ratio will increase (cf. following 
section).  

7.3 Proximate biochemical composition 

The biomass of decapod larvae is, as in adult crustaceans, predominantly composed of 
proteins, lipids, chitin, and free carbohydrates (with normally >30%, <20%, <15%, and 
<5% of W, respectively; e.g. Holland 1978, Day & McEdward 1984, Sasaki et al. 1986, 
Anger & Harms 1990, Chu & Ovsianico-Koulikowsky 1994, Anger 1998). Proteins con-
stitute most of the musculature, the epidermal and nervous tissues, and a major fraction of 
the cuticle (here together with chitin). Proteins predominate also in the hepatoancreas, al-
though this is the only organ where significant amounts of lipid are stored; glycogen may 
be found as another reserve pool of biochemical energy, but only in minor quantites 
(Barker & Gibson 1977). Particularly high protein contents were measured in caridean 
shrimp larvae (on average >40%; Anger & Harms 1990). The lipid content, on the other 
hand, is enhanced in larvae with a partially or entirely lecithotrophic mode of develop-
ment (Mashiko 1985, Anger & Schuh 1992, Clarke 1993a, b, Anger 1995a, 1998). Addi-
tionally, the nonfeeding larvae of the stone crab (Lithodes maja) showed unusually high 
protein values (48-58% of W; Anger 1996b). 

The absolute quantities of all proximate biochemical constituents increase substantially 
during the course of larval growth and development, both within individual molting cycles 
and in successive stages (see chapter 6). Differential rates of accumulation, however, lead 
to characteristic shifts in their proportions within biomass. The patterns of developmental 
variation are further modified by nutritional effects and due to the action of further envi-
ronmental variables. Such changes may be exemplified again with data from larval Hyas 
araneus, as this species is considered as a typical model of growth patterns in marine 
decapods (Anger 1998). In an extensive experimental study, feeding, growth, biochemical 
composition, and activities of digestive enzymes were quantified in all larval stages, each 
reared under various nutritional conditions (Harms et al. 1991). This included an Artemia-
fed group (representing the “optimum” control condition), three treatments fed with dif-
ferent phytoplankton species (the diatoms Biddulphia sinensis, Thalassiosira rotula, and 
Skeletonema costatum), and an unfed group. From this investigation, the first zoeal stage 
and three experimental conditions (Artemia, Thalassiosira, starvation) are chosen here to 
exemplify changes in the two major biochemical fractions, protein and lipid, both in rela-
tion to development and in response to differential feeding conditions (Fig. 7.5). 

The proportions of both lipid and protein within total dry mass (%W) have invariably 
been observed to decrease during postmolt, regardless of the feeding condition. As in the 
relative carbon content, this is due to the fast initial increase in the mineral fraction (see 
section 7.1). The percentages of both biochemical constituents increased thereafter in Ar-
temia-fed larvae, but remained low in the other treatments (Figs. 7.5a, b). In optimally fed 
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larvae, the biomass increase was initially faster in the lipid than in the protein fraction, so 
that the lipid:protein mass ratio increased throughout postmolt and intermolt, reaching a 
maximum in early premolt (Fig. 7.5c). During the later premolt stages, this quotient 
tended to decrease, reflecting a continued increase in protein and a concomitant stagnation 
or decrease in the lipid pool. Similar patterns were found also in well-fed zoea II and 
megalopae of Hyas araneus.  

In starved larvae, three distinct phases of biomass degradation may be recognized. (1) 
Initially, lipid reserves are preferentially mobilized; this is indicated by decreasing 
lipid:protein and C:N ratios. (2) When major parts of the accessible lipid pool have been 
depleted, proteins are increasingly utilized; a significant part of the lipid pool is bound in 
crucial cell structures such as membranes, and hence, is normally unavailable for the en-
ergy metabolism. The phase of predominant protein degradation is indicated by an in-
crease in the lipid:protein and C:N ratios (Fig. 7.5c: days 4-8). (3) In the final phase of 
starvation, prior to death, also structural lipids may eventually be degraded, so that the 
lipid:protein ratio decrease again; in this condition, the larvae have passed their point-of-
no-return (PNR; see sections 4.5.1, 6.3.3) and have thus become unable to recover after 
re-feeding. 

Interestingly, the same pattern of reserve degradation may occur also under other kinds 
of stress. In experiments where shrimp (Palaemonetes pugio) larvae were exposed to high 
concentrations of fenvalerate, an insecticide, the C:N ratio decreased rapidly during the 
first week, then it increased and eventually (after 4 weeks), it decreased again, indicating 
similar changes in the lipid:protein ratio (McKenney et al. 1998). In summary, energy-rich 
lipid reserves are rapidly mobilized for energy production during short-term absence of 
food or under other physiological stress (for sites of lipid storage, see section 3.11.5), 
while the protein pool remains initially stable, reflecting its predominant role in the struc-
tures of muscle, integumentary, and nervous tissues. After prolonged periods of stress, 
proteins and, eventually, structural lipids may be sacrificed for energy production. Similar 
patterns of biochemical change under starvation conditions had been observed also in 
adult crayfish (Speck & Urich 1969), suggesting that this sequence of reserve utilization 
occurs universally in crustaceans. 
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Figure 7.5. Developmental changes in the proximate biochemical composition of early spider crab 
larvae (Hyas araneus, zoea I) reared under three nutritional conditions in the laboratory: fed with 
Artemia nauplii, diatoms (Thalassiosira), or starved; concentrations of biochemical fractions in % of 
dry mass, W: [a] lipid, [b] protein; [c] lipid:protein mass ratio (redrawn after Harms et al. 1991). 

 
 

As an intermediate pattern between optimal nutrition and starvation, the consequences 
of an exclusive feeding with diatoms are shown in Figure 7.5 (Thalassiosira). The pat-
terns of change in biochemical composition were in this suboptimal treatment similar to 
those in the starved group. However, there were also some interesting differences. After 
the initial phase of predominant lipid catabolization, the phase of increasing protein deg-
radation followed with a delay compared with the starved group, as some (although not 
sufficient) food was taken up. Likewise, the final phase with another decrease in the per-
centage of lipid and in the lipid:protein ratio was delayed. Intermediate effects of subop-
timal nutrition were observed also in the other two experimental treatments with phyto-
plankton (Biddulphia, Skeletonema). 
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Figure 7.6. Changes in the lipid and protein content (∆ Biomass) of spider crab larvae (Hyas ara-
neus, zoea I) fed with brine shrimp nauplii (Artemia; A), diatoms (Biddulphia sinensis, Thalas-
siosira rotula, Skeletonema costatum; B, T, S), or starved (st); [a] lipid and protein in µg per indi-
vidual; [b] in % of the initial (early postmolt) quantities (redrawn after Harms et al. 1991). 

 
Typical patterns of accumulation and loss may be found also when cumulative changes 

in the biochemical composition of biomass are considered after extended periods of de-
velopment or starvation. During the course of an entire molting cycle, well-fed spider crab 
zoeae accumulated three times higher overall amounts of protein than lipid per individual 
(Fig. 7.6a). In relative terms (as a percentage of the initial postmolt quantities; Fig. 7.6b), 
however, similar accumulation rates were observed. After a long period of starvation, the 
absolute losses of protein (in µg per individual; Fig. 7.6a) exceeded in Hyas araneus 
eventually those of the lipids, reflecting the larger pool of available protein. By contrast, 
the relative rate of utilization (as a percentage of the initially available amounts) was 
higher in the lipid than in the protein fraction (Fig. 7.6b). Thus, the patterns of biochemi-
cal change during development or starvation depend on the time scale over which they are 
observed and on the units in which they are expressed. In general, lipids can rapidly be 
accumulated or catabolized, while proteins have a slower turnover rate and hence, become 
important as an energy reserve when starvation lasts for an extended period.  

Interestingly, particularly strong shifts in the biochemical composition occurred at an 
intermediate level of food limitation, including an incease in one constituent but a de-
crease in another. This effect is llustrated here with the experimental treatment in which 
exclusively Biddulphia was given as food (Fig. 7.6a, b). For Hyas araneus larvae, this dia-
tom species is an inferior diet compared with Artemia, but (unlike Thalassiosira or Skele-
tonema) allows for successful larval development and some, although reduced, growth. 
An increase occurred here only in the protein fraction, while the lipid content decreased 
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concommitently both in absolute and relative terms. This indicates that internal lipid re-
serves (most probably mobilized in the hepatopancreas), together with apparently insuffi-
cient materials from ingested food, were invested into epidermal, muscular, and nervous 
tissue growth, ensuring morphogenesis. 

Differential patterns of degradation can be observed also in the biomass fractions of 
nonfeeding (lecithotrophic) larvae, where development is exclusively based upon the 
breakdown of internally stored biochemical reserves remaining from the egg (Anger & 
Schuh 1992, Anger 1996b), or in late larval stages with secondary lecithotrophy (see sec-
tion 6.3). The latter type of larvae is particularly interesting, as it successively exhibits the 
patterns of both planktotrophic and lecithotrophic development. In the hermit crab Pagu-
rus bernhardus, for instance, the four planktotrophic zoeal stages combined were found to 
accumulate about 16 times the initially present amounts of protein, and as much as a 40-
fold gain was observed in the lipid fraction (Reese 1992). Due to these unequal rates of 
increase in the absolute amounts, there was also a shift in the proportions of lipid and pro-
tein within the dry mass of successive zoeal stages: while the protein fraction remained 
fairly stable (increasing only slightly from 32 to 36% of W), the percentage of lipid in-
creased from 7 to 19%. 

These changes were reversed in the megalopa of Pagurus bernhardus. During its sec-
ondarily lecithotrophic development, this stage catabolized 79% of the initially available 
lipids, but only 18% of its protein pool. Hence, also the relative composition of dry mass 
changed, showing only a slight decrease in the proportion of protein (from 36 to 31% of 
W) but a dramatic reduction of the previously accumulated lipid reserves (from 19 to 4%). 
As a consequence of these ontogenetic changes in biochemical composition, a freshly 
metamorphosed juvenile contained similar amounts of protein per individual as a late zoea 
IV, while its lipid content was reduced to the level of a late zoea II.  

These discrepancies between initial rates of accumulation and subsequent utilization of 
different biomass fractions indicate that secondary lecithotrophy in the hermit crab mega-
lopa is almost entirely based on energy that the zoeae take up from food and store as a 
lipid reserve. By contrast, no substantial amounts of protein are stored or mobilized, so 
that the protein pool remains available for metamorphosis-related reconstruction proc-
esses. 

Due to the key role of glucose in the energy metabolism, free carbohydrates have a 
rapid turnover. In consequence, this fraction remains small in relation to the protein and 
lipid pools, where significant storage takes place. Within biomass, free carbohydrates con-
stitute generally less than 5% of W. In Pagurus bernhardus larvae, the absolute amounts 
per individual increased gradually through zoeal development, from <1 to ca. 3.4 µg 
(Reese 1992). Interestingly, a continued increase was observed during the endotrophic de-
velopment of the megalopa. A freshly metamorphosed juvenile hermit crab contained 
about double the amounts of carbohydrates as a late zoea IV (7.6 µg). This indicates that 
the degradation of lipids (and to some extent of proteins) leads to an increase in the con-
centration of free carbohydrates.  

Chitin is predominantly associated with cuticle structures and participates very little, if 
at all, in the accumulation and utilization of energy reserves. When Hyas araneus larvae 
were starved from hatching, they synthesized approximately the same amounts of chitin as 
well-fed siblings (Anger & Nair 1979). Thus, cuticle secretion appears to have priority 
over an accumulation of energy reserves, representing fixed costs within the larval energy 
budget. In consequence, the strength of the mechanical body protection should be widely 
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independent of the nutritional condition. In starved larvae, this requires a mobilization and 
reconstruction of internally stored biochemical reserves for chitin synthesis. In aqadult 
crustaceans, large parts of these energetic costs are regained in late premolt by mobiliza-
tion and resorption of cuticular matter (Speck & Urich 1971, 1972, Spindler-Barth 1976). 
The bioenergetic significance of these processes is believed to be small in planktonic lar-
val stages with a comparably thin cuticle, but this assumption remains to be checked with 
quantitative analyses. 

7.4 Relationships between elemental and proximate biochemical composition 

The elemental composition of biomass, namely the quantities of elements that are almost 
exclusively bound in organic constituents (C, N, H), can be measured very precisely in 
small samples (0.2 mg W). In contrast, the techniques for direct biochemical measure-
ments are generally less precise than CHN analyses, because they must react to heteroge-
nous classes of organic compounds, each comprised of various species of molecules. In 
the past few decades, improved micro-analytical methods for proximate biochemical 
measurements have been elaborated, so that the required sample size has substantially de-
creased, while the reliability of analytical results has increased (see Holland & Gabbott 
1971, Holland 1978, Clarke et al. 1990). In consequence, an increasing amount of data has 
become available on the chemical composition of larvae and other small marine inverte-
brates. 

Since the quantities of C and N are highly correlated with the amounts of total lipid and 
protein, respectively, elemental analyses may be used for indirect estimates of the proxi-
mate biochemical composition of decapod larvae (Childress & Nygaard 1974, Anger & 
Harms 1990, Anger 1998). Due to an increasing number of parallel measurements of ele-
mental and proximate biochemical composition, the basis of empirical conversion models 
has recently improved. However, not enough is presently known about interspecific and 
developmental variability, or about effects of extrinsic factors that may influence the 
quantitative relationships between elemental and biochemical constituents. Several exam-
ples of variability in these relationships will be shown here. 

Conversions of N to protein are quite common in the literature, frequently based on a 
constant factor of 6.25 (e.g. Le Vay et al. 1993). This is derived from the average N con-
tent of proteins (16%), assuming that all measured N is bound in this fraction. However, 
empirical regression equations calculated from parallel determinations of N and protein 
(usually applying the Lowry method) have consistently yielded considerably lower con-
version factors. In a study of the chemical composition of field-caught planktonic crusta-
ceans, for instance, a linear relationship with a slope parameter of 4.5 was obtained (Chil-
dress & Nygaard 1974). This is similar to the N-protein relationship in crab larvae (Anger 
et al. 1983, Anger & Harms 1990). In other plankton, the fraction of non-protein N was 
found to be highly variable, reaching in some species as much as 42% of total N (May-
zaud & Martin 1975). Hence, empirical regression models that are based on parallel 
measurements in aliquot samples and restricted to related taxa should allow for more real-
istic conversions than a constant factor of 6.25. 

As updated versions of earlier empirical regression models (Anger & Harms 1990), the 
relationships between N and protein and between C and lipid in planktotrophic decapod 
larvae are shown in Figure 7.7. Data from partially or fully lecithotrophic larvae were ex-
cluded from these regressions, because recent studies suggest that the relation between N 
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and protein in endotrophic larvae may differ significantly from that in strictly planktotro-
phic forms (Anger 1998). This indicates shifts in the average composition of nitrogenous 
substances (proteins, free amino acids, nucleic acids, bases, etc.), some of which are not 
detected with the Lowry method or comparable biochemical techniques. Since the direc-
tion and extent of these shifts may vary among taxa, larval stages, and developmental 
modes, further comparative studies will be necessary to estimate the relative significance 
of these potential causes of variability. The C:lipid relationship, in contrast to that be-
tween N and protein, appears to be widely independent of the stage and developmental 
mode (Anger 1998). 

Not only the developmental mode (planktotrophic vs. endotrophic) may affect the 
quantitative relationships between elemental and biochemical constituents. In feeding lar-
vae, shifts are induced also by adverse nutritional conditions and, probably, by further en-
vironmental stress factors. In starved Hyas araneus larvae, for instance, the proportions of 
protein and lipid were reduced not only per individual and as a percentage of dry mass, 
but also in relation to total N and C, respectively (Harms et al. 1991, Anger 1998).  

Differences were found also between field-caught and laboratory-reared shore crab 
(Carcinus maenas) larvae (Harms et al. 1994). In individuals obtained from field samples, 
the amounts of directly measured proteins were higher in relation to N, while the lipid 
content in relation to C appeared to be lower than in material produced in the laboratory. 
These tendencies were tentatively interpreted as a “domestication effect” in artificially 
reared larvae (Anger 1998). It may be caused by a decrease of structural muscle proteins 
in relation to other nitrogenous compounds that are not quantitatively detectable with bio-
chemical standard techniques such as Lowry. On the other hand, there seems to be a ten-
dency of fattening, implying that increasing proportions of C are bound in reserve lipids 
rather than in muscle tissues. This inference is consistent with observations in the Ameri-
can lobster, Homarus americanus, where Rooney & Cobb (1991) measured significantly 
higher swimming speed in field-caught as compared to laboratory-reared larvae. Higher 
protein contents were observed also in the hemolymph of field-caught as compared to 
laboratory-cultured penaeid prawns, Litopenaeus vannamei (Palacios et al. 2000). Since 
domestication effects must be considered in extrapolations of laboratory data to field con-
ditions, this phenomenon should be investigated more extensively in future comparative 
studies with larvae obtained from natural plankton populations and laboratory cultures. 

In summary, conversions of elemental to proximate biochemical composition allow for 
rough estimates that may be useful comparing different larval stages, species, or condi-
tions, but we should caution against possible effects of the developmental mode, feeding 
conditions, and laboratory artifacts. Since, in small planktonic forms such as decapod lar-
vae, CHN analyses are easier to obtain and more precise than biochemical data, more par-
allel analyses are desirable to improve the basis for empirical conversion models. 
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Figure 7.7. Relationships between elemental and proximate biochemical constituents of biomass in 
planktotrophic marine decapod larvae (pooled data, after logarithmic transformation); [a] protein 
plotted vs. nitrogen, N; [b] lipid vs. carbon, C; r2: coefficients of determination; n: number of paral-
lel analyses (redrawn after Anger 1998). 

7.5 Protein and lipid composition 

When the composition of major biochemical compound classes such as the proteins and 
lipids is further analysed, a more detailed description of growth and development becomes 
possible. However, also in this respect contrasts an extensive literature on juvenile and 
adult crustaceans with scarce information on larval stages. In the following sections, I will 
review the available data on amino acid and lipid composition of larval biomass. 

7.5.1 Amino acid profiles 
Amino acids are precursors of protein synthesis and hence, their availability is crucial for 
the manufacture of muscles, connective tissues, respiratory hemolymph pigments, en-
zymes, and peptide hormones. Moreover, they serve as a nitrogen source for the synthesis 
of non-protein nitrogenous compounds, including coenzymes, nucleic acids, and nucleo-
tides, and they may be utilized as a metabolic substrate for the production of energy. In 
embryonic and early (nonfeeding) fish larvae, free amino acids (FAA) are suspected to 
play a key role as an internal energy source (e.g. Claybrook 1983, Finn et al. 1995). How-
ever, this could so far not be demonstrated in larval decapods, although a degradation of 
internal protein stores (implying a subsequent utilization of FAA) occurs in planktotrophic 
larvae during extended periods of starvation (Anger 1986, Dawirs 1987). 
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The FAA pool is comprised of precursors and/or degradation products of the protein 
metabolism. They occur generally in low concentrations in the hemolymph but at high 
levels intracellularly (Florkin 1960, Claybrook 1983, Gilles & Péqueux 1983). In the cy-
tosol, they can contribute up to half of the osmotically active molecules and thus, play a 
significant role for osmoregulation (see section 10.1.2). In crustaceans, a direct uptake of 
FAA from the surrounding water does not occur or is insignificant; this is in contrast to 
several larval echinoderms, molluscs, bryozoans, and other marine invertebrates, which 
have access to dissolved organic matter (section 5.2.2.1). Amino acids must thus either be 
synthesized, mobilized from protein stores, or ingested with particulate food. Variations in 
FAA that can not be synthesized de novo (essential amino acids; see section 5.2.1) reflect 
thus the dietary condition. 

Developmental variation in FAA concentrations has only little been studied in decapod 
crustacean larvae. As in other chemical components of biomass, the FAA profile may vary 
within the molting cycle, among developmental stages, taxa, and environmental condi-
tions (Costlow & Sastry 1966, Regnault 1971, Tucker & Costlow 1975, Tucker 1978, Ma-
rangos et al. 1990, Burton 1992). Ontogenetic changes were recently observed between 
early, intermediate, and late larval stages (protozoea II, mysis II, “postlarva” I) of a 
penaeid shrimp, Penaeus monodon (Sheen & Huang 1998). A significant increase oc-
curred in the amino acids arginine and glycine, while a decrease was found in serine, 
threonine, and valine. In a previous study on larvae, juveniles and adults of the same spe-
cies (Peñaflorida 1989), the same ontogenetic trends were found in arginine and serine, 
but no or different patterns of change were detected in the other amino acids. Hence, the 
available data do not allow for generalization as to ontogenetic trends in FAA concentra-
tions of successive larval stages. 

In the megalopa of the blue crab, Callinectes sapidus, proline, taurine, alanine, glu-
tamic acid, and serine were observed to increase during the premolt stages of the molting 
cycle (Tucker & Costlow 1975). The increase in FAA concentrations prior to ecdysis con-
tributes to a large water intake, and eventually, the rupture of the old cuticle during the 
molting process. This process is responsible also for the rapid increase in body size during 
and shortly after ecdysis (see sections 6.2, 7.1). The increase in the rate of FAA synthesis 
during premolt is apparently under hormonal control (Kalber & Costlow 1968). When the 
eyestalks were removed in the last zoeal stage of the land-crab Cardisoma guanhumi, FAA 
concentrations increased significantly earlier, indicating that neuroendocrine factors from 
the eyestalk ganglia are involved in the control of their metabolism. If this leads also to an 
enhancement in the final FAA concentration, this could explain why eyestalk ablation 
causes an enhanced increment in body size at ecdysis (see sections3.9.2, 4.3.2). 

Major changes in the FAA pool were observed in response to salinity variations, usu-
ally with dramatically increasing concentrations during conditions of high external os-
motic pressure (Claybrook 1983, Gilles & Péqueux 1983; Huong et al. 2001). This com-
pensatory mechanism was observed also in vitro in nerve tissues of euryhaline crabs 
(Schoffeniels & Dandrifosse 1994). According to the scarce data that are available for lar-
vae, particularly great amounts of proline are synthesized to increase the osmotic concen-
tration in the larval tissues (Tucker 1978, Burton 1992). When the megalopa of the blue 
crab was acclimated to seawater (34‰ salinity), proline comprised 64 % of the total FAA 
pool (Burton 1992). In larvae that were acclimated to a reduced salinity (17‰), in con-
trast, far lower concentrations were measured, similarly as in adult blue crabs living in 
brackish water (<25% of total FAA). A crucial role of proline in osmoregulation is sug-

gabriel
Linie

gabriel
Linie

gabriel
Linie



200 Klaus Anger 

gested also by radiotracer experiments with 14C-labelled glutamate as a precursor. The 
data showed that its de novo synthesis is normally very low unless induced by hyperosmo-
tic stress (Burton 1992). Similarly, stone crab (Menippe mercenaria) larvae showed at 
40‰ salinity ca. eight-fold higher proline concentrations as compared with 20‰ (Tucker 
1978). 

7.5.2 Lipid composition 
Lipids play a key role in growth and development of marine invertebrates (see Holland 
1978, Heinle 1981, Chang & O’Connor 1983). It should be stressed, however, that the 
chemical species within this large compound family have only their water-insoluble na-
ture in common; structurally, they are quite heterogenous. They comprise neutral lipids 
(NL) such as fats (triacyglycerides, TAG), mono- and diacylglycerides (MAG, DAG), free 
fatty acids (FFA), wax esters (fatty acids esterified with long-chain alcohols), and sterols, 
but also polar compounds (collectively referred to as polar lipids, PL) including the phos-
pholipids (diacylglycerin esters of phosphoric acid), pigments, and sphingomyelin. In ad-
dition, lipids are frequently combined in complex molecules with carbohydrates or pro-
teins (glycolipids, lipoproteins). Those various compounds fulfill numerous physiological 
tasks as constituents of cell organells or energy reserves and, in consequence, the lipid 
composition reflects changes in developmental state, nutritional condition, and effects of 
environmental factors. In decapod crustacean larvae, TAG, PL, and free sterols constitute 
usually the predominant lipid fractions (Teshima & Kanazawa 1982, Lovrich & Ouellet 
1994).  

7.5.2.1 The major lipid classes 
Most TAG is synthesized and stored in the R-cells of the hepatopancreas, where they con-
stitute a major energy reserve (Sasaki et al. 1986, Galois 1987, Chandumpai et al. 1991, 
Dall et al. 1992). This deposit can be rapidly mobilized to resist nutritional, thermal, or 
osmotic stress (Sasaki 1984, Pollero et al. 1991, Chen & Lai 1993). In freshly hatched lar-
vae, the TAG store represents an energy investment of the female into egg production and 
thus, may serve an an indicator of the maternal reproductive potential. When, for instance, 
the spawning period of the shrimp Litopenaeus vannamei was artificially prolonged by 
means of eyestalk ablation, the reproductive potential of the females tended to decline, 
and this trend was reflected by a decreasing TAG content and a deterioration of the 
physiological condition of consecutively produced nauplii (Palacios et al. 1999). Also 
toxic pollutants may cause a reduced accumulation of TAG, as recently shown in larval 
and early juvenile mud crabs, Rhithropanopeus harrisii (Nates & McKenney 2000b).  

It seems that, compared with larval brachyurans, caridean shrimps contain generally 
less lipids and, in particular, less TAG. In Pandalus spp. larvae, for example, a total lipid 
content of only 3-4 % of W was found (Schultze 1993, Ouellet et al. 1995); within this 
small fraction of biomass, TAG accounted for only 5 %, while ca. 80 % was identified as 
PL. Also in the shrimp species Crangon crangon and C. allmanni, TAG was found only in 
traces in the eggs and early zoeal stages; in later stages, it was sometimes not even detect-
able (Kattner et. al. 1994). Very low TAG reserves in caridean shrimp larvae correspond 
with particularly low average C:N ratios (Anger & Harms 1990) and high vulnerability to 
food limitation (Wehrtmann 1991, Ouellet et al. 1992). However, also some brachyuran 
species may show very low TAG contents. In the larval stages of a xanthoid crab, Menippe 
adina, Nates & McKenney (2000a) measured values of only 1-5% of total lipids, while 
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phospholipids and steryl esters dominated. Similarly low values (1.6-2.6%) were reported 
for thalassinid shrimp (Lepidophthalmus louisianensis) larvae (Nates & McKenney 
2000c). This species shows an abbreviated mode of development and signs of an initial 
lecithotrophy (Nates et al. 1997), which should thus be based on the utilization of phos-
pholipid stores rather than TAG as an internal energy source. In conclusion, generaliza-
tions of biochemical traits on higher taxonomic levels would be premature, due to great 
interspecific variability and a low number of comparative data presently available. 

While the TAG pool represents the predominant fuel for energetic processes, the pro-
tein fraction is primarily bound in tissue structures. As the latter remains comparatively 
stable, the TAG:protein ratio may be used as a bioenergetic condition index. During the 
larval development of lobsters (Homarus americanus), this quotient was shown to in-
crease in successive stages, in particular during the postmolt and intermolt stages of the 
molting cycle (Sasaki et al. 1986). As a percentage of the lipid fraction, the TAG store in-
creased in this species from <3% at hatching (indicating almost complete depletion during 
embryogenesis) to >50% in stage IV. Similar as the TAG:protein quotient, also the 
TAG:DNA ratio, i.e. an estimate of the average TAG content per cell, may thus be used as 
an index of physiological condition in crustacean larvae (see Miron et al. 2000). 

As another potentially important lipid class, wax esters represent the principal energy 
reserve in most copepods and several other zooplankton. Although these compounds have 
rarely been reported in significant quantity from decapod crustacean larvae, they might be 
important in deep sea species. Large amounts of wax esters (75-82% of the total lipid frac-
tion) were observed in late zoeae and early juveniles of three species of hydrothermal vent 
shrimps (Pond et al. 1997). Since hydrothermal vents represent short-lived, isolated habi-
tats that are scattered over wide areas of deep sea bottom, their colonization depends on 
the dispersal of bathypelagic stages which have to bridge large distances, floating for ex-
tended periods in nutritionally poor water (Herring & Dixon 1998). Their unusual energy 
reserve was thus interpreted as an adaptation to a prolonged bathypelagic existence under 
food-limited conditions. Future biochemical studies will show if a storage of wax esters is 
more favourable in this particular environment than a deposition of TAG. 

Phospholipids (with phosphatidyl choline and phosphatidyl ethanolamine as predo-
minant compounds) are polar lipids. Their majority is structurally bound in membranes, 
where they fulfill crucial physiological functions (Chapelle 1986). Moreover, they are the 
major transport form of lipids in the hemolymph, accounting for up to 88% of all circulat-
ing high-density lipoproteins (Teshima & Kanazawa 1980, Lee & Puppione 1988). Hence, 
phospholipids remain relatively stable under variable nutritional conditions; their degrada-
tion as a bioenergetic substrate begins only after extended periods of starvation and deple-
tion of other energy stores, namely TAG (Chandumpai et al. 1991, Pollero et al. 1991).  

Also sterols, in particular cholesterol, are usually preserved during periods of mal-
nutrition (Chandumpai et al. 1991). Dietary steroids are essential precursors of the molting 
hormones (ecdysteroids; cf. section 4.3.1) and apparently important also for several other 
processes of development and growth in decapod larvae (Teshima et al. 1986b). In the 
lobster Homarus americanus, the sterol:protein ratio remained almost constant throughout 
larval development, ranging between 0.015 and 0.020 (Sasaki 1984). This indicates that 
these two biochemical compound classes have an approximately equal importance as 
structual components of larval biomass. 

In summary, phospholipids and sterols change relatively little under variable nutritional 
conditions or in response to other environmental factors, while large variations may occur 
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in the concentration of TAG. This differential response pattern has been used to derive 
condition indices from lipid composition, for instance the quotients TAG:FW (Ouellet et 
al. 1992, Robertson et al. 2000), TAG:PL, or TAG:cholesterol (Fraser 1989, Mourente & 
Rodríguez 1997, Palacios et al. 1998). Those indices, however, appear to respond unspeci-
fically to various kinds of stress, including food limitation, osmotic pressure gradients, or 
toxic pollutants (see Capuzzo et al. 1984, Fraser 1989, Mourente & Rodríguez 1997). 

7.5.2.2 Developmental patterns and nutritional effects 
In the preceding sections, we have repeatedly used the larvae of the spider crab Hyas ara-
neus as a model to depict changes in the elemental and proximate biochemical composi-
tion during development and growth, or in response to nutritional and other environmental 
factors (see Figs. 7.4-7.6). It is thus convenient to use here the same species for the illus-
tration of effects observed in the major lipid classes, especially as data originating from 
identical material are available (i.e. analyses of aliquot samples taken from the same set of 
experiments that was used by Harms et al. 1991; Fig. 7.8). 
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Figure 7.8. Developmental changes in the lipid composition of spider crab (Hyas ara-

neus) larvae reared under five nutritional conditions in the laboratory: fed with Artemia 
nauplii, diatoms (Biddulphia, Thalassiosira, Skeletonema), or starved; contents (in 
µg/individual) of [a] polar lipids (PL); [b] neutral lipids (NL); [c] NL:PL mass ratio (re-
drawn after data from Selzer 1992, Harms & Anger, unpubl. data). 

 
This comparison shows that the patterns of change in the contents of carbon, total lipid, 

and in the two major lipid classes (PL, NL) were similar, while that in the protein content 
was different. In general, carnivorous (Artemia-fed) crab larvae accumulated substantial 
amounts of all these components of food, while herbivorous (diatom-fed) and starved lar-
vae showed stagnant or declining biomass values. According to all criteria used in this ex-
perimental series (rates of survival and development, gain or loss of W, C, N, H, total lip-
ids, proteins), the tested feeding conditions can be ranked as follows, in a sequence of 
decreasing nutritional quality: Artemia > Biddulphia > Thalassiosira > Skeletonema > 
starvation. This pattern can be seen also in the average levels of PL and NL per individual 
(Figs. 7.8a, b). Among these treatments, a great discrepancy occurred between the Ar-
temia-fed and all remaining experimental groups, while phytoplankton-fed and starved 
larvae were similar. 
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Well-fed larvae showed a consistent pattern in relation to the larval molting cycle. This 
was characterized by a steep increase during postmolt and intermolt (more pronounced in 
NL), followed by a decreasing trend during the premolt phase (more pronounced in PL). 
Similar patterns were observed in the contents of C and total lipids (cf. Figs. 7.4, 7.5). 
Thus, the initial phase of C and lipid accumulation is primarily based on a rapid deposi-
tion of energy reserves (mostly NL), but it includes also a fast synthesis of membranes and 
other cell materials (reflected in an increasing PL content). The protein pool, in contrast, 
increased gradually throughout the molting cycle or reached a plateau, but it did not de-
cline during premolt. 

The storage of NL is probably associated with an increase in the average size (or energy 
density) of cells, in particular of the R-cells of the hepatopancreas (see section 3.11.5). 
This process should be reflected by an increasing C:DNA ratio (for hypertrophy and hy-
perplasia as mechanisms of growth, see section 6.6.2). The synthesis of new tissues, in 
contrast, should be based on rapid cell multiplication, which is generally reflected by in-
creasing DNA concentrations. The premolt decrease in the lipid fraction, particularly in 
PL, may be interpreted as a sign of substantial reconstruction processes prior to ecdysis, 
obtaining eventually priority over continued growth. This may include programmed cell 
death (apoptosis), at least when the megalopa stage approaches metamorphosis. 

This interpretation is supported by further data from the same study. In the megalopa 
stage of Hyas araneus, where our analyses had a high temporal resolution allowing for an 
identification of molt-cycle related patterns, mono- and diacyglycerides (MAG, DAG) 
showed a maximum in early postmolt and, again, in late premolt. This indicates signifi-
cant concentrations of TAG precursors (at the beginning) or degradation products (near the 
end of the molting cycle), respectively. MAG and DAG showed a minimum in early pre-
molt, when total biomass (including TAG) approached a maximum. 

The amounts of cholesterol increased throughout the first half of the molting cycle and 
decreased near ecdysis. Like the changes in the PL fraction (Fig. 7.8a), this pattern sug-
gests a high rate of synthesis of cell membranes during the initial phase, probably associ-
ated with cell multiplication. In premolt, there appears to occur a degradation of mem-
brane materials associated with reconstruction processes. Most probably, these processes 
of growth and development are under hormonal control, namely by the system of ecdys-
teroids produced in the Y-organs and by neuroendocrine factors from the eyestalk ganglia 
(cf. section 4.3). 

Dietary effects become more clearly visible when we look at the relative lipid composi-
tion rather than at absolute quantities. The NL:PL quotient as a measure of proportional 
changes within the lipid fraction (Fig. 7.8c) indicates differential extents of energy accu-
mulation or loss, respectively, in larvae fed with Artemia nauplii, large diatoms (Biddul-
phia sinensis), smaller diatom species (Thalassiosira rotula, Skeletonema costatum), or 
kept in complete absence of food. Under conditions of severe malnutrition (starvation, 
feeding with T. rotula or S. costatum), the crab larvae lost higher proportions of NL than 
PL. Under favourable conditions (feeding with Artemia), on the other hand, they gained 
more NL than PL. As a consequence, the NL:PL ratio showed a consistent and sensitive 
response to the various feeding levels. Hence, this quotient may represent a convenient 
indicator of the nutritional condition of decapod crustacean larvae and other zooplankton. 
However, it must be cautioned that also other kinds of stress can cause a similar (unspe-
cific) response as we have seen in the TAG:PL ratio (see above). 
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In Artemia-fed Hyas araneus larvae, the NL fraction consisted of 55-66 % TAG, 25-
37% cholesterol, and maximally 11% MAG and DAG combined; FFA played, with maxi-
mally 1.5% of total NL, only a minor role. Developmental patterns and dietary effects in 
total NL reflected those in their predominant component, TAG. In consequence, the per-
centage of TAG within the lipid fraction showed a clear response to diet, similarly as the 
NL:PL quotient (see Figs. 7.8c, 7.9a), corresponding also with the patterns of survival and 
development (cf. Harms et al. 1991). 

Sterols, in contrast to TAG, tend to remain fairly stable at variable feeding conditions. 
Hence, also the TAG:cholesterol ratio has been proposed as a potential index of the 
physiological condition of fish, bivalve, and crustacean larvae (see Fraser 1989, Mourente 
& Rodríguez 1997, Harding & Fraser 1999). In larval Hyas araneus, however, this quo-
tient appeared to be a less sensitive indicator of food quality than the quotients NL:PL and 
TAG:total lipid (Figs. 7.8, 7.9a, b). While the TAG:cholesterol ratio of the megalopa stage 
showed a similar pattern as the TAG:lipid relation, less clear patterns were observed in the 
zoeal stages. As expected, the index decreased under conditions of severe food limitation 
(feeding with Skeletonema costatum or starvation), but remained surprisingly high, at least 
initially, with diets of intermediate quality (Biddulphia sinensis, Thalassiosira rotula). 
This may be explained by the fact that sterols are essential food components and thus, 
should be preferentially accumulated until a certain amount of reserves has been stored for 
later use in cellular reconstruction processes. In Artemia-fed larvae, an initially rapid stor-
age of sterols (accompanying the storage of TAG) may have limited the increase in the 
TAG:cholesterol ratio. Comparably high index values in larvae fed with phytoplankton, on 
the other hand, may have been caused by a low dietary cholesterol level which does not 
allow for a significant accumulation of cholesterol, but a deposition (or at least saving) of 
internally stored TAG. 
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Figure 7.9. Developmental changes in the lipid composition of spider crab (Hyas araneus) larvae 
reared under five nutritional conditions in the laboratory: fed with Artemia nauplii, diatoms (Biddul-
phia, Thalassiosira, Skeletonema), or starved; [a] triacylglicerides (TAG, in % of total lipids); [b] 
TAG:cholesterol mass ratio (redrawn after data from Selzer 1992, Harms & Anger, unpubl. data). 

 
 
 
In a recent study of growth and biochemical composition of lobster (Homarus ameri-

canus) larvae developing in their natural pelagic environment, Harding & Fraser (1999) 
showed a substantial increase in both TAG and sterols (Fig. 7.10). This was conspicuous 
not only in the average values of successive developmental stages, but also during the 
course of each molting cycle. Since the accumulation of TAG in reserve tissues depends 
on the overall level of food availability, this fraction showed in the field a great deal of 
variability, with maxima and minima differing by one order of magnitude within indivi-
dual instars. By contrast, the sterol content varied much less, indicating that only limited 
quantities of this lipid class are required for the formation of membranes and other body 
structures, while a deposition of sterols in metabolically accessible energy reserves is in-
significant. In the same study, the authors made also an interesting comparison between 
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field-caught and laboratory-reared lobster larvae, using the latter as a standard for the 
evaluation of nutritional condition in the plankton. Numerous field-caught lobster larvae 
had a similarly low TAG:cholesterol index as starved larvae in the laboratory (about 0.1), 
suggesting that food limitation plays a significant role in the pelagial, at least regionally. 

The larvae of Homarus americanus showed in their TAG:sterol ratio a striking variabi-
lity among developmental stages and feeding conditions. During development from hatch-
ing through premolt stage IV, the TAG fraction increased by three orders of magnitude, 
sterols by only one. In consequence, the TAG:sterol ratio increased through the course of 
pelagic development by a factor of several hundreds (total range measured: <0.1 to ca. 40; 
Fig. 7.10). In the larvae of Hyas araneus, by comparison, this index was much higher at 
hatching (1.9 vs. 0.1-0.7 in H. americanus), but it changed much less during development 
to metamorphosis, even under various feeding regimes (total range: 0.6-2.5). After con-
tinued starvation, the TAG:sterol ratio decreased in H. araneus to a minimum value of 0.6 
(vs. <0.1 in lobster larvae). These findings suggest that an accumulation of energy re-
serves (primarily TAG) obtained from the feeding of plankton should be more crucial for 
the success of settlement and benthic recruitment in lobster larvae. Spider crab larvae have 
higher initial energy reserves, and they seem to utilize these more efficiently during de-
velopment under variable nutritional conditions. In “postlarval” penaeid shrimps (Melicer-
tus kerathurus) reared under different feeding regimes, the TAG:sterol ratio varied in a yet 
narrower range than in H. araneus (0.8-1.0; Mourente & Rodríguez 1997). In conclusion, 
interspecific comparisons of biochemical indices must consider also phylogenetic varia-
tion in their average level and responsiveness against nutritional and other stress factors. 

7.5.2.3 Fatty acid composition 
Fatty acids represent another crucial component of the lipid fraction, occurring bound to 
NL or PL, and as free molecules (FFA). Natural fatty acids show generally an even num-
ber of carbon atoms, because their biosynthesis is based upon the successive combination 
of acetate units. In the generally applied nomenclature, the total number of C atoms is in-
dicated first, followed by the number and position of double C bonds. In the fatty acid 
20:5n-3 (eicasopentaenoic acid), for instance, there are 20 C atoms with five double bonds 
in total, the first of these occurring between C atoms 3 and 4 (counted from the methyl 
end of the chain). Fatty acids with three or more double bonds are termed highly unsatu-
rated fatty acids, HUFA (or poly-unsaturated fatty acids, PUFA). 
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Figure 7.10. Developmental changes in the lipid composition of lobster (Homarus americanus) lar-
vae caught from the field (Gulf of Maine, USA); letters A-E (bottom): stages of the molting cycle; 
[a] triacylglicerides, TAG; [b] sterol; [c] TAG:sterol mass ratio (redrawn after Harding & Fraser 
1999, with permission from Inter-Research, Oldendorf, Germany). 

As in most other biochemical aspects of growth, abundant data exist for the fatty acid 
concentrations in adult benthic Decapoda as well as in holoplanktonic crustaceans such as 
copepods or krill (see e.g. Floreto et al. 2000, Styrishave & Andersen 2000, Falk-Petersen 
et al. 2000, Cripps & Atkinson 2000, Virtue et al. 2000, and earlier literature cited 
therein). By comparison, little has been published on the composition of meroplanktonic 
decapod larvae. In larval crabs (Menippe adina), Nates & McKenney (2000a) observed 
predominantly the saturated fatty acids palmitic (16:0) and stearic acid (18:0). Within the 
total fatty acid pool, saturated fatty acids dominated with 49-72% throughout larval de-
velopment, followed by the fractions of monounsaturates (11-24%), and HUFA (16-26%). 

HUFA are generally considered as crucial the dietary compounds which have the great-
est influence on larval survival, development, and growth (see section 5.2.1.3. Since most 
HUFA are essential food components (i.e. they cannot be synthesized de novo), the larvae 
do not normally utilize these dietary compounds as an energy source but incorporate them 
preferentially in their body tissues. During periods of starvation, lobster (Homarus ameri-
canus) larvae utilized monounsaturated fatty acids such as 16:1n-7 and 18:1n-9 to a 
greater extent than HUFA, but also more than their fully saturated analogues 16:0 and 
18:0 (Sasaki 1984).  

Due to the essentiality of many fatty acids, the HUFA profile reflects the composition 
of diet and, thus, the nutritional condition of larvae (Catacutan 1991; see also section 
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5.2.1.3). In freshly hatched zoea I larvae, variation in the HUFA content may indicate cli-
matic or annual variation in the nutritional condition of females during oogenesis, which 
also affects the fitness, in particular the nutritional vulnerability of the larvae. In the North 
Sea shrimp (Crangon crangon), for instance, Kattner et al. (1994) observed during a par-
ticularly mild winter an additional reproductive period, but the eggs and early zoeae pro-
duced during that time showed an extremely low level of HUFA. Probably as a conse-
quence of this poor condition, this cohort showed signs of a very high mortality in the 
plankton. 

Relationships between larval nutrition and the HUFA content are again exemplified 
with our data from the spider crab Hyas araneus (Selzer, Anger, Harms; unpubl.). In Ar-
temia-fed larvae, almost all fatty acids showed a significant increase. This type of food 
contained predominantly 18:1n-9 cis, 18:1n-9 trans, 18:2n-6, 18:3n-3, and 20:5n-3, while 
20:0, 20:1n-9, and 22:6n-3 were particularly scarce. Consistent with these patterns, the 
concentrations of the most abundant dietary fatty acids increased at the highest rates dur-
ing larval development, while the accumulation of less abundant molecule species was 
low or insignificant. Also in herbivorously fed spider crab larvae were the predominant 
dietary fatty acids accumulated at the highest rates. The diatom species that we tested as to 
their food value contained particularly high amounts of 22:6n-3, 20:5n-3, and 22:5n-6 (the 
latter except in Thalassiosira). Biddulphia had additionally also high levels of the satu-
rated fatty acids 12:0 and 16:0. However, growth and survival of the herbivorously fed 
larvae remained poor, indicating that the HUFA richness of these diatoms did not suffice 
to compensate other deficiencies in their nutritional value. This was probably due to their 
low overall level of lipids. The fatty acid concentration per unit of W corresponded in 
Biddulphia to about one half, in the other two phytoplankton species to only one fourth of 
the mass-specific concentrations measured in Artemia nauplii. 
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8 METABOLISM 

Development and growth imply conversions of matter and potential chemical energy 
originating either from ingested food or mobilized from internally stored reserves. These 
conversion processes are summarized under the term metabolism. One part of the assimi-
lated or mobilized compounds can be utilized in synthetic pathways, allowing for an ac-
cumulation or reconstruction of tissue materials. Another part is degraded in catabolic 
pathways, so that chemically bound energy is converted to the universal cellular energy 
current, ATP. This nucleotide is utilized in numerous processes of life, including the bio-
synthesis of macromolecules, maintenance of complex structures, locomotion, digestion, 
etc. (Hochachka 1997). 

The intermediary metabolism of the Crustacea does not differ in its principal compo-
nents and mechanisms from that of most other organisms, i.e. the majority of the meta-
bolic processes depends on the consumption of oxygen (Wolverkamp & Waterman 1960, 
Hochachka & Somero 1984, Burggren & Roberts 1994). Anaerobic processes play a sig-
nificant role too, at least in those species or life-history stages that live in stagnant aquatic 
habitats or other chemically reduced environments (Livingstone 1991). However, the ma-
rine pelagial, where most decapod larvae develop, is in general well oxygenated and has 
thus not selected for special physiological adaptations to anaerobic conditions. In conse-
quence, the rate of larval oxygen consumption (commonly referred to as respiration) is 
highly correlated with the overall rate of metabolic processes. As alternative methods for a 
quantification of the metabolic rate, heat dissipation may be measured with calorimetric 
techniques (Sprung & Widdows 1986), or the activity of the electron transfer system can 
be determined biochemically (Owens & King 1975, Båmstedt 1980, Packard 1985). 

As another important aspect of the metabolism in animals, nitrogeneous and phospho-
ric compounds originating from the degradation of macromolecules are excreted (summa-
rized as excretion; for review of nitrogen metabolism in crustaceans, see Claybrook 1983, 
Greenaway 1991, 1999). In this chapter, I will first briefly discuss the potential signifi-
cance of the adenylate energy charge as a measure of metabolically available energy, the 
relationships between oxygen consumption and the activity of the electron transfer sys-
tem, and developmentally and environmentally induced changes in larval respiration and 
excretion. Eventually, the quantitative relation between these metabolic parameters, the 
O:N quotient, is discussed as an indicator of the predominant biochemical substrate of en-
ergy production. 

8.1 Adenylate nucleotides and energy charge 

The metabolic energy that is potentially available from the adenylate pool to an organism 
is commonly estimated from measured concentrations of adenosine-5´–triphosphate 
(ATP), –diphosphate (ADP), and –monophosphate (AMP), using the adenylate energy 
charge, AEC, as an index (Atkinson & Walton 1967, Atkinson 1968): 

AEC =
  

ATP + 0.5 ADP
ATP + ADP + AMP  (8.1) 
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While this quotient can theoretically vary between 0 and 1, healthy organisms show 
normally AEC values ranging from 0.8 to 0.9 (Atkinson 1968). Hence, the AEC has re-
peatedly been proposed as a quantitative index of the physiological state of organisms, in-
dicating effects of pollution or other kinds of stress (see e.g. Ivanovici 1980, Romano & 
Daumas 1981). 

 
 
 

 

 
Figure 8.1. Biochemical and physiological changes in shore crab larvae (Carcinus maenas, zoea I), 
fed with Artemia nauplii or starved; [a] protein, lipid contents, expressed in units of chemically 
bound energy (mJoules/individual); [b] lipid:protein ratio (by energy content); [c] total concen-
tration of adenylate nucleotides, ∑AN; [d] adenylate energy charge,  AEC (redrawn after data from 
Harms et al. 1990).  
 
 

The AEC has been measured in adult crustaceans such as crayfish, crabs, and lobsters 
(e.g. Dickson & Giesy 1982, Dehn et al. 1985, Schirf et al. 1987, Harris & Santos 2000) 
but rarely in larvae. Experimental data are available for the nucleotide composition in fed 
and starved stage I zoeae of the shore crab, Carcinus maenas (Harms et al. 1990), and for 
all larval stages of the spider crab, Hyas araneus, fed with different diets (Harms 1992a). 
Some of the results from the former study are shown in Fig. 8.1 as examples of both molt-
cycle related and nutritionally imposed changes in the concentrations of the predominant 
nucleotides and in the AEC. 

Under conditions of ad libitum feeding and starvation, respectively, the biomass and 
chemical composition of the zoea I of Carcinus maenas showed the typical patterns of 
biochemical change (Fig. 8.1a; cf. section 7.3, Fig. 7.5). While well-fed larvae rapidly en-
hanced their lipid stores, the same biochemical fraction was in the absence of food primar-
ily utilized as a substrate for energy production, in this case originating from remaining 
egg yolk reserves. As a consequence of these changes in the lipid fraction, accompanied 
by a relatively stable protein content, conspicuous shifts occurred in both experimental 
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groups also in the lipid:protein ratio (expressed here in energy equivalents; Fig. 8.1b). 
This change in the biochemical composition was most pronounced during the initial phase 
of feeding or starvation. During the premolt phase of the molting cycle and after pro-
longed periods of starvation, by contrast, proportionally more protein than lipid was ac-
cumulated or degraded, respectively, causing a reversal of these trends. 

These changes in total biomass and proximate biochemical composition during the 
course of the molting cycle or in response to feeding conditions were clearly reflected in 
the total content of adenylate nucleotides (∑AN; Fig. 8.1c). Among these, ATP was con-
sistently the predominant compound, generally followed by ADP and AMP. Other nucleo-
tides such as uracil and guanosine triphosphate (UTP, GTP) occurred in lower concentra-
tions. Their quantities increased prior to ecdysis, reaching up to 30% of ∑AN. It is 
interesting to note that ∑AN and ATP increased in fed larvae only until molt-stage D0, 
then they remained at a constant level. Another remarkable finding was that an initial in-
crease in ATP occurred also in starved larvae, both per individual and in biomass-specific 
terms. A decrease in the individual ATP content began only after more than four days of 
starvation, indicating a gradual depletion of energy reserves. 

As a consequence of this variation in ATP, also the AEC, i.e. the proportion of ATP in 
relation to other nucleotides, showed complicated patterns of change. These, however, did 
not generally reflect the nutritional state of the larvae (Fig. 8.1d). In well-fed larvae, the 
AEC decreased from hatching to the beginning of molt-stage C (days 0-2), increased 
throughout the intermolt and major parts of the premolt phase, and decreased again before 
ecdysis. In starved larvae, the index showed two peaks, namely about 2 days and again 6-
7 days after the onset of starvation. In experiments where the zoeae were initially fed but 
later starved, the response patterns in ∑AN and AEC depended on the timing of food dep-
rivation (Harms et al. 1990): Starvation beginning after the D0 threshold (see section 
4.5.2) allowed for successful development to the zoea II stage, and the nucleotide concen-
trations changed in a similar fashion as in continually fed larvae. An earlier onset of star-
vation, in contrast, caused similar changes in larval biomass and nucleotide composition 
as in the continually starved group. 

 Similarly as in Carcinus maenas, changes in ∑AN but not in AEC reflected the feeding 
level in Hyas araneus larvae (Harms 1992a). This suggests that the AEC is, at least in 
some species of crab larvae, not a good indicator of nutritional stress. Presumably, the lar-
vae are able to regulate their energy pool as long as metabolizable reserve stores or some 
food is available, even if this is insufficient for development. In starved C. maenas larvae, 
the patterns of change in the AEC (Fig. 8.1c) may thus be interpreted with two subsequent 
phases of reserve mobilization: (1) a rapid degradation of the energetically rich but quanti-
tatively minor lipid reserves allows initially for a temporary enhancement of the ATP 
pool; the AEC declines subsequently, when the metabolically available lipids (mostly 
TAG, see section 7.5.2) are depleted; (2) protein is later increasingly utilized as a substrate 
for energy production, allowing for another increase in the AEC; this declines again, when 
also the metabolizable parts of this biochemical reserve are depleted. 

The patterns observed in fed larvae, by contrast, appear to indicate that the initially fast 
storage of lipid reserves (see Fig. 8.1b) requires major quantities of metabolically avail-
able energy, leading to an initial decrease in the AEC. These synthetic processes appear to 
slow down in intermolt, allowing for a gradual increase in the AEC throughout major parts 
of the molting cycle. Another decrease in the AEC occurred in late premolt, coinciding 
with a decrease in total larval biomass and in the lipid:protein ratio (Figs. 8.1a, b). The fi-
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nal drop in major biochemical reserves and in the AEC reflects most probably the increas-
ing energy demands of the molting process, accompanied by an interruption of feeding. 
This was suggested also by Lim & Hirayama (1993), who observed cyclic changes, with 
minima at each ecdysis, in the dry mass-specific ATP content of portunid crab (Portunus 
trituberculatus) larvae. 

8.2 The electron transfer system (ETS) 

The consumption of oxygen (respiration, in the literature usually denoted with the symbol 
VO2) is in eukaryotic organisms primarily due to processes of oxidative phosphorylation, 
which take place in proteinaceous structures embedded in the inner lipoprotein membrane 
of the mitochondria (Lehninger et al. 1993). These metabolic processes, in which elec-
trons are transferred from organic substrates to O2, are driven by a complex of at least two 
classes of enzymes, collectively referred to as respiratory “electron transfer system” (or 
“electron transport system”), ETS. Biochemical measurements of the ETS activity (ETSA) 
determine the maximum velocity of electron transfer by NADH-, NADPH-, and succinate 
dehydrogenases in the respiratory system (for details of assays, see Owens & King 1975, 
Packard & Williams 1981). Hence, the ETSA may be considered as an estimate of the po-
tential (maximally possible) rate of respiration. In contrast to VO2, the ETSA does not ap-
pear to vary with the physiological state of the cells (Martinez 1992). Hence, the 
VO2:ETSA quotient was proposed as an index of “respiratory efficiency” of an organism 
(Savenkoff et al. 1995). Higher than normal values (approaching the theoretical maximum 
of 1.0) should thus indicate an increasing oxygen consumption in response to higher en-
ergy needs, e.g. under exposure to physiological stress. Low index values, on the other 
hand, should reflect a relaxed state with a high level of remaining reserves for metabolic 
energy production. 

In pink shrimp, Pandalus borealis, both VO2 and ETSA per individual increased 
throughout larval development, while the weight-specific metabolic rates decreased 
(Savenkoff et al. 1995; Fig. 8.2a). As should be expected theoretically, and in agreement 
with observations from other plankton (e.g. Del Giorgio 1992), these two independent 
measurements of metabolic intensity showed a significant positive correlation. However, 
the developmental increase in successive larval stages was clearly stronger in ETSA than 
in VO2. In consequence, the VO2:ETSA ratio decreased throughout larval development 
from about 0.66 after hatching (zoea I) to 0.21 in the decapodid stage (larval instar VI; 
Fig. 8.2b). This trend in the “respiratory efficiency” index suggests that the earliest larvae 
are most vulnerable, while older larvae attain an increasing scope for metabolic response 
to stress (a “leftover capacity”), i.e. a greater ability to manage stress. This conclusion was 
supported by previous observations in P. borealis larvae, where the earliest stages showed 
the lowest tolerance of nutritional stress (Saotome & Ikeda 1990, Ouellet et al. 1992). 
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Figure 8.2. Ontogenetic changes in the metabolism of successive larval stages of a shrimp, Pandalus 
borealis; [a] weight-specific rate of oxygen consumption (QO2) and electron-transport system activ-
ity (ETSA); [b] quotient of individual oxygen consumption (VO2) to ETSA (redrawn after data from 
Savenkoff et al. 1995). 

 
 
Thus, an index based on the relationships between VO2, ETSA, and stress tolerance 

seems to provide a useful tool for the comparative assessment of the physiological state of 
an organism. However, this has been tested only little and with controversial results in de-
capod crustacean larvae. When St-Amand et al. (1999) exposed Pandalus borealis larvae 
to various concentrations of mercury (40-160 ppb), the larvae responded consistently with 
a decrease in both VO2 and the VO2:ETSA ratio. This toxic effect on the “respiratory effi-
ciency” was opposite to that predicted by Savenkoff et al. (1995), who expected an in-
crease in VO2 but a decrease in the presumable “leftover capacity”. The metabolic depres-
sion observed in these experiments probably reflects an increasing inhibition of the 
locomotory and respiratory activity of the larvae. On the biochemical level, St-Amand et 
al. (1999) suggested that it may indicate a disturbance of substrate formation reactions be-
fore the respiratory chain, e.g. due to an alteration of glycolysis (for review of the energy 
metabolism in crustaceans, see Chang & O’Connor 1983). 

In conclusion, the VO2:ETSA ratio can presently not be used as a simple and universal 
indicator of a physiological response to severe stress. Yet, it might be useful for the detec-
tion of weak, sublethal effects draining parts of the assimilated energy away from the syn-
thetic pathways into energy production, i.e. reducing the scope for growth (see section 
9.1). In future research, it should thus be worth-while to compare rates of larval respira-
tion, ETSA, growth, development, and survival under favourable and moderately stressful 
conditions. Likewise, the physiological basis and the significance of ontogenetic changes 
in the VO2:ETSA ratio should deserve attention in future research. 
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8.3 Respiration 

Among the intrinsic factors exerting an influence on the rate of respiration (VO2), there are 
phylogenetic differences among taxa, behavioral variation in locomotory activity, effects 
of body size, developmental stage, and hormonal control factors related to growth, regen-
eration, morphogenesis, and the molting cycle (Christiansen 1988, Chang 1995). These in-
trinsic patterns are overlayed by effects of environmental variables such as nutrition, the 
concentrations of respiratory gases (O2, CO2), temperature, and osmotic pressure of the 
medium (for general review, see e.g. Kinne 1967, Vernberg 1983). 

Most measurements of respiration rate have been made in an intermediate state of an 
animal’s activity, somewhere between the basal rate and fully active metabolism. Al-
though this condition (commonly referred to as “routine metabolism”) is not well defined, 
it has commonly been accepted as a fairly good approximation of the average oxygen re-
quirements of an organism (Wolvekamp & Waterman 1960, Newell 1979). The experi-
mental error due to variation in activity is probably considerable in large benthic crusta-
ceans such as lobsters and crabs, where inactive, sluggish behavior may alternate with 
short periods of full activity, e.g. during prey capture, escape from predators, intraspecific 
aggression, etc. By contrast, this variability should be small in constantly swimming ani-
mals including most zooplankton. Since no quantitative information is available on activ-
ity-related variation in the respiration rate of larval decapods, I will ignore this aspect, 
considering it here as negligible. 

In the following sections, I will illustrate the dependence of the metabolic rate on major 
intrinsic and extrinsic factors, namely body size, larval stage, the molting cycle, food 
availability, concentration of available oxygen, temperature, and salinity. Effects of pollu-
tion will be dealt in more detail in the context of bioenergetics (section 9.4.3), because in 
most experimental studies of larval respiration under the influence of toxic chemicals also 
aspects of development and growth were considered, sometimes also changes in feeding 
and in the overall patterns of energy partitioning. 

8.3.1 Body size and developmental stage 
Body size is obviously one of the most crucial intrinsic determinants of the respiration rate 
per individual, VO2 (Zeuthen 1953, Bertalanffy 1957). Although the use of weight-
specific values implies, in general, various statistical problems (for recent discussion, see 
Packard & Boardman 1999), we need to eliminate or reduce the influence of size before 
effects of other factors can be compared. This normalization is commonly achieved with 
the calculation of weight-specific respiration values (denoted with the symbol QO2; see 
below). As a reference base for QO2, I will use here dry mass (W, in µg or mg) rather than 
wet mass (FW), because the latter is generally a poor measure of living matter (see sec-
tions 6.2.3, 7.1.1). As a dimension of VO2, I am using µg O2·ind-1·h-1. Some authors prefer 
units of gas volume (µl) rather than mass units (µg); these measures can be converted into 
each other using a factor of 1.4 µg/µl (the specific mass per unit volume of oxygen). 
However, the exact value of this conversion factor depends on temperature and atmos-
pheric pressure. 

The general relationship between individual body dry mass (W) and respiration (VO2) is 
commonly expressed with a simple allometric equation (Zeuthen 1953, von Bertalanffy 
1957, Wolvekamp & Waterman 1960, Ivleva 1980): 

VO2 = a·Wb (8.2) 
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Following the predominant use in the literature, the fitted coefficients a and b represent 
here the intercept with the Y-axis and the slope, respectively, in the linearized form of this 
function (after logarithmic transformation of both the X and Y data; cf. size-weight rela-
tionships in section 6.2; Eqs. 7.8, 7.8a). 

The mass exponent b varies generally between ca. 0.67 and 1.0, indicating that the 
metabolic rate is proportional to the animal’s body surface area (0.67), to it’s volume 
(1.0), or something in between. In most crustaceans (including larvae), the b value is in-
termediate between these theoretical extremes (Wolvekamp & Waterman 1960, Ivleva 
1980). A recent analysis of extensive data sets from larval, juvenile, and adult fish showed 
that this general relationship holds, in principle, over a biomass range of several orders of 
magnitude, with an ontogenetically decreasing trend in the mass exponent (Bochdansky & 
Leggett 2001). 

Variation in the exponent b may be caused by changes in the relation between body 
shape and volume, in the proportions of living protoplasm and metabolically inert compo-
nents of biomass (e.g. skeletal materials, fat reserves, etc.), and by overlaying external 
(ecological) factors. In several studies with decapod crustacean larvae, b values above the 
hypothetical limit of b=1 were measured, usually associated with physiological stress. In 
caridean shrimp (Palaemon serratus) larvae, for instance, such high b values were ob-
served at the least favourable conditions of temperature and salinity (13°C,13‰S; Yagi et 
al. 1990). Similarly, b>1 was measured in brachyuran crab larvae exposed to unfavourable 
temperatures (Cancer irroratus: 10°C, Johns 1981; Carcinus maenas: 25°C, Dawirs 
1983). Also in lobster (Homarus americanus) larvae, an unusually high value (b = 1.24) 
was found (Capuzzo & Lancaster 1979b). However, a much lower b was obtained in an-
other investigation on the same species reared under similar conditions (Logan & Epifanio 
1978), suggesting that the former observation might have been associated with some un-
known stress related to the culture conditions. 

The weight-specific respiration rate (QO2) is obtained by division of Eq. 8.2 by dry 
mass (W, in mg): 

QO2 = 
    
VO2

W  = a·W(b-1) (8.3) 

The dimension of QO2 is thus µg O2·mg-1·h-1. Since the constant b is in general below 
1.0, the exponent of this function (in Eq. 8.3 in parentheses) becomes negative. This im-
plies a decrease in QO2 with increasing W. The parameter a represents the respiration rate 
of a “unit animal” (i.e. of an individual with 1 mg dry mass) at a given condition. 

Both regression parameters, a and b, vary not only among species and developmental 
stages, but also with temperature and other environmental factors (for recent discussion of 
the general comparative ecological and evolutionary significance of mass-specific respira-
tion, see McNab 1999). When parameter b in Eq. 8.2 is close to a value of 1.0, the expo-
nent in Eq. 8.3 becomes practically zero. In this case, QO2 remains constant near a value 
of a, and thus, no correlation exists between QO2 and W. Examples of size-independent 
variation in the weight-specific respiration rate were observed in larval shrimps and crabs 
(Palaemon serratus, Yagi et al. 1990; Libinia emarginata, Schatzlein & Costlow 1978; 
Cancer irroratus, Johns 1981). 

 
 



218 Klaus Anger 

 

 

Figure 8.3. Relationships between biomass (dry mass, W) and metabolic rate in brachyuran crab 
(Chasmagnathus granulata) larvae reared at various temperatures; fitted regression equations and 
coefficients of determination, r2; [a] respiration rate per individual, VO2; [b] weight-specific rate, 
QO2; arrows indicate molts to successive larval stages (redrawn after Ismael et al. 1997). 

 
 
Since feeding larvae gain weight during the course of development, successive stages 

show normally a clear increase in VO2 and a decrease in QO2. The latter trend is probably 
associated with a disproportionate increase of metabolically inactive materials such as de-
posited fat and cuticular matter. The general relationships between VO2, QO2, and W (Eqs. 
8.2, 8.3) are illustrated in Figure 8.3, using the larval stages of a grapsid crab (Chasma-
gnathus granulata) as a typical example. These graphs demonstrate also the influence of 
temperature on the relation between metabolic rates and W (cf. section 8.3.5). Similar re-
lationships were described for larvae of numerous other decapod species (Mootz & Epi-
fanio 1974, Schatzlein & Costlow 1978, Moreira et al. 1981, Vernberg et al. 1981, Dawirs 
1983, Anger & Jacobi 1985, Jacobi & Anger 1985a, McNamara et al. 1985, Kurmaly et 
al. 1989c, Saotome & Ikeda 1990). 

An increasing QO2 with increasing W (i.e. a coefficient b>1 in Eq. 8.2 and a positive 
exponent in Eq. 8.3) was observed only exceptionally. In shore crab (Carcinus maenas) 
larvae, for instance, the data presented by Dawirs (1983) indicate an interaction of devel-
opmental and thermal effects. Ontogenetically changing response patterns suggest that the 
late larval stages of this species were particularly sensitive to high temperature stress, en-
hancing their respiration rate more than the earlier stages. As another exception from the 
rule, QO2 was in the shrimp Palaemon serratus maximum in an intermediate larval stage, 
the zoea IV (Yagi et al. 1990). In this case, an enhanced metabolic demand was inter-
preted as a result of dramatic developmental changes in the mode of feeding, from her-
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bivorous (or omnivorous) to carnivorous, probably accompanied by a sudden increase in 
the number of hepatopancreatic cells and tubules (Richard 1978) and a significant increase 
in the activity of protease (van Wormhoud 1973). Such changes should be associated with 
an increasing turnover of dietary matter and energy. 

VO2 and QO2 values measured in decapodid stages were commonly lower than should 
be expected from the trends observed throughout the preceding zoeal development. This 
abrupt decrease in the metabolic activity is associated with profound developmental 
changes, including a transition from pelagic swimming to benthic crawling and, com-
monly, decreasing rates of growth and feeding. In species with fully lecithotrophic larvae, 
there are no interactions between metabolism and feeding, so that effects of the change in 
life style (from planktonic to benthic) are more conspicuous. This was documented, for 
instance, as a sudden drop in QO2 at the transition from the zoea III to the megalopa (both 
are nonfeeding stages) of the stone crab, Lithodes maja (Anger 1996b). This developmen-
tal decrease in the metabolic activity is further enhanced in species where the pelagic 
zoeae are feeding stages but the megalopa becomes not only benthic but also secondarily 
nonfeeding; this was observed in the megalopa of some hermit crab species and in the pu-
erulus of spiny lobsters (for secondary lecithotrophy, see section 5.1.2).  

8.3.2 Molting cycle 
Effects of the developmental increase in body size and biomass on individual or weight-
specific respiration rates have been documented for the successive larval stages of numer-
ous decapod species (for review, see Schatzlein & Costlow 1978, Anger 1991a). How-
ever, only few experimental studies showed a sufficiently high temporal resolution to al-
low for an identification of molt-cycle related changes in larval metabolism. In larvae 
developing and growing under constant, unlimited feeding conditions, VO2 increases nor-
mally throughout the molting cycle. The increase in VO2 was gradual in the zoeae of two 
species of spider crab (Hyas araneus, H. coarctatus; Anger & Jacobi 1985, Jacobi & An-
ger 1985a, Anger et al. 1989a), in the early zoeal stages of a hermit crab (Pagurus bern-
hardus; Anger et al. 1990b), and in the larvae of a caridean shrimp (Macrobrachium nip-
ponense; Shin & Chin 1994). This correspondence in various stages and taxa suggests that 
larval respiration may typically change as a linear function of the developmental time 
within an instar (see Fig. 8.3a). On the other hand, only a weak molt-cycle related increase 
or inconsistent variation was found in the late zoeal stages of P. bernhardus and in the 
larvae of another spider crab, Libinia ferreirae (Anger et al. 1989b, 1990b). In the mega-
lopa stage of the two Hyas species and, less clearly, in that of L. ferreirae, sigmoidal pat-
terns were found, which may be described with a third-order polynomial regression equa-
tion (see Anger & Jacobi 1985, Jacobi & Anger 1985a; see Fig. 8.3b). 
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Figure 8.4. Ontogenetic changes in the metabolic rate during development through successive molt-
ing cycles of brachyuran crab (Hyas araneus) larvae reared at constant temperature (12°C); [a] res-
piration rate per individual, VO2; [b] weight-specific rate, QO2; for regression models see text (re-
drawn after Anger et al. 1989a). 

 
 
Due to the scarcity and inconsistency of the available data, it is presently not possible 

to identify a universal relationship between VO2 and the time within the molting cycle of 
decapod crustacean larvae. As a safe generalization, one can only say that larval respira-
tion changes in most cases significantly during the time of each individual instar. This im-
plies that single (“representative”) respiration measurements will not yield reliable esti-
mates of the average metabolic rate in successive larval stages. As a minimum 
requirement, it appears to be necessary to relate physiological measurements to well 
specified, microscopically checked stages of the molting cycle. 

The weight-specific respiration rate (QO2) of decapod crustacean larvae showed gener-
ally a maximum in early postmolt, followed by low and particularly stable values in in-
termolt (molt-stage C), and sometimes a weak increase throughout the premolt stages 
(Fig. 8.4). This is consistent with observations in adult crustaceans, where metabolic ac-
tivity was found to be minimum during intermolt, and enhanced shortly before and after 
ecdysis (see Hagerman 1976, Penkoff & Thurberg 1982). Maximum metabolic activities 
during postmolt and premolt may be explained by energy-consuming reconstruction proc-
esses, while the minimum in molt-stage C coincides with a phase of little structural 
change. As a practical consequence of this recurrent pattern, “representative” measure-
ments of QO2 in a given larval instar should be taken during the metabolically stable molt-
stage C, where small errors in the timing of measurements are less critical; the metabolic 
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rate may be further stabilized by a short fasting period, excluding the specific-dynamic ef-
fect of feeding (see following section). It must be considered, however, that the intermolt 
value may underestimate the average metabolic level in a given instar. 

8.3.3 Feeding and starvation 
Feeding has an immediate enhancing effect on respiration rate, representing the energetic 
costs of digestion. This effect is commonly referred to as “specific-dynamic action”, SDA 
(Lehninger et al. 1993), or “apparent heat increment” (e.g. Rosas et al. 1996). It varies 
more with the quality than with the quantity of food taken up. When the food is rich in 
protein, the SDA may reach 20-30% of the “metabolizable energy” (see section 9.1). On 
the other hand, it is low (4-8%) when carbohydrates or lipids predominate in the diet 
(Wieser 1986). When juvenile caridean shrimps were fed with protein-rich animal prey, 
their respiration rate was enhanced by up to 43%, whereas a consumption of benthic algae 
caused an increase by only 7% (Nelson et al. 1977, 1985). Also in “postlarvae” of several 
species of penaeid shrimps (in this case probably referring to decapodid stages), the SDA 
increased with increasing protein content of the diet (Rosas et al. 1996). 

Very few quantitative data on this aspect are available for larval decapods. Since larvae 
differ from the adults in the type and habits of feeding (plankton vs. deposit feeders; con-
tinuous activity vs. interval feeding), it should be interesting to study ontogenetic changes 
in the level and duration of the SDA effect. In lobster (Homarus americanus) larvae, val-
ues ranging from 17 to 64% were reported, with a duration of up to 48h after feeding 
(Logan & Epifanio 1978, Capuzzo & Lancaster 1979a). However, some of these estimates 
appear to be very high and may not generally apply to larval decapods. 

Besides showing a short-term response to food uptake, larval respiration may continu-
ally be affected by variation in the quality or quantity of available food, ranging from 
complete absence (starvation) to “ad libitum” (i.e. entirely unlimited) feeding conditions; 
the latter are typical of most laboratory experiments. When planktivorous decapod larvae, 
which generally have only a low level of internal energy reserves, are exposed to condi-
tions of famine, they respond consistently and almost immediately with a reduction of 
their metabolic activity (Fig. 8.5). As a consequence of this energy saving effect, the W-
VO2 relationship (Eqs. 8.2, 8.3) shows a shift towards a lower level of metabolism in rela-
tion to body size (Logan & Epifanio 1978). This response is wide-spread among zoo-
plankton and most other poikilothermal animals (Ikeda 1974, Mayzaud 1976, Calow 
1977a). In continuously starved larvae of Carcinus maenas, for instance, VO2 decreased to 
about 40% of the initial values (Dawirs 1983), in Hyas araneus larvae to 12% (Anger 
1986). 

The pattern of decrease in the individual respiration rate (VO2) can be described as a 
logarithmic function of the time of starvation (t, in days; cf. Fig. 8.5a): 

VO2 = a + b·ln (t+1) (8.4) 

The parameters a and b are again fitted regression constants. The t values are trans-
formed to (t+1) to avoid zero values; the initial day (0) becomes thus 1, its logarithm 0 (cf. 
section 6.2; Eq 6.10). 
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Figure 8.5. Changes in the metabolic rates of successive larval stages of a brachyuran crab (Hyas 
araneus) during starvation; [a] respiration rate per individual, VO2, [b] weight-specific rate, QO2, as 
functions of the time of starvation (t, in days); r2: coefficients of determination for fitted regression 
equations (after Anger 1986). 

Naturally, starved larvae lose significant amounts of organic biomass, in spite of the 
energy-saving metabolic response. If the reduction in larval weight (W) were proportion-
ally equal to that in VO2, then the weight-specific metabolic rate (QO2) would remain con-
stant (cf. Eq. 8.3). However, not all biomass is available as a substrate for metabolic en-
ergy production and thus, W cannot possibly be reduced to a similarly low level as VO2. In 
the larval stages of Hyas araneus, W decrased maximally by 10-20%, while VO2 de-
creased by up to 88%. In consequence, not only VO2 but also QO2 will decrease during 
starvation. 

The reduction in QO2 is very rapid during the initial phase of starvation but weak 
therafter; this typical hyperbolic pattern is illustrated in Figure 8.5b. In Hyas araneus, it 
was described with best fit as a power function of the time of starvation (regression pa-
rameters as in Eq. 8.4; b is a negative value): 

QO2 = a·(t+1)b (Eq. 8.5) 

The particularly rapid initial decrease in QO2 is actually an effect of our choice of W as 
a reference base for biomass-specific respiration rate; such a steep decline does not occur 
in VO2 (cf. Fig. 8.5a). This discrepancy is due to the rapid, in principle food-independent 
postmolt increase in the mineral fraction (see section 7.1, Fig. 7.2), and hence, in total W. 
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The initial decrease in the metabolic rate appears thus more gradual when we use carbon 
rather than W as a reference base for QO2. 

After extended periods of starvation, the rates of decrease in both VO2 and W level off, 
and QO2 may eventually remain almost constant at a low level (Fig. 8.5b). This indicates 
that physiological limits are reached, with a condition of largely exhausted energy reser-
ves, where no further reductions of respiration and biomass are possible.  

If starvation begins during the postmolt or early intermolt period (i.e. before the PRS or 
D0-threshold is reached; see section 4.5.2), the metabolic energy saving mechanisms in-
clude a suspension of the molting cycle (except for endocuticle secretion; see Anger & 
Nair 1979, Anger 1984a). According to preliminary observations, the metabolic response 
to famine changes after the D0-treshold. When larvae have surpassed this critical point in 
the molting cycle, they have gathered sufficient internal energy reserves to develop to the 
next instar in further absence of food. Hence, the metabolism shifts to the development-
ally controlled patterns, which are typical of favourable nutritional conditions (see section 
8.3.2). Since substantial reconstruction processes take place during premolt, in particular 
in the epidermal tissues, both VO2 and QO2 tend to increase throughout molt-stage D, in-
dependent of feeding or starvation. However, this relationship between the metabolic re-
sponse to starvation and critical points in the molting cycle needs to be scrutinized with 
further experiments. 

Starvation over an extended period represents an extreme scenario that is not likely to 
occur in the natural environment. Hence, the relationships shown above serve us only to 
define the lower end of a scale of nutritional conditions that do exist and may be encount-
ered by decapod larvae; the other end is the equally unlikely condition of ad libitum food 
concentrations. Between these extremes, there is a continuum of more or less food-limited 
conditions, where food is available in suboptimal quantity or quality (see section 5.1), and 
the pattern of metabolic change during development are intermediate between those de-
scribed in Figures 8.4 and 8.5. 

At intermediate, ecologically realistic feeding levels, stage VIII larvae (probably deca-
podids) of the prawn Macrobrachium rosenbergii showed only a weak respiratory re-
sponse to differential food qualities, while great changes occurred in the caloric ingestion 
and growth (Sick 1976). Similarly, when megalopae of the crab Hyas araneus were fed 
exclusively with diatoms (Biddulphia sinensis), their respiration (VO2) was reduced by 
only 18%, but growth decreased by more than 90% as compared to an Artemia-fed control 
group (Harms & Anger 1990). As a consequence of the unequal deceleration of biomass 
and respiration per individual, the weight-specific metabolic rate (QO2) was found to in-
crease rather than decrease under suboptimal feeding conditions. 

This effect seems paradoxical, because it is opposed to the energy-saving mechanism 
that has generally been observed during continued starvation. However, it is consistent 
with a relatively high oxygen demand for the oxydation of fat (high respiratory quotient, 
RQ; see section 9.1.3). High metabolic rates should allow also for a high level of activity, 
including constantly high or increasing efforts to search for prey when nutritional stress is 
incipient. This effect is associated with changes in the chemical composition of larval 
biomass. Nutritional effects (i.e. changes in the rates of accumulation or degradation) are 
always particularly strong in the fraction which serves as the predominant energy store; in 
decapod larvae, such reserves are primarily concentrated in the lipid deposits of the hepa-
topancreas. These materials are preferentially utilized during undernutrition, while protein 
stores are generally conserved. Since the maintenance of protein-dominated tissues (e.g. 
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integuments, nervous and circulatory systems, muscles, etc.) continues to require meta-
bolic energy, VO2, may remain constant or decreases only insignificantly. On the other 
hand, the metabolically almost inactive lipid stores are reduced, due to decelerating accu-
mulation or increasing degradation, so that total body mass decreases and, in conse-
quence, the biomass-specific respiration rate increases. 

Simliar patterns with constant or increasing weight-specific respiration rates should oc-
cur also during endotrophic development. This was observed, for instance, in fully or fac-
ultatively lecithotrophic zoeae of shrimps and crabs, where swimming activity is generally 
high and independent of food, and where metabolically inactive lipid stores are gradually 
converted into actively respiring tissues (McNamara et al. 1980, Anger & Schuh 1992, 
Anger 1996b).  

On the other hand, extremely low QO2 values were observed in fully or partially lecith-
otrophic decapodid stages of several anomuran, brachyuran, and palinurid species (Dawirs 
1984b, Anger et al. 1990b, Anger & Schuh 1992, Lemmens 1994, Anger 1996b). During 
and shortly after molting to these stages, the QO2 showed in general a steep initial de-
crease, similar as in feeding larvae. This is mainly caused by a rapid uptake and incorpo-
ration of minerals into cuticular structures, causing a sudden increase in total dry mass, 
and hence, a drop in QO2. Although respiration normally tends to increase in later molt-
cycle stages (in particular prior to metamorphosis), in these cases it remained at a low 
level, reflecting a benthic and commonly sluggish behavior of the decapodid stage. 

8.3.4 Oxygen concentration 
The primary limiting factor for respiration, in general, is the availability of oxygen in the 
environment. This is particularly important in aquatic systems, where the abundance of O2 
is only about 3% of that in air. Animals which permanently live in oxygen-limited habitats 
are capable of metabolic regulation within a wide range of O2 concentrations. Their respi-
ration rate remains widely independent of variations in O2 availability (oxyregulation). In 
aquatic organisms, O2 levels down to about 80% saturation can generally be compensated, 
while lower concentrations cause a decrease in respiration, mainly as a consequence of re-
duced activity. The critical limit where animals become oxyconformers depends on the 
species, developmental stage, and environmental factors such as temperature and salinity 
(Vernberg 1983). 

As an additional potentially confounding factor in the oxygen demand of arthropods, 
the molting cycle must be considered. Just prior to ecdysis, the cuticle has attained a dou-
ble structure and represents thus an enhanced diffusion barrier for the transport of gases 
and ions; moreover, the decline in swimming activity which is normally associated with 
molting should cause a reduced ventilation of the branchial chamber. This may lead to a 
deterioration of the blood oxygenation status during the late premolt phase, i.e. a transi-
tory hypoxia. This enhances the sensitivity to thermal, osmotic, or other stress, and may 
cause an enhanced mortality in ecdysis (Clemens et al. 1999). This unspecific response is 
generally known as “molt death syndrome” (MDS; see also “exuviation threshold”, sec-
tion 4.5.3). 

As a typical response of larvae exposed to critically low oxygen concentrations, the 
rate of respiration decreases with decreasing partial pressure of O2. This effect was ex-
perimentally shown in king crab (Paralithodes camtschaticus; Nakanishi 1987), spiny 
lobster (Panulirus interruptus), and brachyuran crab (Cancer productus) larvae (Belman 
& Childress 1973). As an exceptional case, tolerance of low oxygen concentration was 
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observed in the larvae of the bromeliad crab, Metopaulias depressus, with a critical O2 
level reached only at ca. 14-21% saturation (Diesel & Schuh 1993). This terrestrial spe-
cies breeds in small volumes of rainwater that is periodically collected in leaf axils of 
bromeliad plants (see section 10.4.2). Due to decay of fallen leaf litter and other debris, 
low O2 concentrations may frequently occur in this quite unique larval habitat, selecting 
for physiological adaptations to this otherwise uncommon stressor. 

8.3.5 Temperature 
Besides body size, temperature is a key factor in metabolic processes of poikilothermal 
animals (Kinne 1970, Precht et al. 1973, Vernberg 1983, Prosser 1986). The relationship 
between individual respiration rate (VO2) and temperature (T) has in the literature most 
commonly been described as an exponential function (Eq. 8.6), which implies that the 
logarithm of VO2 is a linear function of T: 

VO2 = a·eb·T (8.6) 

ln VO2 = ln a·+ b·T (8.6a) 

In this relationship, a and b are again fitted regression parameters, and the constant e is 
the base of the natural logarithm. The same type of equations can be used also to describe 
QO2 as a function of T, multiplying Eq. 8.6 with the reciprocal value of W (cf. Eq. 8.3). 
These general relationships are illustrated with the same data as for the weight-
dependence of respiration (see above, Fig. 8.3), using again the larvae of the crab Chas-
magnathus granulata as a recently studied example (Fig. 8.6). 

As an alternative to this exponential model, Belehrádek’s function (Belehrádek 1935, 
1957; cf. section 6.4.1) has been used to describe the temperature-dependence of meta-
bolic rates: 

VO2 = a·(T - α)-b (8.7) 
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Figure 8.6. Effect of temperature (T) on the metabolic rates in successive larval stages of a brachy-
uran crab (Chasmagnathus granulata); fitted regression equations and coefficients of determination, 
r2; [a] respiration rate per individual, VO2; [b] weight-specific rate, QO2 (redrawn after Ismael et al. 
1997). 

 
 
 
This function has been introduced in chapter 6 as a description of development duration 

in relation to temperature (Eq. 6.14). The additional parameter α is termed the “biological 
zero”, i.e. the temperature at which VO2 theoretically becomes zero. Since α varies with 
the temperature of acclimation and the geographic distribution of a species, it should be a 
suitable index in comparative studies of the metabolism-temperature relationship. The 
Belehrádek equation was applied to respiration data measured in the larval stages of the 
spider crab Hyas araneus, where it gave a better fit than the exponential model; the latter, 
however, appeared to be more appropriate to describe the temperature-dependence of res-
piration in a closely related species, H. coarctatus (Jacobi & Anger 1985b). Since the 
shapes of curves fitted with either model differ only little, the exponential function has in 
the literature been used more frequently, because it is a simpler expression. 

As another alternative way of expressing respiration as a function of temperature, the 
Arrhenius equation of biophysics may be used (Bertalanffy 1957, Ivleva 1970, 1980, 
Precht et al. 1973). Based on this relationship, usually the logarithm of a rate (e.g. ln VO2) 
is plotted against the reciprocal of absolute temperature (in Kelvin) to obtain a straight 
line. 
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VO2 = a·e(-µ/R·T) (8.8) 

In this equation, a and µ are fitted parameters (with µ as the “temperature charac-
teristic” of a process), R is the gas constant (1.986 cal·mol-1·degree-1), and T is the abso-
lute temperature (°K). This function is commonly used to describe the temperature-
dependence of chemical reactions, but less in studies of metabolic responses on the organ-
ismic level. On the other hand, the Arrhenius equation was applied also in a review of re-
lationships between respiration and temperature in oceanic crustaceans (Ivleva 1970). 
Among the decapod larvae, this model was applied to the protozoeal and “postlarval” 
stages of a penaeid shrimp, Penaeus monodon (see Kurmaly et al. 1989c). 

Independent of the model, there is a close positive correlation of metabolism with tem-
perature. However, this applies only within a metabolically viable tolerance range of a 
species or stage. When an upper critical level is exceeded, the rate of respiration will typi-
cally decrease with further increasing temperature, indicating thermal stress. Naturally, 
this physiological limit is influenced by genetic adaptation to the climatic conditions in a 
species’ geographic range, acclimation (or acclimatization, non-genetic capacity adapta-
tion) to the conditions prior to an experiment, and other environmental factors such as sa-
linity or pollution-induced stress (see Kinne 1964a, 1967, 1970, 1971, Precht et al. 1973, 
Prosser 1986, Vernberg 1983, Laughlin & French 1989b). In the zoea-I stage of a cold-
water shrimp, Pandalus borealis, the upper critical level was reached at 9°C (Paul & 
Nunes 1983; Fig. 8.7), whereas the larvae of the subtropical crab Chasmagnathus granu-
lata showed no signs of thermal stress within a range from 12-24°C (Fig. 8.6). In the lar-
vae of several other warm-water species, decreasing QO2 values were observed only at 
temperatures exceeding about 25-30°C, depending on species, stages, and the geographic-
climatic origin of a population (Vernberg & Costlow 1966, Vernberg 1969, Schatzlein & 
Costlow 1978, Laughlin & Neff 1981, Moreira et al. 1981, Vernberg et al. 1981, McNa-
mara et al. 1985). 

As all physical, chemical and physiological processes, the temperature-dependence of 
respiration rates can be compared quantitatively among individuals, species or develop-
mental stages, using the temperature coefficient Q10. This index denotes the ratio of two 
rates measured at two different temperatures (see section 6.2.1; Eq. 6.15). It is mathemati-
cally related and can thus be converted to the parameter µ of the Arrhenius equation (Iv-
leva 1980). Q10 values near to or below 2 are considered as a typical sign of “thermal 
compensation” (eurythermia), while higher values indicate “thermal sensitivity” (Precht 
et al. 1973). The Q10 varies also with the temperature range considered, usually decreasing 
at higher temperatures. Above a critical limit, Q10 may become <1. 

In decapods, reproductive traits related to the season of egg hatching may influence the 
overall level and the critical temperature limit of metabolic rates in the larvae. In a boreal 
crab, Cancer irroratus, maximum respiration rates were measured at about 15-20°C (i.e. a 
decline occurred above these temperatures; Sastry & McCarthy 1973). By comparison, a 
closely related and partially sympatric species, C. borealis, showed an increase in VO2 up 
to 25°C. This interspecific variation in the metabolic temperature response corresponds 
with the seasonal occurrence of larvae in the plankton. C. irroratus zoeae hatch in spring, 
when the temperature in coastal waters is about 5 to maximally 19°C, whereas C. borealis 
larvae occur exclusively in the summer plankton, at ca. 16 to 23°C.  
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Figure 8.7. Effect of temperature (T) on the respiration rate per individual (VO2) of the zoea I stage 
of a caridean shrimp, Pandalus borealis. Note: the exponential relationship does not apply any 
longer when an upper critical temperature has been exceeded (decreasing metabolic rate under 
thermal stress); r2: coefficient of determination for fitted regression equation (redrawn after data 
from Paul & Nunes 1983). 

 
 
 
The respiratory response to temperature may vary also among the developmental stages 

of a species, if these are typically exposed to different conditions. The successive zoeal 
stages of Cancer irroratus, for instance, become increasingly stenothermal (Sastry & 
McCarthy 1973), which appears to reflect their successive transport to thermally stable 
offshore waters. In an estuarine crab, Chasmagnathus granulata, the zoeal stages (in par-
ticular the zoea I) showed a more sensitive metabolic response at higher as compared to 
lower temperatures (Ismael et al. 1997). Their Q10 was about 2.2-3.0 in a temperature 
range 18-24°C, but only 1.7-2.2 at 12-18°C. The opposite pattern, was observed in the 
megalopa stage. Also in this species, a changing thermal response in successive stages 
suggests a genetically controlled adaptation to a sequence of conditions that should typi-
cally be encountered during ontogenetic migrations in the field: (1) the zoea I larvae of C. 
granulata hatch during spring and summer in coastal lagoons and salt marshes with, on 
average, relatively warm and unstable temperatures; (2) from there, the early larvae are 
rapidly exported to cooler and thermally more stable offshore waters of the southwestern 
Atlantic Ocean (Anger et al. 1994); (3) after development through four or five zoeal 
stages, the megalopa reimmigrates into the shallow estuarine environments. It may thus be 
speculated that a high metabolic sensitivity to temperature variation (with Q10>2) could 
serve, in addition to cues from gradients in salinity and other chemical factors (see section 
10.3.1), as a signal that may stimulate differential stage-specific migratory behavior. As a 
result of this response, the zoeae should tend to leave the warmer parental environment, 
whereas the megalopa should avoid a retainment in cooler marine waters. 
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The respiratory response to temperature variation is further influenced by osmotic 
stress. Overlaying effects of unfavourable salinity conditions were demonstrated, for inst-
ance, in the larvae of a caridean shrimp from the Mediterranean Sea, Palaemon serratus 
(Yagi et al. 1990). In this euryhaline, warm-water adapted species, no upper critical limit 
occurred at temperatures up to 29°C, as long as the salinity was kept within a favourable 
range (≥19‰S). At 13‰S, in contrast, respiration rate decreased in all larval stages as the 
temperature exceeded 25°C. This indicates a reduced thermal tolerance under the interfer-
ing influence of low-salinity stress. As in other euryhaline shrimp larvae, e.g. Macrobra-
chium holthuisi and M. amazonicum, the highest Q10 values occurred consistently when P. 
serratus larvae developed under unfavourably low or enhanced salt concentrations (cf. 
Moreira et al. 1980, Yagi et al. 1990, Zanders & Rodríguez 1992). Again, this indicates a 
decreasing capability for thermal compensation in the presence of osmotic stress. This in-
teraction is usually most pronounced in the lower temperature range, where the capacity 
for osmoregulation tends to decrease (Vernberg & Silverthorn 1979). 

As an example of interactions with intrinsic factors, it should be mentioned that endo-
trophic larvae were observed to show a particularly weak response to changes in tempera-
ture. In the secondarily lecithotrophic puerulus stage of a spiny lobster, Palunirus cygnus, 
the Q10 was significantly lower than in the subsequent feeding juvenile stages (Lemmens 
1994). Their unusually low sensitivity to temperature changes, together with a particularly 
low average QO2, was interpreted as an energy-saving adaptation related to the endotro-
phic mode of development. This plausible inference is supported by recent experiments, 
which showed that the duration of development in facultatively lecithotrophic zoeae of a 
thalassinid crab, Callianassa tyrrhena, is practically independent of temperature (Thessa-
lou-Legaki et al. 1999). 

8.3.6 Salinity 
In aquatic invertebrates, Kinne (1967, 1971) distinguished four major types of metabolic 
reactions to variation in salinity. Within the tolerable range, the respiration rate may: 

(I) increase in subnormal salinities and/or decrease in supranormal salinities; 
(II) increase in both sub- and supranormal salinities; 
(III) decrease in both sub- and supranormal salinities; 
(IV) remain essentially unaffected. 

An increase in the metabolic rate under suboptimal salinity conditions is typical of eu-
ryhaline species, in particular during exposure to brackish water (types I and II). This 
metabolic response has commonly been attributed to the energetic requirements associated 
with osmoregulation (e.g. Remane & Schlieper 1971; but see also Kinne 1971 for argu-
ments against a generalization of this presumable relationship). Most euryhaline species 
are capable of hyperregulation in dilute media, but not of hyporegulation under hyper-
saline conditions. In consequence, an exposure to enhanced salt concentrations may cause 
physiological damage and, as a response to this stress situation, respiration may be de-
pressed in supranormal salinities (type I). Typical marine, stenohaline species belong to 
type III, where both sub- and supranormal salinities exert stress, which causes a decrease 
in metabolic activity due to a diminuition of locomotory activity and/or a depression of 
physiological processes on the cellular and tissue level. This response occurs, in principle, 
also in euryhaline species when lower or upper critical salinity levels are exceeded, but 
these limits are reached here only at more or less extreme conditions. Moreover, the criti-
cal salinities where regulatory mechanism begin to fail or to break down may shift also 
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due to preceding acclimatization (Kinne 1971). In extremely euryhaline forms (termed 
holoeuryhaline), the internal compensation for external salinity variation is apparently so 
efficient that measurements of oxygen consumption in the entire animal do not reflect an 
enhanced activity in the regulating tissues (type IV). 

Among the adult Decapoda, there are numerous examples for each of these four cate-
gories (for review of older literature, including examples from non-decapod crustaceans 
and other invertebrate taxa, see Kinne 1971; for recent references see Aguilar et al. 1998). 
Euryhaline species which tolerate reduced salinities but suffer under hypersaline condi-
tions (type I) are represented, for instance, by the common shore crab (Carcinus maenas) 
and some semiterrestrial crabs (e.g. Uca, Hemigrapsus spp.). In type II (supposedly hy-
per-hyporegulators; cf. section 10.1.2), we find other semiterrestrial crabs (e.g. Ocypode 
quadrata) and several caridean and penaeid shrimps (e.g. Palaemonetes varians, Macro-
brachium tenellum, Metapenaeus monoceros). Most spider crabs (Majidae) are subtidal 
marine species, and hence, represent typical examples of type III (e.g. Hyas araneus, 
Libinia emarginata). The most typical holo-euryhaline decapod species (type IV) is the 
Chinese mitten crab, Eriocheir sinensis, which can live and grow equally well in freshwa-
ter, brackish water, or seawater. Also among the penaeid prawns there are examples of 
this category (e.g. Litopenaeus setiferus, Rosas et al. 1999). 

There are various publications in which this classification system has tentatively been 
applied to larval decapods. These attempts were hampered by complicated interactions 
with developmental processes and effects of environmental factors other than salinity. For 
instance, we have seen that unsuitable salinities may change the temperature response or 
the weight-dependence of metabolic rates; likewise, unfavourable temperatures tend to 
enhance the metabolic response to salinity variations (Kinne 1971). Depending on the de-
velopment of the osmoregulatory system, the response pattern and thus, the classification 
of a particular species may change also ontogenetically. According to the available data, 
types I-III occur also in larval stages, while holo-euryhalinity (type IV) appears to be re-
stricted to benthic juveniles and adults. The tentative relationships between osmoregula-
tory and metabolic response patterns under fluctuating salinities (i.e. variable osmotic 
pressures) are illustrated in a graphical model (Fig. 8.8). 

In the larvae of stenohaline marine species, no selection pressure towards an evolution 
of strong osmoregulatory capabilities exists. Hence, their metabolism reflects osmotic 
stress when it is measured under conditions of reduced or enhanced salt concentrations. 
The typical response pattern is a depression of respiration rate at unfavourable salinities 
(type III). This was demonstrated, for instance, in larval rock crabs (Cancer irroratus, 
Johns 1981), spider crabs (Hyas araneus, Ismael 1995), shore crabs (Carcinus maenas, 
Anger et al. 1998), and hermit crabs (Pagurus bernhardus, Seidler 1993). 
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Fig. 8.8. Hypothetical relationships between various patterns of metabolic response to salinity varia-
tion (types I-IV; after Kinne 1971; for details see text) and patterns of osmoregulation (after Char-
mantier 1998); osmoregulatory capacity (OC): osmolality difference between the internal (hemo-
lymph) and external medium; isosmotic line: internal and external osmotic pressures are identical. 

 
 
In species whose larvae show a capability for hyper-osmoregulation, oxygen consumpt-

ion is generally enhanced when the external salt concentrations are below the internal os-
molality, while low metabolic activity occurs at salinities corresponding to the osmolality 
of the hemolymph (isotonic conditions, usually about 25-28‰), where no extra energy for 
regulation is needed. At higher salt concentrations, where most decapod larvae are osmo-
conformers (Charmantier 1998), respiration should remain constantly low or decrease as a 
result of hyperosmotic stress. This pattern (type I) appears to be typical of the euryhaline 
larvae of many estuarine species. It was found, for instance, in larval mud crab (Rhithro-
panopeus harrisii, Laughlin & Neff 1981) and in early zoeae of the freshwater shrimps 
Macrobrachium amazonicum (McNamara et al. 1983, Zanders & Rodríguez 1992) and 
Palaemon paucidens (Mashiko 1992). 
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Figure 8.9. 4D-response surface of the mean weight-specific oxygen consumption of caridean 
shrimp (Macrobrachium rosenbergii) larvae as a function of the combined effects of 12 combina-
tions of salinity and temperature during development (three larval instars compared) (from Agard 
1999, with permission from Elsevier, Oxford, UK). 

In another caridean shrimp living in freshwater, Macrobrachium petersi, the adult pat-
tern of hyper-hyporegulation is present already from hatching (Read 1984). Unfortunately, 
no respiration data are available for the larvae of this species, but we should expect high 
metabolic rates at both reduced and enhanced salinities. This metabolic response pattern 
(type II; exemplified in Fig. 8.9) was observed in the zoea I of several other palaemonid 
species with a similar life-history, namely M. olfersii (McNamara et al. 1982, 1986), M. 
nipponense (Mashiko 1992), M. rosenbergii (Agard 1999), and Palaemonetes pugio 
(McKenney & Neff 1981, McKenney & Hamaker 1984). In these cases, however, respira-
tion data but no measurements of the osmoregulatory capacity have been published, so 
that the presumable relationships between larval oxygen consumption and energetic ex-
penditure for osmoregulation remain to be scrutinized experimentally. 
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Figure 8.10. Effect of salinity on respiration rate per individual (VO2) in successive larval stages of a 
brachyuran crab (Chasmagnathus granulata) reared at constant temperature (18°C) and salinity 
(32‰); all measurements were made during acute exposure to the test salinities for 15h (in zoea I 
larvae 0 and 3 after hatching; in all other stages only in the middle of the molting cycle); note: all 
correlations were negative, but only solid regression lines have statistically significant slopes (re-
drawn after Ismael 1995). 

 
 
The pattern of metabolic response to salinity variation reflects not only genetic adapta-

tions associated with the general ecology of a species, but may change also onto-
genetically. In all four zoeal stages of the euryhaline crab Chasmagnathus granulata, res-
piration showed a weak but consistent increase at reduced salinities (Fig. 8.10); this 
suggests a weak hyperregulatory capacity. The megalopa of this species, in contrast, 
showed a minimum respiration near the isosmotic point (at ca. 25‰), and significantly 
enhanced metabolic rates in both dilute media and full-strength seawater (Ismael 1995). 
This suggests that the terminal larval stage is, in this species, already capable of both hy-
per- and hyporegulation. Hence, the zoeal stages of C. granulata belong to response type 
I, whereas the megalopa of the same species should be classified as belonging to type II. 
A recent study of the ontogeny of osmoregulation in this species (Charmantier et al., in 
prep.) confirmed that the zoeal stages (in particular the zoea I) are weak hyper-osmoregu-
lators in dilute media, whereas the megalopa attains in principle (only weaker) the adult 
capability of both hyper- and hyporegulation. 

Unlike Macrobrachium petersi, several other palaemonid shrimps show ontogenetic 
changes in their response to salinity variation. In a euryhaline marine shrimp, Palaemon 
serratus, the larval stages showed maximum respiration in seawater and at moderately re-
duced salinities, but decreasing metabolic rates under both hyper- and hyposaline condi-
tions (Yagi et al. 1990). This pattern (type III) remained widely unaffected by temperature 
and larval stage, indicating that the larvae of this species are stenohaline, while the adults 
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are euryhaline; hence, the capability of osmoregulation is in this species attained only in 
later (presumably juvenile) life-history stages. 

While a comparably sensitive response to osmotic stress is common among the larvae 
of species that are euryhaline as adults, some shrimps show more complicating ontogene-
tic changes in their physiology. These species have in common that the adults live in 
freshwater or brackish water, larval development occurs outside the parental habitat, in es-
tuarine or coastal zones, and reimmigration to regions with very low salinities follows in a 
late larval or early juvenile stage. Several tropical Macrobrachium species as well as the 
North American grass shrimp, Palaemonetes pugio, may be considered as typical exam-
ples of this life-history pattern. The metabolic response of their zoea I corresponds to type 
II, which suggests an early appearance of the capability for hyper-hypo-osmoregulation. 
However, later larval stages of these species showed depressed respiration rates at both 
reduced salinity and in full-strength seawater (type III). This change indicates a narrowing 
of their optimum range and a generally declining osmoregulatory capacity (Fig. 8.9). Yet 
later in ontogeny, the response pattern alters again, as the adult shrimps are extremely eu-
ryhaline, showing only a weak respiratory response to changes in the osmotic conditions 
(type IV). 

In estuarine and freshwater species “exporting” their larvae out of the parental habitat 
and re-immigrating later, this repeated change in the metabolic response of successive 
life-history stages to salinity variation matches the pattern of ecological change which oc-
cur during their ontogenetic migrations (for details of “export strategies” see section 
10.3.1). This suggests that these complex life cycles are associated with genetically pro-
grammed physiological changes in metabolism and osmoregulation. A transitory decrease 
in the salinity tolerance and osmoregulatory capacity of intermediate life-history stages 
may occur not only in freshwater shrimps but also in estuarine crabs whose larval devel-
opment takes place in coastal marine zones. This ontogenetic pattern was observed in the 
metabolism of a fiddler crab, Uca pugilator (Vernberg et al. 1973). The zoea I of this spe-
cies showed an enhanced respiration rate in brackish water (20 vs. 32‰), which suggests a 
capability for hyper-osmoregulation in dilute media (type I). The zoea III, by contrast, 
showed the opposite response, suggesting that the regulatory capability was in this stage 
greatly reduced (type III). The juvenile and adult crabs become again strong osmoregula-
tors (type II or IV). 

If we assume a genetic basis of ecological and physiological changes in successive life-
history stages, we may expect that the capability of hyporegulation in concentrated media 
should first disappear in riverine populations, where no selection pressure for this trait ex-
ists. Evidence of this presumable evolutionary change was shown in palaemonid shrimps 
from Japan, Macrobrachium nipponense and Palaemon paucidens (Fidhiany et al. 1991, 
Mashiko 1992). Genetically and ecologically isolated populations of these species inhabit 
various estuarine and limnic regions. Zoea I larvae originating from estuarine populations 
showed significantly enhanced respiration rates not only at low but also high salinity (type 
II); this response was absent in conspecific larvae from limnic populations (type I). 
Hence, comparative physiological data on the population level suggest, in agreement with 
genetic evidence, that there is an incipient speciation within these euryhaline shrimp spe-
cies (Mashiko & Numachi 1993, 2000). 

In addition to ontogenetic changes and genetic selection, effects of temperature and 
other interacting environmental factors can modify the metabolic response of decapod lar-
vae to variation in salinity (e.g. Zanders & Rodríguez 1992). In the zoea I of the palae-
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monid shrimp Macrobrachium holthuisi, for instance, the type II pattern was found only 
at an intermediate, apparently favourable temperature (Moreira et al. 1980). Both higher 
and lower temperatures caused a decreasing respiration in full-strength seawater, but not 
in brackish water. This change from type II to I suggests that unfavourable temperature 
conditions may primarily reduce the hyporegulating capacity in concentrated media and 
thus, cause osmotic damage and a metabolic depression in seawater or hypersaline condi-
tions. The capability for hyperregulation in dilute media, by contrast, appears to be more 
stable, reflecting its greater importance in the ecology of freshwater and estuarine species. 

8.3.7 Pollutants 
Among the environmental factors that affect the metabolism of decapod crustacean larvae, 
there are also numerous man-made chemicals. Many of those pollutants are highly toxic 
and hence, exert stress on organisms, even in very low sublethal concentrations. In the 
metabolism of larval decapods and other aquatic animals, however, no universal response 
pattern in relation to pollutants could be identified.  

In rock crab, Cancer irroratus, larvae exposed to the water-soluble fraction of reffined 
oil, the metabolic rate increased (Johns & Pechenik 1980). This effect occurred also when 
larvae of the mud crab, Rhithropanopeus harrisii, were exposed to sublethal concen-
trations of naphthalene in combination with unfavourably low salinity (Laughlin & Neff 
1981). At favourable conditions of temperature and salinity, however, this pollutant did 
not cause significant or consistant effects in larval respiration. Inconsistent results were 
described also from fiddler crab (Uca pugilator) larvae stressed with sublethal concen-
trations of mercury (DeCoursey & Vernberg 1972, Vernberg et al. 1973). 

At a high but sublethal concentration (0.2 ng·L–1) of fenvalerate, a pyrethroid pesticide, 
and under exposure to low salinity (10‰), the respiration rates of the intermediate and 
late larval stages of the shrimp Palaemonetes pugio were significantly enhanced 
(McKenney & Hamaker 1984). The early juveniles, in contrast, showed depressed meta-
bolism when the exposure coincided with high salinity (30‰). In the same species, respi-
ration was in some larval stages depressed also during exposure to zink, but again, the re-
sponse to the pollutant depended on the conditions of temperature and salinity (McKenney 
& Neff 1981). When penaeid shrimp (Litopenaeus vannamei) larvae were challenged with 
sublethal concentrations of several organochlorine pesticides, the response pattern varied 
among the compounds tested (Galindo et al. 1996). Lindane, chlordane, and DDT caused 
consistently a depression of the metabolic rate, while enhanced respiration rates were 
measured during exposure to lorsban. Depressed metabolic rates occurred also in larval 
lobsters (Homarus americanus) during acute exposure to petroleum hydrocarbons, and 
this effect persisted for several days thereafter (Capuzzo & Lancaster 1981, 1982, 
Capuzzo et al. 1984). A decline in metabolic activity was observed also when lobster lar-
vae were exposed to toxic drilling fluids (Smith Derby & Capuzzo 1984) or to halogen 
toxicants (Capuzzo et al. 1976, Capuzzo 1977). In zoea larvae of a shrimp, Pandalus bo-
realis, mercury caused a dose- and time-dependend depression in respiration, but not in 
the activity of the electron transfer system (St-Amand et al. 1999). 

In spite of such variable results, a possible rule may be seen in the metabolic response 
of larvae exposed to toxic pollutants: Respiration rate appears to be enhanced when 
chemicals are highly diluted or not very toxic, and when the organism disposes of energy-
consuming physiological detoxification mechanisms such as the cytochrome P-450 sys-
tem (for recent review of literature showing in vivo oxydation of xenobiotics in Crustacea, 
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see James & Boyle 1998). Such mechanisms are most likely found for pollutants that oc-
cur also naturally in the environment, for instance organic waste products, many hydro-
carbons, and most toxic metals; in those cases, organisms must have evolved strategies for 
survival in the presence of xenobiotics. The metabolic response to pollutants that can 
physiologically be counteracted, i.e. an enhanced respiration rate, is comparable with the 
enhancement of metabolism in euryhaline larvae under the exposure to moderate osmotic 
stress (see above, response types I and II). The most common, although unspecific re-
sponse to pollution stress, however, appears to be a depression of the metabolic rate, simi-
lar as we have seen in nutritional, thermal, and severe osmotic stress. Observations from 
adult crustaceans under the influence of chemical stress suggest that this response reflects 
a depressed locomotory activity (e.g. Papathanassiou 1983, Depledge 1984). In pelagic 
larvae, this behavioral response should interfere with vertical migrations, feeding, and 
predator avoidance, and thus, reduce the overall chances of survival and recruitment. 
Moreover, it must be considered that in nature there is always a mixture of several pollut-
ants and, additionally, interacting environmental factors such as temperature or salinity 
may be suboptimal. Hence, synergistic stress effects are most likely to occur, and a reduc-
tion of metabolism and other vital functions is probably the most common response to 
toxic substances in the aquatic environment. 

8.4 Nitrogen excretion 

When complex organic molecules are completely catabolized, the two major end products 
of oxydative degradation are water and carbon dioxide. In materials containing nitrogen or 
phosphorus (e.g. proteins, nucleic acids), however, the biodegradation in animal tissues 
does not proceed to the ultimate possible state of oxydation. As nitrogenous end products, 
ammonia, urea, uric acid, or amino acids may be excreted, all of these representing losses 
of chemical energy. They are summarized as excretion. In decapod larvae and most other 
aquatic crustaceans, ammonia (NH3) is the only or major waste product (ammoniotelism; 
Parry 1960, Bidigare 1983, Regnault 1987; for review of the physiological mechanisms 
and pathways of nitrogen excretion as well as adaptations to environmental conditions in 
crustaceans, see Greenaway 1991, 1999). 

Because of its toxicity, NH3 cannot be stored but is excreted directly into the surround-
ing water, predominantly in the ionized form (NH4

+). The rate of N excretion in ammonio-
telic animals is therefore usually measured in terms of ammonia-N released per unit time. 
In the following section, excretion is given in terms of total ammonia-N, regardless of the 
actual proportions of NH4

+ and un-ionized NH3, which depend on temperature, salinity, 
and pH of the water (Trussell 1972). Other nitrogenous waste products are disregarded, as 
they do not appear to play a significant role in aquatic crustaceans. Likewise, the excretion 
of phosphoric compounds is considered as insignificant and will consequently be ignored 
as well. This reflects also the literature, where almost no data on phosphate excretion exist 
for larval decapods, except for a few measurements in unidentified larvae from the plank-
ton (Ikeda et al. 1982, Ikeda 1985); the quantities reported in these papers are about one 
order of magnitude lower than those of N excretion. 

Compared with the quantity of publications dealing with these aspects in adult benthic 
decapods and, similarly, in holoplanktonic crustaceans such as copepods (Heinle 1981), 
there are only few and less detailed studies of N-excretion in decapod larvae. This was 
measured under controlled experimental conditions in larvae of caridean shrimp (Macro-
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brachium rosenbergii; Sick 1976, Agard 1999), hermit crab (Pagurus bernhardus; 
Tetzlaff 1995), lobster (Homarus americanus; Logan & Epifanio 1978, Capuzzo & Lan-
caster 1979b, c, Capuzzo et al. 1984, Sasaki et al. 1986), and a few brachyuran crab spe-
cies (Cancer irroratus, Johns 1982; Hyas araneus, Anger et al. 1989a; Carcinus maenas, 
Harms et al. 1994). Numerous data, in contrast, are available for the “postlarvae” of sev-
eral penaeid shrimp species reared under various conditions of temperature, salinity, food, 
or oxygen concentration (e.g. Rosas et al. 1995, 1996, 1999). In addition, field observa-
tions have been published for unidentified decapod larvae (Ikeda et al. 1982, Ikeda 1985). 

This relative scarcity of excretion data from decapod larvae is associated not only with 
technical difficulties in the measurement of physiological parameters in small planktonic 
organisms, but also with the fact that N-excretion has a comparably low significance 
within the overall bioenergetics of larval crustaceans (section 9.2). In the larvae of a spi-
der crab, Hyas araneus, for instance, we measured cumulative excretory energy losses 
corresponding to only 2-5% of total absorption (Anger et al. 1989a); similar values were 
measured in other larval decapods (for review, see Anger 1991a). Whithin a nitrogen 
budget, however, the excretory losses are significant, reaching in H. araneus about 44% 
of total N absorption in all larval stages combined (Anger 1990). Also, the specific-
dynamic action of food (SDA, see above) is closely related to the energetic costs of the 
production of nitrogenous excretory compounds (Rosas et al. 1996). 

8.4.1 Body size, developmental stage, molting cycle 
Since successive developmental stages increase normally in biomass, the excretion rate 
per individual increases, like the respiration rate, as a power function of weight (Eq. 8.2). 
In contrast, the weight-specific excretion rate decreases with increasing biomass (Eq. 8.3; 
Logan & Epifanio 1978, Capuzzo & Lancaster 1979a-c, Sasaki et al. 1986, Tetzlaff 1995, 
Agard 1999). When individual excretion rate is plotted against W, the slope of the loga-
rithmic regression is generally similar as in corresponding equations for respiration rate 
regressed on W, usually in the range between 0.6 and 1. In the larval stages of the hermit 
crab Pagurus bernhardus, for instance, the slope parameter of the excretion-dry mass rela-
tionship varied at different temperatures between 0.53 and 0.63 (Tetzlaff 1995). When this 
relationship is compared among temperate-boreal, subtropical, and tropical zooplankton 
species, the slope parameter tends to increase with typical environmental temperatures 
(Ikeda 1974); again, this is similar as in oxygen consumption. 

In crustaceans, excretion rates are known to vary not only between instars but also 
within individual molting cycles. Neuroendocrine factors are known to influence the rates 
of ingestion and digestion of food, and hence, also the excretion of nitrogenous sub-
stances. As underlaying intrinsic mechanisms, there are molt-cycle related changes in the 
nitrogen metabolism of muscles, integuments, the hepatopancreas, and other tissues, as 
well as changes in the acid-base equilibrium, membrane permeability, and ionic balance 
(Regnault 1987, Greenaway 1991, 1999). However, so far no consistent pattern of molt-
cycle related variation could be described. In adult shrimps, Crangon crangon, a maximal 
excretion was found in early postmolt, while a minimum occurred in late premolt, coin-
ciding with minimal ingestion (Regnault 1979). In the weight-specific excretion rate of 
larval lobsters (Homarus americanus), similar patterns were observed as in adult C. cran-
gon, with a minimum in the intermolt phase (Sasaki et al. 1986). However, all three larval 
stages of the crab Hyas araneus showed an opposite pattern, i.e. a maximum in intermolt 
and minima in the postmolt and premolt stages of the molting cycle (Anger et al. 1989a; 



238 Klaus Anger 

Fig. 8.11). The same pattern was found in caridean shrimp (Macrobrachium nipponense) 
larvae (Shin & Chin 1994). This corresponds, in both species, with a similar pattern in 
larval feeding rate, suggesting a relationship with the conversion of ingested dietary mat-
ter. Although this is plausible and may represent a general pattern, the scarcity of com-
parative investigations on larval feeding and excretion precludes at present generalizations 
of this aspect of larval physiology. 

8.4.2 Nutritional and other environmental effects 
In juvenile and adult decapods, numerous studies have shown that both the quality and 
quantity of food affect not only the amounts of nitrogenous products excreted, but also the 
major metabolic pathways of their formation (for review see Regnault 1987). Nutritional 
effects become conspicuous soon after feeding; ammonia excretion may then be enhanced 
up to four times the initial value (Nelson & Kropp 1985, Rosas et al. 1996). As a universal 
trend, there appears to be a positive correlation of ammonia excretion with the dietary pro-
tein level. Among the larval decapods, this relationhip was demonstrated in the American 
lobster, Homarus americanus (Capuzzo & Lancaster 1979a, b). 

In spider crab (Hyas araneus) megalopae, we observed lower nitrogen excretion when 
they were fed exclusively with diatoms (storing predominantly carbohydrates), as com-
pared with larvae fed brine shrimp nauplii (higher levels of dietary lipid and protein but 
low carbohydrates; Harms & Anger 1990; Fig. 8.11a). The difference between the excre-
tion rates in these two experimental groups appears thus to reflect a high carbohydrate 
content of algal food vs. a high protein level in the Artemia diet. It was maximum during 
the postmolt and intermolt stages, i.e. when larval ingestion rate is generally maximal (cf. 
section 5.3.5). In the phytoplankton-fed group, however, also some catabolization of in-
ternal fat reserves from the hepatopancreas may have taken place as a consequence of nu-
tritional stress. During the premolt phase, the diatom-fed larvae showed a continually in-
creasing excretion rate, possibly due to gradually increasing utilization of internal protein 
reserves following the depletion of metabolically available lipids (cf. section 7.3). 
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Figure 8.11. Ontogenetic changes [a] in the weight-specific rate of ammonia excretion, [b] in the 
atomic O:N ratio during the molting cycles of successive larval stages of a brachyuran crab (Hyas 
araneus) reared under constant temperature (12°C); in the megalopa stage, comparison of two feed-
ing regimes is presented (Artemia nauplii or diatoms, Biddulphia; zoeal stages fed only with Ar-
temia (for regression models see text) (redrawn after Anger et al. 1989a, Harms & Anger 1990). 

 
 

 
As another key factor, temperature controls the rates of all physiological and bio-

chemical processes, including those of excretion. As in the rates of development and res-
piration (see sections 6.2.1, 8.3.5), the increase in excretion with increasing temperature is 
usually quantified with the temperature coefficient Q10. In the literature on the physiology 
of planktonic crustaceans, inconsistent results suggest a great deal of taxonomic variation 
as well as interactions with developmental events, geographic range, nutrition, and osmo-
regulation (for review see Regnault 1987; recent references in Agard 1999). Within the 
typical range of dry masss observed in decapod crustacean larvae (ca. 10 µg to 1 mg per 
individual), the weight-specific excretion rate of zooplankton from various climatic re-
gions was found to vary from about 0.01 to 10 µg NH3-N·mg-1·h-1; it showed a signifi-
cantly increasing trend from cold to warm-adapted species (Ikeda 1974). 

The few existing data measured in decapod larvae under controlled conditions fit well 
in this scheme. In the larvae of the subarctic-boreal spider crab Hyas araneus, measure-
ments varied from ca. 0.04 to 0.1 µg NH3-N·mg-1·h-1 (Anger et al. 1989a), which is com-
parable with values reported from other boreal zooplankton. In the zoeal stages of a tem-



240 Klaus Anger 

perate-boreal hermit crab, Pagurus bernhardus, the weight-specific rates varied at differ-
ent temperatures (6-18°C) between ca. 0.04 and 0.14 (Tetzlaff 1995), and in the larvae of 
the warm-temperate lobster Homarus americanus, most values were in the range 0.1-0.2 
µg NH3-N·mg-1·h-1 (Logan & Epifanio 1978, Capuzzo & Lancaster 1979a-c, Capuzzo et 
al. 1984, Sasaki et al. 1986). In the early larval stages of a tropical freshwater shrimp, 
Macrobrachium rosenbergii, weight-specific excretion rates exceeded 1 µg NH3-
N·mg-1·h-1 (Agard 1999). 

When juvenile or adult euryhaline decapods are exposed to reduced salinities, there is 
generally an increase in their ammonia production (e.g. Emerson 1969, Rosas et al. 1999). 
This effect was observed also in larval crabs (Cancer irroratus, Johns 1981) and shrimps 
(Macrobrachium rosenbergii, Agard 1999). It is apparently associated with the physiolo-
gical mechanisms of hyperregulation, possibly indicating a counter-ion exchange of Na+ 
for NH4

+ and Cl- for HCO3
- (Armstrong et al. 1978, Regnault 1987). 

Excretion may be affected also by toxic pollutants. In lobster larvae, for instance, an 
increasing tendency was observed during or after an exposure to petroleum hydrocarbons, 
suggesting a shift in their energy metabolism (Capuzzo & Lancaster 1981, 1982). How-
ever, lack of comparative data from other species and with other pollutants does not per-
mit generalizations of this response. 

8.5 The O:N ratio 

The quotient of oxygen respired to nitrogen excreted (either by weight or atoms) is gener-
ally accepted as an indicator of the metabolic substrate for energy production. This is 
based on the fact that variability in the O:N ratio occurs mainly due to changes in the rate 
of nitrogen excretion, while oxygen consumption tends to remain relatively contant. 
Hence, this index varies primarily with the N content of the diet, reflecting the biochemi-
cal composition of utilized energy reserves originating either from larval biomass or prey 
(Ikeda 1974, Mayzaud & Conover 1988). According to the average elemental composition 
of the major compound classes, an atomic O:N ratio in the range 3-16 should theoretically 
indicate pure protein catabolism, while higher values show an increasing utilization of lip-
ids and/or carbohydrates. Since carbohydrates are quantitatively insignificant within the 
biomass of most crustaceans (see section 7.3), variability in the O:N quotient of decapod 
larvae reflects primarily changes in the proportions of protein and lipid degradation; how-
ever, dietary carbohydrates should be important in the metabolism of herbivorously feed-
ing species or stages. An O:N ratio of about 50-60 is considered as an indication of ap-
proximately equal amounts of protein and lipid degradation, while higher values show a 
predominant utilization of the latter. 

Since metabolism comprises both a utilization of food and a turnover of own body ma-
terials, it is sometimes difficult to interpret the O:N ratio in relation to changes in feeding, 
growth, development, season, or other factors (Mayzaud & Conover 1988). This is easier 
when larvae are experimentally fed with a monospecific diet of known biochemical com-
position or kept in absence of food. In starved penaeid prawn (Metapenaeus ensis) larvae 
and “postlarvae”, for instance, consistently low O:N ratios were observed, indicating that 
they utilized proteins as a principal energy source (Chu & Ovsianico-Koulikowsky 1994). 
Also the nonfeeding early larvae of the palaemonid shrimp Macrobrachium rosenbergii 
showed very low O:N ratios, followed by increasing values in the intermediate (feeding) 
zoeal stages, and another decrease in the late (premetamorphic) stages where feeding and 
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growth levelled off (Agard 1999). Again, this pattern indicates a particular importance of 
proteins as an energy source in larval shrimps. In the lecithotrophic initial stages, the en-
ergy originates from remaining yolk lipoproteins (Richard & Ceccaldi 1977, Agard 1999). 

In the successive larval stages of the American lobster, Homarus americanus, a gradu-
ally decreasing O:N ratio (from ca. 28 to about 16) suggested that protein was increasing-
ly utilized as a metabolic substrate, in particular in stage IV (Sasaki et al. 1986). In earlier 
studies (Capuzzo & Lancaster 1979a-c), similar or lower O:N ratios (13-27) had been ob-
served. This developmental pattern is surprising insofar, as it does not reflect the concur-
rent biochemical changes occurring in larval biomass (see section 7.3): Late stages of the 
lobster accumulate lipids, in particular triacylglycerides, at a much faster rate than protein. 
Apparently, these energy reserves are stored for later use during or after settlement, while 
dietary proteins largely suffice for growth and developmental reconstruction processes as 
well as metabolic energy production. 

Consistent with trends in the excretion data, the O:N ratio of larval Homarus america-
nus showed an inverse relationship with the protein content of food (Capuzzo & Lancaster 
1979a-c). Similarly, spider crab (Hyas araneus) megalopae had a lower average O:N ratio 
when they were fed with zooplankton as compared with siblings eating phytoplankton 
(Harms & Anger 1990). The difference between these treatments was initially large, but it 
disappeared during the premolt stages of the molting cycle (Fig. 8.11b). In agreement with 
changes in the weight-specific excretion rate (Fig. 8.11a), this pattern suggests that herbi-
vorously feeding larvae relied initially on dietary carbohydrates and/or stored lipid re-
serves, but were subsequently forced to mobilize increasing amounts of protein stores as a 
metabolic substrate. 

Since the rates of larval respiration and excretion vary not only among but also within 
individual instars, we must expect that molt-cycle related changes occur in the O:N ratio. 
This was shown in all successive larval stages of Hyas araneus (Anger et al. 1989a). The 
quotient varied between ca. 18 and 45, with a similar average level in each instar (Fig. 
8.11b). In Artemia-fed larvae of this species, maximal values were measured mostly at the 
beginning and the end of each molting cycle (i.e. in early postmolt and late premolt), 
while minima occurred during the intermolt phase. As molt-stage C is characterized by 
maximal feeding rates (see section 5.3.5), a minimum O:N ratio in intermolt is probably 
associated with a conversion of protein-rich food. In the postmolt and premolt stages of 
the molting cycle, high O:N ratios correspond with low ingestion rates, partial utilization 
of precedingly stored lipid reserves and, presumably, gluconeogenesis and high turnover 
of carbohydrates associated with cuticular reconstruction processes (section 4.1). Unfortu-
nately, however, there are too few studies with a high temporal resolution of excretion 
measurements, so that we do not know whether this pattern is typical of decapod larvae or 
restricted to a particular species or experimental condition. 

In crab (Cancer irroratus) larvae, O:N ratios between 5 and 47 were measured, without 
a clear relationship with the developmental stage (Johns 1981). The metabolic quotient 
was mostly lower when temperature and salinity were unfavourable. This effect was ob-
served also in shrimp (Macrobrachium rosenbergii) larvae exposed to various combina-
tions of temperature and salinity (Agard 1999) as well as in juvenile penaeid shrimps un-
der hypoxia (Rosas et al. 1999). Also various pollutants have been shown to reduce the 
O:N ratio. In Homarus americanus larvae, respiration was depressed by toxic stressors, as 
nitrogen excretion tended to increase (Capuzzo & Lancaster 1981, 1982; see above). 
These observations suggest that an enhanced degradation of proteins and, consequently, 
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declining O:N ratios might represent a common unspecific response to physiological 
stress. On the other hand, a recent study of the metabolism in lead-exposed “postlarvae” 
of a penaeid shrimp, Fenneropenaeus indicus, showed an opposite pattern (Chinni et al. 
2000). In this species, ammonia excretion was more depressed than respiration, so that the 
O:N ratio increased during the exposure to the toxic metal. 

Only very few field data of O:N are available for decapod larvae with a known identity. 
In the shore crab, Carcinus maenas, larval nutrition, growth and metabolism were studied 
in situ, together with the occurrence of phytoplankton populations (Meyer 1992, Harms et 
al. 1994). In various samples taken from the North Sea in early summer, the lowest O:N 
ratios (12-31) were measured in the zoea I stage, a maximum (115) in the zoea II, and de-
creasing values in the following stages (68-82, zoea III; 37-43, zoea IV; 53, megalopa). 
This seemingly inconsistent pattern can be explained with concomitant changes in phyto-
plankton availability in the field. At the beginning of the study period, the zoea I was 
probably strongly food-limited, as the plankton community was dominated by Phaeocys-
tis. This flagellate is considered to be an exceptionally poor food organism for zooplank-
ton. The low O:N ratio in the zoea I may thus have reflected degradation of body protein, 
probably as a consequence of a rapid depletion of initially scarce lipid reserves. During 
the time of development through the two subsequent zoeal stages, diatoms with a high 
carbohydrate content were available in great quantities, which may explain an enhanced 
O:N ratio. The ingestion and mechanical maceration of diatoms was confirmed with elec-
tron microscopical inspection of the larval gut contents. Later larval stages are known to 
become increasingly carnivorous, so that an increasing utilization of dietary proteins may 
explain the final decrease in the larval O:N ratio. 
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9 ENERGY PARTITIONING 

From a biophysical point of view, an organism represents an open system that exchanges 
energy with its environment. This energy is chemically bound in complex organic mole-
cules that are taken up from food, chemically converted, partially utilized in energy-
consuming processes, or accumulated in body tissues. Hence, the concepts of energy and 
matter may be used as equivalents, and pathways of their transfer can be described quanti-
tatively on the molecular, cellular, or organismic level (Ivlev 1945, Warren & Davis 1967, 
Welch 1968, Wieser 1986, 1994, Calow 1977a, b, Conover 1978). In this chapter, the par-
titioning of food materials is treated only on the organismic level, although the compila-
tion of “complete” energy budgets on the level of organisms, populations, and communi-
ties has recently been criticized. Davies & Hatcher (1998) argued that this approach is 
generally too rough and has thus, in most cases, not yielded much new scientific insight 
into biological systems. I agree with several points of this criticism, namely in relation to 
mostly poor consideration of developmental changes and effects of extrinsic factors on the 
uptake and partitioning of energy. Hence, I will pay here special attention to those lesser 
studied aspects. 

The principal components of a bioenergetic budget, i.e. food uptake, fecal losses, 
growth, and metabolism, have individually been treated before. The goal of this chapter is 
an integrated view of the major budget parameters and their quantitative relationships. 
The proportions of energetic gains and losses will be compared among taxa, larval stages, 
stages within the molting cycle, and betweeen different environmental conditions. Before 
dealing with specific examples from decapod crustacean larvae, I will give here a brief 
general account of the major budget parameters and their relationships. 

9.1 Budgets of energy and matter: general aspects 

Throughout this chapter, the following symbols will be used to denote the pricipal com-
ponents of bioenergetic budgets: 

• feeding, F 
• egestion, L 
• growth, G 
• respiration, R 
• excretion, U 
The use of U (derived from urine) as a symbol for excretion is consistent with the pre-

dominant terminology in the literature. L stands here for unspecified mixed “losses” 
through egestion (also termed “rejecta”; see Mootz & Epifanio 1974, Logan & Epifanio 
1978, Levine & Sulkin 1979, Anger & Harms 1989) of feces and leached materials. All 
other symbols are abbreviations of the corresponding terms (inconsistent terminology in 
the literature). 

When these parameters are used in budgets of energy or matter, they must be expressed 
in the same unit. In carbon budgets, all parameters are given in µg (or mg) C, while Joules 
(J) are universally used as a unit in energy budgets (for conversion equivalents of mass 
and energy see below). An apostroph with the symbol is used here to denote a rate, i.e. a 
flow per unit of time. F’, for instance, is the instantaneous rate of feeding, i.e. the amount 
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of C or energy consumed per hour or day. Without the apostroph as an indicator for a rate, 
a budget parameter refers to a given developmental interval, e.g. food uptake, F, during 
the duration of a particular larval stage or throughout the period of larval development 
from hatching to metamorphosis. R as a bioenergetic parameter is always given in units of 
C or energy loss per unit of time, while the rate of oxygen consumption, from which R is 
estimated, is denoted with the symbol VO2 (expressed in µg O2·hour-1·individual-1; see 
chapter 8). 

9.1.1 Principal bioenergetic parameters and pathways 
The partitioning of matter or energy taken up from food is schematically depicted in Fig-
ure 9.1, showing the principal pathways. The first losses of food materials can be experi-
mentally observed already when larval feeding (F) is quantified. Depending on the physi-
cal properties of captured food particles, minor or major parts are usually lost due to 
leaching of liquid and fine particulate matter which cannot be quantitatively ingested (see 
section 5.3). As a subsequent loss of chemical energy, parts of the ingested materials pass 
through the larval intestine without being absorbed. These losses include a peritrophic 
membrane, which encloses the fecal material and is discarded via the anus. In a strict 
sense, however, this actively secreted membrane represents a part of body growth and 
thus, should be considered as an exuvial rather than a fecal loss (see Jones et al. 1997a). 

The separate quantification of leaching and defecation is, at least in small aquatic ani-
mals, technically difficult and unprecise. In larval decapods, it is thus convenient (al-
though not always satisfactory) to consider these losses collectively as unspecified rejecta 
or egestion, L. These losses are usually not measured directly but estimated from the dif-
ference between the total amount of food ingested (F) and the sum of all other, more pre-
cisely measurable budget parameters. These are summarized as absorption, Ab, which 
represents the chemical energy of the fraction of food that has crossed the gut wall. 

In all higher organisms, the oxydation of absorbed nitrogenous compounds is incom-
plete, so that not only water and carbon dioxide but also chemically reduced molecules are 
produced. In aquatic crustaceans including decapod larvae, the major catabolic end prod-
uct of the nitrogen metabolism is ammonia; it is excreted with the urine (see section 8.4). 
A fraction of the absorbed energy is thus lost with the excretion of ammonia (U). The re-
maining energy is summarized as assimilation, A, comprising the production of body tis-
sues (growth, G) and metabolic losses through respiration (R). These principal pathways 
of matter and energy may be described with the following general equations: 

Ab = F – L (9.1) 

A = Ab – U = F – L – U = G + R (9.2) 

In the literature, U has sometimes been considered as a fraction of L, confusing it with 
the egestion of feces. This is not quite correct because nitrogenous waste products are ac-
tually lost only after they have been absorbed with larger molecules. Since they are not 
further metabolizable in higher organisms, only the difference between total Ab and U be-
comes eventually available for growth (G) and metabolism (R). 

Like U, R represents a loss from energy metabolism, i.e. from the catabolization of en-
ergy-rich macromolecules. R is usually measured as oxygen consumption, assuming that 
anaerobic metabolic processes can energetically be ignored (see section 8.3). The oxyda-
tion of complex organic molecules delivers chemical energy that is stored in adenylate 
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nucleotides (ATP and several others). This energy is available for the utilization in main-
tenance, muscle contractions, and other energy-consuming processes, or it may be rein-
vested in the synthesis of new macromolecular compounds such as proteins and lipids. 
Another part of the energy that is obtained from the degradation of food molecules, how-
ever, is inevitebly lost as metabolic heat. 

 
 
 

 

Figure 9.1. Partitioning of energy: the principal parameters of a bioenergetic budget. 
 
 
 
The sum of G and R is termed also the “metabolizable energy” or “physiological fuel 

value” of food (Warren & Davis 1967, Wieser 1994). The energy that is ultimately avail-
able for body growth (G) is thus given as the difference between total ingestion, absorp-
tion, or assimilation and the various losses: 

G = F – L – R – U = Ab – R – U = A – R (9.3) 

In arthropods, another part of this accumulated matter is lost at the end of each molting 
cycle. The energy of the cast exoskeleton (exuvia production, GE) must thus be subtracted 
from total body growth (G) to obtain the production of living tissues, GT:  

GT = G – GE (9.4) 

In addition to this synthesized but eventually discarded exuvial matter, crustaceans 
produce a chitinous peritrophic membrane which coats the fecal pallet. Although this 
membrane represents an exuvial loss, it is usually - for technical reasons - considered as a 
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part of the feces. This implies the following problem (Jones et al. 1997a): “if the energy 
content of peritrophic membranes proved to be relatvely high, their inclusion as egesta 
rather than exuvia would tend to underestimate assimilation efficiency and consequently 
overestimate net growth efficiency” (for bioenergetic efficiencies see following section). 
The actual significance of this generally ignored budget parameter remains to be quanti-
fied in decapod larvae. 

9.1.2 Indices of bioenergetic efficiency 
From the above equations, efficiency indices, i.e. input:output ratios, can be derived (Ivlev 
1945, Conover 1966, Warren & Davis 1967, Calow 1977b). The quotient of assimilation 
to ingestion gives the total fraction (or percentage) of the ingested dietary energy that is 
available for growth and metabolism. This index is termed assimilation efficiency, A/F:  

A/F = (G + R)/F = (F – L – U)/F (9.5) 

Similarly, an absorption efficiency (Ab/F) may be given as a relative measure of food 
conversion. The fraction of ingested energy which is eventually converted into body 
growth represents another frequently used index of food utilization, named gross growth 
efficiency, K1:  

K1 = G/F = (F – L – R – U)/F (9.6) 

When K1 is applied to a particular biochemical compound class, it is commonly termed 
conversion efficiency rather than gross growth efficiency. In aquaculture, for instance, the 
conversion of expensive proteinaceous feeds to body proteins (the protein conversion effi-
ciency) is of particular interest (Capuzzo 1982). The maximally possible efficiency of 
food conversion to growth is in living systems, in general, about 70-80% (Calow 1977b). 
Such a high level, however, may be reached only by very young, postnatal animals includ-
ing larvae. Even in these early life-history stages, several factors such as energy require-
ments for locomotory and feeding activities or differentiation processes in cells and tis-
sues, mitigate against the achievement of maximum conversion efficiency. 

Finally, growth can be related to the total quantity of assimilated energy. The quotient 
of these two parameters is termed net growth efficiency, K2: 

K2 = G/A = (F – L – U – R)/(F – L – U) (Eq. 9.7) 

Readjusting Eqs. 9.5-9.7, we can see that net growth efficiency equals the quotient of 
the gross growth and assimilation efficiencies: 

K2 = 
    

K1

( A / F)   (Eq. 9.8) 

K2 may be estimated from the relationship: 

K2 = 
    

G
G + R  (Eq. 9.9) 

It should be noted that K1 and K2 are not identical with the thermodynamic efficiencies 
of particular synthetic processes. Since they only quantify the overall fractions of ingested 
or assimilated food, respectively, that an organism invests into body growth, these indices 
are considered as ecological rather than physiological measures of production efficiency 
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(Conover 1978). K1 and K2 have thus more practical than theoretical significance. In 
physiological bioenergetics, especially on the cellular and molecular levels, the partial 
production efficiency (K3), the absolute caloric production efficiency (K4), and the abso-
lute energetic production efficiency (K5) are more meaningful (Wieser 1986). 

9.1.3 Equivalents of mass and energy 
Since direct calorimetric measurements of the energy content and metabolic heat produc-
tion in pelagic larvae and their food are technically difficult, the various parameters of 
bioenergetic budgets are usually determined with indirect methods, yielding data in differ-
ent units. For instance, the biomass of larvae and prey organisms may be quantified as to-
tal amounts of organic substances, proximate biochemical compounds, or carbon content, 
whereas respiratory losses are measured as oxygen consumption (VO2), and excretion as a 
quantity of nitrogen excreted with NH4

+ and NH3. Hence, all these data must be converted 
to a common unit before they can be inserted in a budget. 

In energy budgets, all measurements must be given in Joules (or calories; 1 J = 0.239 
cal), while a carbon budget requires conversions to mass units of C. When particular nitro-
genous compounds such as proteins are of interest (mainly in aquaculture), a nitrogen 
budget can be established, using mass units of N. It should be stressed here that the com-
plete form of a budget (Fig. 9.1; Eqs. 9.1-9.3) applies in aquatic crustaceans only when it 
is given in energy units. In C budgets, the U term is usually omitted, because the excretion 
of organic (i.e. C-containing) compounds is generally insignificant or lacking. In N budg-
ets, on the other hand, the respiration term does not occur. 

The caloric content of food materials and larval body mass can be measured directly, 
using bomb calorimetry or a wet oxydation technique (Grodzinski et al. 1975, Newell 
1982, Henken et al. 1986). Alternatively, it may be estimated from the average energy 
contents of the major biochemical compound classes. Although the conversion factors 
given in the literature may vary slightly among authors, the following caloric equivalents 
have widely been accepted (Winberg 1971): 

• 23.64 J/mg protein 
• 17.15 J/mg carbohydrate 
• 39.54 J/mg lipid 
When no biochemical analyses but only carbon values are available, an estimate of the 

energy content is possible too, using an empirical regression equation obtained from par-
allel measurements of the organic C (in % of ash-free dry mass) and the energy content 
(E, in Joules) in aquatic organisms (Salonen et al. 1976): 

• E = 19.73 + 0.42·C [J/mg organic C] 
This conversion takes into consideration that the caloric content of biomass varies sig-

nificantly not only with the absolute but also with the relative C content of biomass. This 
shift is caused by the fact that high percentage C values reflect high lipid contents (for 
correlation between lipid and C see section 7.4). Compared with proteins, lipids contain 
more C per unit weight (70-80% vs. 50-54%; Winberg 1971), and their average energy 
content per unit C is about 20% higher (Salonen et al. 1976). It must be warned, however, 
that energy estimates from C data are probably less reliable than those based on analyses 
of proximate biochemical composition. Likewise, ash-free dry mass (AFW) data may be 
used for rough estimates of the uptake and conversion of organic matter and chemical en-
ergy. 
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Oxygen consumption (VO2) can be converted quite accurately into an energy loss, be-
cause variable utilization of different biochemical substrates in metabolic processes causes 
only minor variation in the amounts of metabolic heat production. This applies also to the 
caloric equivalent of nitrogen excretion. In the literature, the following conversion factors 
are commonly used for the consumption of oxygen and the production of ammonia-
nitrogen, respectively, into caloric losses (Elliott & Davison 1975, Gnaiger 1983): 

• 14.06 J/mg O2 
• 24.87 J/mg NH3-N 
In contrast to the metabolic energy losses, the quantity of C that is lost with respiratory 

CO2 depends on the predominant metabolic substrate. The respiratory quotient, RQ (i.e. 
the molar ratio of produced CO2 to consumed O2), equals a value of 1.0 when exclusively 
carbohydrates are catabolized, while an average of about 0.7 is obtained for the oxydation 
of fat, and ca. 0.8 for protein catabolization. Since natural food sources are always bio-
chemical mixtures, an intermediate RQ of about 0.8-0.9 may generally be assumed (Nel-
son et al. 1977). If predominantly zooplankton with a similar chemical composition as that 
of the crustacean larvae is eaten (high dietary protein, low lipid, very low carbohydrate 
level), an average RQ of 0.8 should be a realistic estimate for predatory larvae such as the 
mysis stages of nephropid lobsters; higher values (≥0.9) may be more representative of 
phytoplankton feeders, e.g. the protozoeae of penaeid shrimps. From these RQ estimates 
we obtain as conversion factors between oxygen consumption and respiratory carbon 
losses in carnivores and herbivores:  

• 0.30 - 0.34 mg C/mg O2 

9.2 Ontogenetic shifts in energy partitioning 

Compared with the amount of literature that is available on the bioenergetics of adult crus-
taceans and other large-sized invertebrates, there exists only a very limited number of 
studies on the energy partitioning in larval decapods. Most published data allow only for 
an identification of ontogenetic changes between successive larval stages, but not of those 
occurring within these stages (Anger 1991a). Since we know, however, that dramatic phy-
siological changes take place during each molting cycle, we must expect significant varia-
tion in the uptake and partitioning of dietary energy within individual instars. In the fol-
lowing section, I will thus primarily address molt-cycle related changes in energy or 
carbon budgets. By integration of these temporal patterns in energy partitioning (rather 
than from single “representative” measurements taken in successive instars), summary 
budgets for individual developmental stages can be obtained and analysed for possible on-
togenetic trends. 

9.2.1 Instantaneous budgets: changes during the molting cycle 
In order to identify molt-cycle related changes in energy partitioning, we need to measure 
the various parameters of an energy budget with a sufficiently high temporal resolution. 
This is generally difficult, as larval molting cycles are short, usually not exceeding a few 
days. As a particularly well-suited “model species” for bioenergetic research on larval 
decapods, the spider crab Hyas araneus has been studied in much detail, because it shows, 
from a technical point of view, several advantages: (1) the development duration of the 
individual larval stages is comparatively long (ca. 10-20 days at ecologically relevant 
temperatures), allowing for a high resolution with 24 or 48 h sampling intervals; (2) this 
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species (as all spider crabs) passes through only two zoeal stages and a megalopa, which 
is the minimum required to study all major larval types of the higher Decapoda, i.e. both 
anamorphic and metamorphic zoeae, and a decapodid (cf. section 2.2); (3) the larvae are 
among the largest in the Brachyura, allowing for small sample size and high precision in 
chemical determinations; (4) the fecundity is high, with >10,000 zoeae hatching from a 
single female, so that sample size and number of replicate measurements remain limited 
by bench space and labour rather than by availability of material. These technical advan-
tages of our model species have greatly facilitated the gleaning of an extensive data set, 
from which we derived descriptive models of bioenergetic and other physiological 
changes during larval development (see Anger et al. 1989a, Anger & Harms 1989, Anger 
1990, 1991a). Hence, this species serves us here as a standard example of molt-cycle re-
lated and other ontogenetic changes in energy partitioning. 

When we measured absolute energy flows (in Joules per individual and day), we found 
dramatic changes during each of the larval molting cycles (Fig. 9.2). The instantaneous 
(daily) rate of food uptake (F’) increased rapidly in postmolt, reached a maximum in in-
termolt (zoea I) or earlier within the molting cycle (zoea II, megalopa), and then tended to 
decrease throughout the premolt period (Fig. 9.2a). The rate of growth (G’) was always 
maximum in postmolt and early intermolt, decreasing throughout the later parts of the 
molting cycle (cf. section 6.2.3). The respiratory energy losses (R’), in contrast, varied 
much less, showing a gradually increasing trend throughout the time of larval develop-
ment. The daily excretory losses (U’) changed within each larval stage with an arched pat-
tern, reaching a maximum approximately in the middle of the molting cycle (Fig. 9.2b). 
Although, similar as in R’, the average level of U’ increased in successive instars, the en-
ergetic losses through nitrogen excretion remained always at an order of magnitude below 
those of the estimated respiratory heat production. Thus, U’ had only a minor significance 
in total energy partitioning. 

When the sum of respiration, excretion, and growth (i.e. assimilation, A’) is compared 
with total food uptake (F’), instantaneous assimilation efficiency is obtained as an index 
of daily food utilization. In the zoeal stages of Hyas araneus, the A’/F’ quotient was con-
sistently maximum (>80%) in postmolt, minimum (about 50%) during the intermolt pe-
riod, and increasing again (to ca. 70-80%) in premolt. During major parts of the megalopa 
molting cycle, however, unrealistically high A’/F’ values were calculated, indicating that 
the rates of feeding (F’) and egestion (L) were in this stage experimentally underestimated 
(for discussion see Anger & Harms 1989, Anger 1990). 

Within total assimilation, the growth parameter (G’) was in all larval stages during the 
postmolt and early intermolt periods consistently higher than R’, indicating that the con-
version of dietary energy into biomass was particularly efficient during the first half of the 
molting cycle. These proportions revered consistently in the second half, with R’ increas-
ingly exceeding the G’ term. In the late megalopa, i.e. shortly before metamorphosis, the 
crab larvae respired more energy than they accumulated from food, so that growth became 
eventually negative (Fig. 9.2a). 
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Figure 9.2. Daily rates of feeding, growth, respiration, and nitrogen excretion (all in units of energy, 
J) during the time of larval development in a spider crab, Hyas araneus (redrawn after Anger & 
Harms 1989). 
 

 
 
In comparative research on the bioenergetics of decapod larvae, also biomass-specific 

rates of feeding, growth, and respiration should be given to enhance the comparability 
among larvae with different body size. In energy budgets, it is thus convenient to convert 
the data of food uptake, biomass accumulation, and oxygen consumption into energy-
specific rates (F’/E, G’/E, R’/E). In Hyas araneus, the specific rate of food uptake was 
maximum after hatching, reaching an equivalent of about 50% of larval biomass (in en-
ergy units) consumed per day. During the zoea I molting cycle, the F’/E values decreased 
to a level below 20% of larval body energy per day; a similar feeding pattern, only at a 
slightly lower average level, was observed also in the zoea II (Fig.9.3a). The megalopae of 
H. araneus ate, on average, much less than the zoeal stages (mostly corresponding to 
<10% of their own biomass per day; however, these values probably underestimated the 
actual feeding rates). During the course of the megalopa molting cycle, the F’/E values 
showed a decreasing tendency, as in the other stages. 
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Figure 9.3. Changes in energy partitioning during the time of larval development in a spider crab, 
Hyas araneus; [a] biomass-specific (energy-based) daily rates of feeding (F‘/E) and growth (G‘/E); 
[b] gross growth efficiency, K1 (given only for zoeal stages), net growth efficiency, K2 (redrawn af-
ter Anger & Harms 1989). 

Similar molt-cycle related patterns as in the energy-specific ingestion rates were ob-
served also in the specific growth rates (Fig.9.3a). The highest G’/E was measured in 
postmolt larvae, reaching maximum values of about 30-40%·d-1 in the zoeal stages and ca. 
9%· d-1 in the early megalopa. Compared to the specific rates of feeding and growth, the 
energy flows into metabolism were smaller and relatively constant, with R’/E and U’/E 
values of about 3-8% and 0.2-0.4%·d-1, respectively. 

When daily growth rates are compared directly with the concomitant feeding rates, 
daily gross growth efficiencies can be estimated. In the zoeal stages of Hyas araneus, K1 
was clearly maximum in the initial phase of the molting cycle, decreasing thereafter (Fig. 
9.3b; no K1 curve is shown for the megalopa stage, as our data indicate that the rates of 
feeding and egestion were experimentally underestimated; see above). In late premolt, the 
instantaneous rate of feeding tended to decrease slightly faster than growth (cf. Fig. 9.3a), 
so that K1 increased slightly at the end of the zoeal molting cycles; however, it remains 
unclear if this trend can be generalized for crab larvae. 

Since the quantification of ingestion rates is generally unprecise (see section 5.3) and 
all parameters of assimilation were in our experiments measured directly (in contrast to 
L’), net growth efficiency should be a more reliable measure of energy conversion than 
K1. Similar to K1, the K2 index showed in all larval stages of Hyas araneus consistently a 
maximum in postmolt and a clear decreasing trend throughout the later parts of the molt-
ing cycle; as a consequence of biomass losses during the premolt stages in the megalopa, 
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the index became eventually negative (Fig. 9.3b). Decreasing K2 values were observed 
also in the larval molting cycles of the hermit crab Pagurus bernhardus, especially in the 
last two zoeal stages (Anger et al. 1990b). Strikingly similar bioenergetic patterns as in the 
larvae of the brachyuran crab H. araneus were recently found also in a caridean shrimp, 
Macrobrachium nipponense, namely in the absolute and biomass-specific rates of feeding, 
growth, and respiration (Shin & Chin 1994, 1995). 

With the exception of the rate of feeding and related parameters (A’/F’, L’, K1), our 
models of molt-cycle related changes in the energy budget of larval H. araneus are based 
on an extensive set of data. Unfortunately, however, very few studies with a similar high 
temporal resolution have become available for other species, so that it remains uncertain if 
the patterns shown above are characteristic of decapod crustacean larvae. Their generality 
is supported by studies where molt-cycle related changes in at least one bioenergetic pa-
rameter (usually growth or respiration) were measured in short intervals, showing mostly 
similar patterns as in Hyas araneus and in Macrobrachium nipponense.  

In summary, I suggest that at least some of the patterns shown above should occur uni-
versally in planktivorous marine decapod larvae; however, major deviations must be ex-
pected in species with an enhanced endotrophic potentia (facultative lecithotrophy). In 
particular, the following bioenergetic trends should typically occur during the course of 
individual larval molting cycles: 

• arched curves of ingestion rate (F’) with maximum values in intermolt; 
• drastically decreasing instantaneous rates of growth (G’);  
• gradually increasing respiratory energy losses (R’); 
• G’ initially exceeding R’, but metabolic losses equal or outbalance in later molt-

stages the concomitant rate of biomass accumulation; 
• bioenergetically insignificant excretory losses (U’), possibly varying with the same 

temporal patterns as F’; 
• A’/F’, K1, and K2 maximum in the early molt-stages, decreasing through major parts 

of the molting cycle; A’/F’ may increase again during premolt. 
Since the predictability of larval feeding and growth has great practical relevance, more 

comparative bioenergetic studies are necessary to test these putative rules for their general 
applicability. The available evidence has clearly shown that molt-cycle related changes in 
energy partitioning may be stronger than those between successive larval stages. Hence, 
the construction of more realistic bioenergetic models requires an enhanced temporal 
resolution of sampling and measuring. 

9.2.2 Cumulative budgets: shifts between successive stages 
When the regression curves of molt-cycle related changes in energy partitioning (Fig. 9.2) 
are integrated over the time of development within each larval instar, cumulative stage-
specific energy budgets are obtained. These summary budgets can be compared among 
successive larval stages to identify ontogenetic shifts. 
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Figure 9.4. Assimilation and partitioning of energy in successive larval stages of a spider crab, Hyas 
araneus; [a] absolute quantities (Joules per individual); [b] relative proportions (in % of total as-
similated energy) distributed among tissue growth, exuvia production, respiration, and nitrogen ex-
cretion (redrawn after Anger & Harms 1989).  

In the successive larval stages of Hyas araneus, an exponential increase was observed 
in assimilation (A), respiration (R), excretion (U), and exuvia production (GE), but not in 
total growth or tissue growth (G, GT) achieved per instar. G increased clearly between the 
zoea I and II stages, but only little in the megalopa (Fig. 9.4a). In the latter stage, about 
one third (35%) of total growth was lost again with the shed exoskeleton (GE), so that the 
remaining tissue growth (GT) was lower than in the zoea II (Fig. 9.4a). In the zoeal stages, 
the exuvial losses amounted to only 9% and 13% of G, respectively. This conspicuous 
shift in the relation between GT and GE reflects the differential degree of cuticle thickness 
in pelagic vs. benthic or semibenthic forms (cf. section 3.1). A gradual increase in the re-
lation between GE and GT was found also in the successive larval stages of the caridean 
shrimp Macrobrachium nipponense (Shin & Chin 1995) and in several other decapod taxa 
(Anger 1991a, 1998). This suggests that a shift towards increasing exuvial losses and de-
creasing tissue growth represents a growth rule in larval decapods. 

Ontogenetic shifts in the overall energy partitioning become better comparable among 
taxa or stages, when the major energy flows are expressed in percent of total absorption. 
In the successive larval instars of Hyas araneus, these changes were similar to the tenden-
cies observed within individual molting cycles (Fig. 9.4b). Growth exceeded initially the 
metabolic losses, but this relation declined in later stages. In the zoea I, G and R amounted 
to 59 and 39% of Ab, respectively, while 52 vs. 45% were measured in the zoea II, and an 
inverse relation (26 vs. 69%) occurred in the megalopa. If excretory losses are ignored, 
these percentage growth figures represent practically net growth efficiencies; hence, K2 
decreased in the successive larval stages of H. araneus from about 59 to 26%. 
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Similar K2 figures as in Hyas araneus were measured in the larval stages of another 
spider crab, Libinia ferreirae, with 57, 36, and 7%, respectively (Anger et al. 1989b). The 
same trend, only much weaker, was observed also in the hermit crab, Pagurus bernhar-
dus, with K2 values of 58% in the zoea I vs. 44-47% in the later zoeal stages (Anger et al. 
1990b). In the larval stages of the palaemonid shrimp Macrobrachium nipponense, again 
the same tendency was found, but with generally higher K2 figures (Shin & Chin 1995). 
K2 decreased in this species from 72% in the zoea II (the zoea I is lecithotrophic) to 40-
42% in larval instar IX and in the “postlarva” (in this case, probably the first juvenile 
stage). In the congenor M. rosenbergii, however, much lower and ontogenetically increas-
ing rather than decreasing K2 values were measured, ranging from 21 to 36% (Stephenson 
& Knight 1980). In a recent study on the same shrimp species, highly variable K2 values 
were obtained, which seemed to be influenced more by temperature and salinity variation 
than by developmental stage (Agard 1999). Similarly as in M. nipponense, K2 decreased in 
Penaeus monodon larvae from initially 88% (protozoea I) to a level of 56-66% (mysis 
stages, first “postlarva”; Kurmaly et al. 1989a). 

In summary, an ontogenetically decreasing trend in K2 has most frequently, although 
not always, been observed in studies with a high temporal resolution of measurements, 
suggesting that this represents a typical pattern in larval decapods (cf. McConaugha 1985, 
Anger 1991a). The same may apply to K1. A slight decrease in K1 was observed between 
the three successive larval stages of Hyas araneus, with cumulative values of 33, 26, and 
26%, respectively. This index decreased also throughout the larval development of the 
shrimp Palaemon serratus (from 76 to 41%; Reeve 1969). In another palaemonid species, 
Macrobrachium nipponense, it decreased from initially 63% (zoea II) to a final value of 
34% (Shin & Chin 1995). In contrast to K1, the A/F quotient appears to vary more among 
taxa than in relation to ontogeny (Anger 1991a). 

From the energy flows determined in successive larval stages, an overall cumulative 
budget may be calculated for the entire larval phase of a species. Average percentage 
flows into tissue growth, exuviation, respiration, and nitrogen excretion, respectively, may 
be compared among different species or rearing conditions (McConaugha 1985, Anger 
1991a). In all three larval stages of Hyas araneus combined, 58% of the absorbed energy 
was lost with respiratory heat production and about 4% through ammonia excretion; total 
growth (G) accounted for 38% of Ab, but one fifth of this quantity was lost again with the 
cast exuviae (GE in Fig. 9.5). 
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Figure 9.5. Partitioning (% of total energy assimilated) among tissue growth (GT), exuvia production 
(GE), respiration (R), and nitrogen excretion (U) during the complete larval development of a spider 
crab, Hyas araneus (redrawn after Anger & Harms 1989).  

 
 

As a consequence of ontogenetic shifts in energy partitioning and differential lengths of 
successive molting cycles, different stages may contribute in quite variable proportions to 
the overall cumulative energy budget of total larval development. When the absolute en-
ergy flows are compared in Hyas araneus larvae, R is clearly the dominating bioenergetic 
parameter (Fig. 9.6a). This is principally a consequence of low growth rates and high 
metabolic losses in the megalopa, which also has a long development duration (approxi-
mately equalling that through the two zoeal stages combined). While the zoeal stages con-
tributed only 10 and 21%, respectively, to the respiratory energy losses during the com-
plete phase of larval development, the megalopa was responsible for 69% of total R. 
Similar differences were found in the stage-specific contributions to the excretory and ex-
uvial losses (U, GE in Fig. 9.6b). In contrast, the proportions of Ab that were invested in 
larval tissue growth (GT from hatching to metamorphosis) varied less among the succes-
sive stages, with contributions of 27% (zoea I), 41% (zoea II), and 32% (megalopa), re-
spectively. 
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Figure 9.6. Contribution (in %) of the successive larval stages of a spider crab (Hyas araneus) to the 
principal parameters of the larval summary energy budget: tissue growth, GT; exuvia production, 
GE; respiration, R; nitrogen excretion, U (redrawn, after Anger & Harms 1989).  
 

 

9.3 Effects of environmental factors 

The assimilation and partitioning of dietary energy changes not only ontogenetically, but 
may be altered also by extrinsic factors such as the feeding regime, temperature, salinity, 
oxygen concentration, the action of toxic pollutants, etc. External effects have been exten-
sively studied in isolated budget parameters, while much less is known about changes in 
the quantitative relations between different energy flows. Isolated environmental effects 
on larval feeding, growth, respiration, and excretion are reviewed in chapters 5-8 of this 
volume. In the following sections, I will thus focus on externally induced changes in the 
bioenergetic efficiencies of assimilation and growth, i.e. in A/F, K1, and K2. 

9.3.1 Food 
When energetic efficiencies are compared on different trophic levels within the zoo-
plankton, there appear to exist some typical differences between herbivorous and carnivo-
rous species, implying a negative correlation between A/F and K2 (Welch 1968). Accord-
ing to the literature, herbivorous species tend to assimilate a smaller proportion of what 
they ingest (lower A/F), but are able to convert a greater part of the assimilated energy to 
growth (higher K2) as compared with carnivores. According to Jones et al. (1997a), “her-
bivores tend to show very low assimilation efficiencies, but very rapid throughput of rela-
tively high quantities of ingested material, whereas the carnivores ingest relatively 
smaller quantities of food but have much longer gut residence times”. As a result, K1 may 
remain roughly the same in these trophic groups. 

These differences in A/F and K2 are believed to reflect differential chemical compo-
sition and digestibility of plants and animals as food sources. High A/F values may be ex-
plained by relatively easy digestibility of the proteinaceous diets of carnivores as com-
pared to plant matter with large quantities of high molecular weight polysaccharides. It is 
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possible that the low average net growth efficiency in carnivores has selected for im-
proved enzymatic mechanisms of protein digestion and thus, for an enhanced assimilation 
efficiency (Calow 1977b). On the other hand, the low average A/F level in herbivores 
might have selected for mechanisms enhancing the K2, i.e. for a switch from high meta-
bolic energy investment into activity towards an enhancement of growth. 

Similar shifts in the efficiencies of assimilation and growth may be expected in om-
nivorous larvae exposed to variable feeding regimes. However, when growth was com-
pared in megalopae of Hyas araneus fed with either Artemia nauplii or diatoms, a much 
higher K2 was found in the carnivorous group (13.8 vs. 1.5%; Harms & Anger 1990). 
Since larval energy budgets have only rarely been studied under different conditions, it 
remains to be checked in future research whether this finding was a rare exception, or if 
the presumable rule of higher K2 in herbivores than in carnivores does not generally apply 
to larval decapods. Probably, the larvae of H. araneus are physiologically better adapted 
to carnivorous feeding, lacking mechanisms for an efficient conversion of assimilated 
phytoplankton materials to body growth and thus, losing major parts of A with metabolic 
heat and waste products. 

Within a trophic level, A/F, K1, and K2 appear to be positively correlated when different 
levels of availability and uptake of food are compared. When food is scarce or the feeding 
process is inefficient (for instance, when the average particle size is unsuitably small or 
large in relation to larval mouthpart morphology; cf. section 5.2.3), changes in the feeding 
behavior or in the conversion and partitioning of dietary energy may allow for compensa-
tory growth. As a first response to a decreased food level, decapod larvae can increase 
their feeding activity, enhancing the volume of water searched or filtered per unit of time. 
As alternative or additional mechanisms, the rate of conversion of ingested food may be 
adjusted according to the available quantities, or the amounts of metabolizable energy can 
be upregulated (i.e. A/F enhanced) by means of reducing the fecal losses (for regulation of 
digestive enzyme activity and gut evacuation time, see section 5.4). As another possible 
response to poor food availability, a shift within the budget parameter A is possible, 
switching parts of the absorbed nutrients from metabolic to synthetic pathways; in this 
case, the metabolic rate is reduced, and the growth efficiencies K1 and K2 are enhanced 
(Calow 1977b). Hence, a low level of available dietary energy may stimulate mechanisms 
for increasing F, A/F, K1, and/or K2. 

A more detailed picture of energy partitioning is obtained when conversions of major 
biochemical compound classes are considered separately. For instance, protein absorption 
efficiency may remain high under food-limited conditions, while lipid accumulation 
ceases or fat reserves are reduced (see section 7.5.2.2, Fig. 7.6). The compound-specific 
conversion efficiencies depend, also in well-fed crustaceans, on the overall biochemical 
composition and digestibility of food. In lobster and prawn culture, for example, protein 
conversion may be enhanced (or its catabolism reduced) when certain lipids or carbo-
hydrates are added to the diet (Capuzzo 1982). Similarly, additions of essential fatty acids 
or cellulose fiber have been shown to increase the efficiency of protein conversion. On the 
other hand, A/F, K1 and K2 may be downregulated at excess levels of food availability 
(Conover 1978, Heinle 1981, Abreu-Grobois et al. 1991), including a reduced conversion 
of individual dietary compounds such as proteins or lipids (Capuzzo 1982). 
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9.3.2 Temperature and salinity 
Single or combined effects of temperature and salinity on larval survival, development, 
feeding, growth, or respiration have been described in numerous publications, but envi-
ronmentally induced shifts in the partitioning of energy flows have been studied only 
rarely. Even in holozooplankton such as copepods, relatively few and inconsistent obser-
vations exist on the quantitative relationships between physical factors and energy parti-
tioning. McLaren (1963) hypothesized that temperature-induced changes in gross or net 
growth efficiency of zooplankton might explain diurnal vertical migrations in the water 
column, assuming that the weight-specific rates of respiration and growth should be dif-
ferent functions of temperature. As an adaptation to such a shift in energy partitioning, 
planktonic grazers should metabolize their food at temperatures different from those at 
which they eat it, thus enhancing K1 or K2. However, these shifts appear to be too small to 
explain why many species spend considerable amounts of energy for migrating up and 
down. Recent evidence suggests that both the need for dispersal and pelagic predation 
pressure are more significant selective forces in the evolution of migration patterns than a 
possible energetic advantage of increased growth efficiency (see chapter 10). 

When the larval stages of the rock crab, Cancer irroratus, were reared under several 
temperature-salinity combinations, A/F was not correlated with the apparent suitability of 
the various conditions. Rather, K1 and K2 (i.e. the channellization of ingested and assimi-
lated energy into tissue growth), tended to decrease under conditions where also survival 
was particularly low (Johns 1982). In this species, unfavourably low salinities exerted 
stronger negative effects than unfavourable temperatures. In caridean shrimp (Palaemon 
serratus) larvae, the ingestion rate increased with increasing temperature, but the effi-
ciency of conversion of assimilated energy to growth (K2) remained roughly the same, 
which allowed for enhanced growth at higher temperatures (Yúfera & Rodríguez 1985b). 

Salinity effects on energy partitioning were recently shown also in the zoea I of the 
shore crab, Carcinus maenas (Anger et al. 1998). Under hyposaline stress, the larvae were 
not able to assimilate the same amounts of energy as unstressed siblings, so that less me-
tabolizable energy was available for growth and metabolism. Although respiration was 
significantly reduced by low salinities, this energy-sparing effect did not compensate the 
depression of total assimilation, and thus, growth was significantly reduced. This was 
caused not only by a decreased level of A, but also by a dramatical decline in K2. Interest-
ingly, this drop in net growth efficiency was conspicuous only during the first half of the 
molting cycle, while a partial compensation (i.e. an increase in K2 at unfavourably low sa-
linities) was observed during premolt. These data demonstrate once more that future stud-
ies of stress effects on larval growth must pay attention to molt-cycle related and other 
developmental variation in the physiological response and tolerance patterns, i.e. the tem-
poral resolution of sampling and measuring should be increased wherever possible. In the 
same study, reduced K2 values were observed after short transitory periods of exposure to 
hyposaline conditions. When this stress occurred at the beginning of the molting cycle, an 
exposure of only 24 hours had almost the same negative effect on growth efficiency as 
longer lasting or continual osmotic stress. This finding shows again the importance of 
studying short-term in addition to chronic environmental effects. 

In summary, unfavourable environmental conditions appear to depress not only single 
parameters of the energy budget (ingestion, respiration, growth), but in most cases also the 
efficieny of channelling ingested or assimilated energy into tissue growth. However, too 
few comparative data from larval decapods have become available to allow for safe gen-
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eralizations. In juvenile penaeid shrimps, K2 was observed to increase under conditions of 
physical stress (in this case, reduced oxgen concentration), partially compensating for a 
reduced assimilation of food (Rosas et al. 1998, 1999). This suggests that also compensa-
tion mechanisms exist in the partitioning of energy. 

9.3.3 Pollution 
Among the stress factors that may affect larval growth and development in their natural 
environment, numerous man-made pollutants have been studied in decapod larvae as ex-
perimental target organisms. However, the response criteria were mostly limited to the 
rates of survival and development, more rarely to growth or respiration. In Cancer irrora-
tus larvae, toxic water-soluble fuel oil fractions were shown to increase the respiratory en-
ergy losses and to depress the rates of feeding and growth (Johns & Pechenik 1980). Simi-
larly as in Carcinus maenas larvae exposed to brackish water, the reduction in growth was 
caused not only by decreased assimilation, but also by reduced efficiency of food conver-
sion, i.e. declining K1 and K2. Enhanced respiration, reduced growth, and reduced K2 were 
found also in early shrimp (Palaemonetes pugio) larvae in the presence of Methoprene, an 
insect growth regulator (McKenney & Celestial 1993). 

When lobster (Homarus americanus) larvae were exposed to a mixed toxicant, drilling 
fluids from oil platforms, a dramatic decline occurred in all major budget parameters, 
namely F, A, R, G, and K1 (Smith Derby & Capuzzo 1984). Since G was proportionally 
more affected than R, also the K2 index (not given in this paper) must have been reduced 
under this pollution stress. The same effects can be inferred from the respiration and 
growth data shown in a paper that described toxic effects of chlorine and chloramine on 
the physiology of larval lobsters (Capuzzo 1977). 
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10 ECOLOGY AND BEHAVIOR 

Most larval decapods sojourn for a few days or weeks in the pelagic environment, al-
though some may stay there for up to several months before they eventually return to the 
benthos and recruit to the adult populations (Thorson 1961). The regional patterns of lar-
val dispersal depend largely on major oceanic current systems, coastal morphology, and 
prevailing wind directions during the reproductive season. This leads to regionally differ-
ential recruitment and hence, variation in the degree of genetic exchange among geo-
graphically separated populations (Bunch et al. 1998). During their planktonic phase, the 
larvae are exposed to variations in numerous ecological factors which influence their 
chances of survival, development, dispersal, and recruitment. These include physical and 
chemical variables such as temperature, salinity, light, and toxic pollutants, as well as the 
principal biotic factors food and predation (for exhaustive review, see Sastry 1983b, 
Pechenik 1987, Morgan 1995a, Epifanio & Garvine 2001). Since the various causes of 
larval mortality in the plankton determine, directly or indirectly, the stability of benthic 
fish and invertebrate populations, they are of great general interest also in marine ecology 
and fisheries biology (Rumrill 1990, Morgan 1995a). 

Although they seem to be weak and only passively drifting, planktonic larvae are not 
entirely subjected to the arbitrariness of locally or temporarily prevailing conditions in the 
pelagic environment (for recent discussion, see Metaxas 2001). There is a steadily increas-
ing body of evidence that larvae can actively avoid unfavourable physical conditions, re-
duce predation, and participate in the processes of dispersal and recruitment, namely by 
choosing a position within the water column or selecting a suitable substratum for settle-
ment. This partial self-determination of larval fate is based upon genetically fixed and en-
vironmentally entrained behavioral patterns, and on other evolutionary adaptations to pre-
dictable changes in the environment. Within certain limits, there are adaptations even to 
the lack of predictability in particular habitats, enhancing the likelihood of successful de-
velopment and metamorphosis under highly variable conditions. 

The ecological key factors governing in the pelagic environment as well as principal 
life-history adaptations to these variables constitute the primary subjects of this chapter. 
This includes relationships between climatic conditions and larval tolerance, physiological 
regulation mechanisms, seasonality of reproduction, female energy allocation to offspring 
production, endogenous rhythms of egg hatching, behavioral responses of larvae to gradi-
ents in physical and chemical factors, patterns of larval migration, anti-predatory features, 
dispersal strategies, examples of larval development in land-locked habitats outside the 
ancestral environment of the Decapoda, the sea, and eventually, key processes and adapta-
tions involved in settlement and metamorphosis. 

Similar as in nutrition, there exists a tremendous amount of publications on larval ecol-
ogy and behavior, comprising several thousand papers (Young 1990, Rice 1993). It is thus 
impossible to provide here an exhaustive overview of all relevant literature. An extensive 
review was recently presented in the book “Ecology of Marine Invertebrate Larvae” 
(McEdward 1995), which deals with all major ecological, behavioral, and evolutionary 
aspects of larval life in the plankton, in general (including non-crustacean larvae). Here, I 
concentrate on the principal ecological mechanisms and adaptations in larval decapods, 
preferentially showing examples from recent and current research. 
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10.1 Ecological key factors: selective pressures, adaptations, behavioral responses 

Various effects of ecological key factors such as temperature, salinity, oxygen concen-
tration, and food availability have been treated in the preceding chapters, especially in re-
lation to larval growth and metabolism. The following sections will primarily deal with 
specific tolerance limits and ontogenetic changes therein, behavioral avoidance mecha-
nisms, and examples of presumable selective pressures and specific adaptations to varia-
bility in the most prominent ecological parameters. Adaptations to particular environ-
mental conditions occur in virtually all aspects of larval biology that have been reviewed 
here, including larval morphology, anatomy, the molting cycle, feeding, growth, bio-
chemical composition, metabolism, and energy partitioning. Thus, there is unavoidably an 
overlap with information given before, but also among the sections of this chapter, where 
ecological traits are considered in relation to all other aspects of larval life. 

10.1.1 Temperature 
As an ecological key factor, temperature exerts a paramount influence on all developmen-
tal and other physiological processes (Costlow & Bookhout 1969). In particular, this com-
prises accelerating and delaying effects on rates of larval growth, development and me-
tabolism (see sections 6.4.1 and 8.3.5), as well as seasonal variation in the occurrence of 
larvae in the plankton; the latter aspect will be treated below (section 10.2). Here, I will 
concentrate on examples of tolerance limits in relation to climatic adaptation and review 
behavioral responses to temperature gradients. 

In numerous studies on decapod crustacean larvae, rates of survival and development 
through successive stages, or those of respiration and growth were described as functions 
of temperature. As a rule, the tolerated range is closely associated with the geographic dis-
tribution of a species. While decapods from the tropics and high latitudes show in general 
a stenothermal response, those living in temperate climates are usually eurythermal. This 
response is an adaptation to the occurrence of pronounced seasonal and regional tempera-
ture variations in the intermediate climatic zones. These patterns are exemplified here 
with some arbitrarily chosen species differing in their climatic distributions. 

The Antarctic shrimp species Notocrangon antarcticus and Chorismus antarcticus may 
be considered as typical examples of extremely cold-adapted and stenothermal decapods. 
In rearing experiments, they developed at 0°C from hatching through metamorphosis, 
whilst temperatures above 6°C were not tolerated (Bruns 1992). In the subarctic-boreal 
shrimp Pandalus borealis, the upper limit of tolerance is higher. In rearing experiments, 
the larvae developed well at temperatures below 9°C, but showed signs of physiological 
stress in warmer water (Paul & Nunes 1983; see section 8.3.5, Fig. 8.7). The larvae of the 
northern stone crab, Lithodes maja, shows a similar temperature optimum, consistent with 
a similar geographic range (Anger 1996b). Similarly, the spider crab Hyas araneus occurs 
in the subarctic zone of the North Atlantic, although its distribution extends south to the 
temperate waters of the Channel region (Christiansen 1969). This is consistent with a 
much wider thermal tolerance range: Larval development, at least to the megalopa stage, 
is in this species possible at 2°C, while the upper limit was observed at about 18°C (Anger 
& Nair 1979, Anger 1983b, 1987b). The common shore crab, Carcinus maenas, is a typi-
cal example of a eurythermal temperate species. It is distributed from northern Norway to 
subtropical regions in northwestern Africa. In laboratory experiments, its larvae were suc-
cessfully reared at temperatures ranging from 9-25°C (Dawirs et al. 1986, Dawirs & 



The Biology of Decapod Crustacean Larvae  263 

Dietrich 1986). By comparison, the optimal range of tropical and subtropical crab species 
is usually above 25°C, while temperatures below 20°C cause an increase in larval mortal-
ity (see e.g. Anger et al. 1981b, Anger 1991b). Similar shifts in the temperature optimum 
occur also intraspecifically. This has been documented, for instance, in larval and juvenile 
fiddler crabs (Uca spp.) from populations living in different climatic regions (Vernberg & 
Costlow 1966). 

Many researchers chose a multifactorial experimental approach to study effects of tem-
perature in combination with different salinities, pollutants, food concentrations, or other 
variables. The complex results can be analysed with nonlinear models which show the 
relative importance of single effects and interactions thereof (Alderdice 1972, 1976; for 
application in decapod larvae, see e.g. Costlow et al. 1960). Such combined effects can be 
illustrated in “response surface” diagrams, where rates of survival, development, or me-
tabolism are shown in a two- or multifactorial field (Fig. 10.1; cf. section 8.3.5, Fig. 8.10). 

 
 

 

 
Figure 10.1. Percent mortality of the zoea I of a crab (Sesarma cinereum) reared at 12 combinations 
of temperature and salinity; fitted response surface (from Costlow et al. 1960, with permission from 
MBL, Woods Hole, USA). 

 
 
As a rule, such investigations showed that the range of tolerance of one factor (e.g. 

temperature) will narrow when another ecological variable deviates from the optimum. 
For instance, larval Carcinus maenas are sensitive to both low temperatures and low sa-
linities. In consequence, the tolerance of low temperatures is further reduced when also 
salinity is suboptimally low, or vice versa (Nagaraj 1993). Similar response patterns were 
observed in euryhaline shrimp (Palaemon serratus; Yagi et al. 1990) and crab larvae (Eri-
ocheir sinensis; Anger 1991b), as well as in juvenile penaeids (Charmantier-Daures et al. 
1988). In a tropical shrimp, Macrobrachium amazonicum, the upper thermal limit for suc-
cessful development through metamorphosis was found to be reduced at both unfavoura-
bly high and low salinities (Moreira et al. 1986). As a general consequence of such inter-
acting effects of two or more ecological variables, the actual range of a species’ 
distribution is commonly smaller that should be expected from the response to a single 
key factor (for extensive review, see Kinne 1964b, 1970, 1971). 
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Although larval stages have generally a narrower range of physiological tolerance than 
juveniles and adults, also the opposite pattern has been observed in some species. In the 
Dungeness crab, Cancer magister, for example, early juveniles died at high temperatures 
which were still tolerated by the megalopa (Sulkin et al. 1996). As a consequence, settle-
ment and metamorphosis in regions with warm water (e.g. those between British Colum-
bia and Vancouver Island) may not imply successful recruitment. 

Temperature effects were observed not only in seasonal and regional, but also in inter-
annual variability of larval production in the plankton (Lindley 1988, 1998a, Lindley et al. 
1993). This implies consequences on the population and community levels. For instance, 
unfavourably warm summers may cause recruitment failures in economically important 
decapod species such as Cancer crabs and affect the commercial fisheries in subsequent 
years (Sulkin et al. 1996).  

Temperature exerts a direct influence on larval activity and swimming speed; this re-
sponse is termed thermokinesis (for review see Sulkin 1984). While the locomotory activ-
ity usually increases with increasing temperature, the opposite effect was recently ob-
served in the megalopa of a deep sea crab species from hydrothermal vent fields, 
Bythograea thermydron (Epifanio et al. 1999). In this case, cold water may indicate an 
unsuitably large distance from the species-specific habitat, inducing an increased swim-
ming activity and, in effect, a search of warmer vent water. Temperature variation has 
been suggested also as a possible environmental cue in the reimmigration of crab (Chas-
magnathus granulata) megalopae returning from the sea into warmer estuaries and coastal 
lagoons (Ismael et al. 1997). 

Indirect temperature effects on larval behavior include changes in the response to other 
physical factors such as light, gravity, or hydrostatic pressure (Ott & Forward 1976). 
Hence, thermal discontinuities (thermoclines) may sometimes inhibit vertical migrations 
of decapod larvae and other plankton in the water column. Zoeae of shallow-water crabs 
(Rhithropanopeus harrisii, Neopanope sayi), for instance, were observed to avoid sharp 
gradients, swimming upward when the temperature decreased and downward when it in-
creased (Forward 1990). With this behavioral adaptation, the larvae appear to maintain 
their vertical position in a thermally favourable range within the upper part of the water 
column. In the larvae of coastal and estuarine species such as the blue crab, Callinectes 
sapidus, the ability to penetrate thermoclines depends largely on the developmental stage 
and on previous temperature acclimatization (McConnaughey & Sulkin 1984). By con-
trast, the larvae of a deep sea crab, Geryon quinquedens, appear to be adapted to the ne-
cessity of extensive vertical migrations, showing no difficulties to swim through layers 
with thermal discontinuities (Kelly et al. 1982). This capability enables the larvae to as-
cend from the cold and dark deep-water zones to highly productive surface waters, where 
the nutritional and thermal conditions allow for fast development and growth. In the early 
larvae of another species from the deep sea, the hydrothermal vent shrimp Mirocaris for-
tunata, the range of vertical distribution within the water column is limited by the toler-
ance of relatively high temperatures in the upper zones (Tylor & Dixon 2000). 

10.1.2 Salinity tolerance and osmoregulation 
While the salt content remains widely constant in the open ocean, it may fluctuate season-
ally, regionally and locally in coastal and estuarine regions. For species living in such 
variable environments, the salinity factor is thus considered of utmost ecological and 
physiological importance, and consequently, its effects have extensively been studied. 
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Since the crustacean integument is, at least in some body regions, permeable for water and 
inorganic ions, environmental salinity fluctuations may cause rapid changes in the ion 
concentrations of the blood and other tissues. This will reduce the effectiveness of physio-
logical and biochemical processes, which depend on rather constant osmotic and ionic 
conditions in the internal medium, and thus, may cause serious physiological and struc-
tural damage to tissues and cells. Hence, the salinity tolerance of aquatic species is closely 
associated with their capability to maintain the internal medium largely independent of the 
external conditions. The protection of the internal milieu may be achieved, in principle, in 
two different ways: (a) passively by reducing the permeability of the integument; (b) ac-
tively through processes of regulation. 

The passive mechanism occurs in adult freshwater crayfish and, to some degree, also in 
eggs attached to the female pleon of decapods in general. In planktonic larvae, however, a 
thick and heavy cuticle would not be compatible with the needs for buoyancy and active 
swimming. In the absence of functional gills, also respiration through the impermeable in-
tegument would be impeded, while the costs for swimming would increase as a conse-
quence of heavy sclerotisation and negative buoyancy. Thus, the salinity tolerance of lar-
val decapods depends largely on the alternative mechanism, i.e. the capability to actively 
regulate the internal concentration. 

10.1.2.1 Principal mechanisms of osmoregulation 
Ion concentrations in the internal media can be regulated through active physiological 
processes, both in single ion species (ionic regulation) and in total concentration of osmo-
tically active compounds (osmoregulation). While the regulation and transport of single 
ions belong to the most widespread processes within the metabolic and nervous functions 
of cells and tissues, osmoregulation is less common. This, however, is a crucial adaptation 
to variability in the overall salt concentration (salinity) of the external medium, not in its 
ionic composition. Osmoregulation is possible on two different levels, implying different 
physiological mechanisms: 

(1) Intracellular regulation. Independent of the ion concentration in the blood and the 
environment, cells have a limited capacity to maintain their volume constant (see Gilles & 
Péqueux 1983, Péqueux 1995). The underlaying biochemical mechanisms are based on de 
novo synthesis and degradation, respectively, of free amino acids (cf. section 7.5.1). This 
type of regulation, which is presumed to be evolutionarily old, is comparably slow and 
thus, inefficient when fast or extensive osmotic changes occur in the extracellular me-
dium. 

Among the larval decapods, biochemical evidence of intracellular regulation was 
shown in the megalopa of the blue crab, Callinectes sapidus. This species recruits in estu-
aries, preferring brackish water for settlement and metamorphosis (Forward et al. 1996). 
When megalopae were exposed for several days to full-strength seawater (which, in this 
case, may be considered as a condition of hyperosmotic stress), the free amino acid pool 
increased substantially, mainly as a consequence of proline synthesis (Burton 1992). 
Amino acid concentrations increased rapidly also after eyestalk removal, suggesting that 
intracellular regulation is controlled by neuroendocrine factors from the eyestalk ganglia 
(Tucker & Costlow 1975). In larval and early juvenile lobsters, Homarus gammarus, the 
amino acid level in muscle cells, especially that of glycine, proline and alanine, responded 
in all developmental stages to changes in salinity (Haond et al. 1999). 
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(2) Extracellular regulation.  Many aquatic organisms are capable of maintaining the 
osmotic concentration of their blood and other extracellular liquids at a constant level. 
Within the range in which this regulation process is effective, the organism can tolerate 
even sudden changes in the environment, at least a rapid decrease in salinity (for instance 
in small water bodies after precipitation). This fast response is possible because the ex-
tracellular regulation mechanisms are more efficient than those of intracellular regulation. 

Adult decapods may require one or two days to reach a new osmotic equilibrium rela-
tive to the environmental osmolality, while the regulatory response of larval stages is 
much faster. With their comparably permeable integument, they require usually less than 
two hours after a salinity change to reach a stable hemolymph osmolality (Felder et al. 
1986, Charmantier 1998, Charmantier et al. 1998). Like in intracellular regulation, there is 
strong evidence for a participation of hormonal factors from the eyestalks in the control of 
extracellular regulation (for review, see McNamara et al. 1991, Charmantier & Charman-
tier-Daures 1998). 

Depending on the direction of the internal counterreaction to an external change, two 
types of osmoregulation are differentiated: (a) hyperregulation, the internal concentrations 
are maintained above those in the external medium; (b) hyporegulation, the internal con-
centrations are kept below those in the external medium. The osmolality difference be-
tween the internal and external media is termed “osmoregulatory capacity” (OC). The 
OC can be used as a comparative index of the strength of osmoregulation in different de-
velopmental stages or species exposed to different salinity conditions. Its sign indicates 
the direction of the response, i.e. positive OC values show hyper-, negative values hypo-
regulation. 

The physiological basis of extracellular hyper-osmoregulation is mainly an effective 
ionic regulation, in particular of Na+ and Cl- concentrations. In dilute media, passively lost 
ions are actively replaced by means of an ion pump, in which the enzyme Na+-K+-ATPase 
plays a key role (for review see Péqueux 1995). By contrast, the mechanism of hypo-
osmoregulation in hypersaline media is at present not as completely understood; this in-
cludes the active excretion of ions and the participation of particular enzymes (see 
Péqueux 1995, Charmantier 1998). 

Extracellular osmoregulation is a widespread and well-studied salinity adaptation in 
adult estuarine crustaceans; however, comparably little is known about its occurrence and 
ontogeny in larval stages. The first pioneering investigations on osmoregulation in deca-
pod larvae were conducted already in the mid and late sixties (Kalber & Costlow 1966, 
1968, Kalber 1970). A conspicuous upswing of this line of investigations occurred only 
two decades later, after advanced microtechniques had become available, mostly originat-
ing from medical research (for recent review see Charmantier 1998). Meanwhile, about 20 
species of larval decapods have been studied as to their osmoregulatory capabilities, al-
though most of these investigations were not complete with respect to the major life-
history phases (larval, juvenile, adult). 

10.1.2.2 Ontogenetic patterns in the appearance of osmoregulation 
In general, early larval stages show weaker regulatory capabilities than conspecific juve-
niles or adults, and hence, are less tolerant of salinity changes in the environment. This 
ontogenetic increase in the regulatory capability may occur gradually or stepwise, and its 
extent varies considerably among species. According to the available data, at least three 
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categories of ontogenetic patterns may be distinguished (for references, see Charmantier 
1998): 

(1) The regulatory capabilities increase only little during ontogeny, so that osmoregu-
lation remains weak in both the larval and adult life-cycle stages. The species in this cate-
gory are largely osmoconformers, i.e. the osmolality of their internal medium changes 
proportionally with that in the external medium, especially at enhanced salinities; a weak 
hyperregulatory capability may occur in moderately dilute media though. This pattern is 
typical of stenohaline marine decapods, for instance species of Cancer and most spider 
crabs (e.g. Libinia, Chionoecetes, Hyas spp.). Their larvae develop in physically stable 
marine waters where also the adults live, and thus, have in their evolution not adapted to 
the occurrence of variable salinities. As an example, the osmoregulatory capacities of the 
postembryonic stages (zoea I to crab I) of Cancer irroratus are shown in Figure 10.2a. 

Even in full-strength seawater and under hypersaline conditions, the hemolymph con-
centration remains slightly above that of the external medium (“hyper-osmoconformers”). 
This is due to the persistence of osmotically active compounds, mostly amino acids. In 
planktonic larvae, it is probably this osmotic gradient which maintains under variable sa-
linity conditions the turgor and thus, the functionality of the swimming appendages 
(Foskett 1977, Charmantier 1998). Since their capacity for extracellular regulation is weak 
and thus, hemolymph osmolality may vary with environmental conditions, the stenohaline 
species in this category depend widely on less efficient intracellular regulation. 

(2) Osmoregulation is strong in both the larval and adult stages, at least in dilute media 
(“hyper-osmoregulators”); at hypersaline conditions, however, these species are common-
ly typical hyper-osmoconformers. As in the first category, the regulatory capabilities in-
crease only little and gradually during ontogeny, but on a higher level. This pattern has 
been observed in palaemonid freshwater shrimps (e.g. Palaemonetes argentinus; see Fig. 
10.2b). The larvae of these species develop in waters with low salinity, within or adjacent 
to the oligohaline or limnic adult environment, and thus, they need to hyperregulate. 
Again, little ontogenetic change in the osmoregulatory capability corresponds here with 
little ecological change from the larval to the adult habitats. 

(3) Osmoregulation is weak in the larvae but strong in juveniles and adults. The adult 
type of regulation is normally established at metamorphosis to the first juvenile stage. 
Species in this category show not only a pronounced capability for hyper-osmoregulation 
in dilute media, but sometimes also hyporegulation at salinities equal to or above those in 
the ocean. Hypersaline conditions occur in partly land-locked habitats such as salt 
marshes, mangrove swamps, and supratidal rock pools (see section 10.4). 

This ontogenetic pattern of osmoregulation has been reported from penaeid prawns 
(Marsupenaeus japonicus) and clawed lobsters (Homarus americanus, H. gammarus). 
Dramatic physiological changes at metamorphosis correspond in this developmental type 
with sometimes abrupt transitions between larval and juvenile habitat conditions. This pat-
tern should thus be typical of estuarine species that “export” their early larvae to physi-
cally more stable marine waters and reimmigrate shortly before or after metamorphosis 
(section 10.3.1).  
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Figure 10.2. Basic osmoregulatory patterns in decapod crustacean larvae: osmoregulatory capacity 
(OC) in relation to the osmolality of the medium; [a] Cancer irroratus (stenohaline marine crab, hy-
per-osmoconformer); [b] Palaemonetes argentinus (freshwater and brackish water shrimp, hyper-
isoregulator); [c] Armases miersii (extremely euryhaline estuarine crab, hyper-hypo-regulator); re-
drawn to same scale after [a] Charmantier & Charmantier-Daures (1991), [b] Charmantier & Anger 
(1999), [c] Charmantier et al. (1998). 

In two semiterrestrial grapsid crab species that reproduce in supratidal rock pools and 
mangrove swamps, respectively (Armases miersii, Sesarma curacaoense), an earlier tran-
sition from the larval to the adult type has recently been observed (Charmantier et al. 
1998, Anger & Charmantier 2000). The larvae of these tropical crabs show already from 
hatching an unusually strong capacity of hyperregulation in low salinities. The capability 
for hyporegulation is attained in the megalopa stage. Hence, the ontogeny of osmoregula-
tion in these species (exemplified in Fig. 10.2c with A. miersii) must either be considered 
as an extreme case of the third pattern, or it may be assigned to a new category. This 
would comprise species whose larvae are adapted to development in physically extreme or 
highly variable habitats, and thus, show an earlier transition to the adult type of osmoregu-
lation. The fiddler crab Uca subcylindrica may also belong to this category, as the pattern 
of hyper-hyporegulation was in this species observed to appear, although weakly, already 
in the megalopa stage (Rabalais & Cameron 1985). Like A. miersii and S. curacaoense, U. 
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subcylindrica “breeds” in land-locked habitats, namely in temporary rainfall puddles in an 
arid region of the southern United States. 

The capability for hypo-osmoregulation is especially important in terrestrial and semi-
terrestrial habitats where desiccation occurs (Kinne 1971; for review of water balance in 
decapods, see Greeaway 1988, 1999, Taylor & Greenaway 1994). This is principally a 
problem for juvenile and adult decapods living in such habitats rather than for their mero-
planktonic larvae. However, it may explain why the capability for hypo-osmoregulation 
appears in a semiterrestrial crab species, Chasmagnathus granulata, already in the mega-
lopa stage (Charmantier et al. in prep.). In this species, the megalopa settles in very shal-
low water bodies within the amphibious adult habitat, close to the adult burrows (Luppi 
1999, Luppi et al., submitted). In this microenvironment, rainfall and evaporation, respec-
tively, are likely to cause hyposaline as well as hypersaline conditions, so that desiccation 
may cause an osmolality increase in the hemolymph of the megalopa. Although the capa-
bility of hyper-hyporegulation is in this stage not as strongly developed as in the conspeci-
fic juveniles and adults (see Castilho et al. 2001, and earlier literature cited therein), this 
physiological trait allows for recruitment in such an unpredictable habitat. 

The salinity tolerance of particular species or developmental stages is closely associat-
ed with their capacity of osmoregulation and thus, also with the presence or absence of 
specialized transport epithelia (Charmantier 1998). In juvenile and adult decapods, ion 
transporting tissues are localized primarily in the gills, but also in the branchiostegites and 
other parts of the gill chamber. In addition, also the gut walls and the antennary gland 
might participate in or aid to osmoregulation (Kinne 1971), although this has not been 
demonstrated in larvae. During ontogeny, anlagen of the osmoregulatory organs and tis-
sues may appear at hatching (in penaeid prawns from a protozoeal stage, lacking in the 
nauplius phase). The gills, in contrast, become infolded and functional only in decapodid 
stages (Felder et al. 1986, Furigo 1993, Bouaricha et al. 1994; c.f. section 3.2). In species 
which are already in the zoeal phase capable of osmoregulation, it is probably the bran-
chiostegite region that is mainly responsible for this function. Comparably low initial sa-
linity tolerance indicates that these tissues, although apparently specialized in ion trans-
port, are less efficient than the gills; this is probably also a consequence of their lower 
surface area. As another indicator (and as a physiological basis) of extracellular osmo-
regulation, the activity of Na+-K+-ATPase increases during ontogeny, parallel to changes 
in salinity tolerance and the development of transporting tissues (Thuet et al. 1988, 
Bouaricha et al. 1991a-c, Charmantier 1998). 

10.1.2.3 Effects of the molting cycle 
The capability for osmoregulation changes not only during development through a se-
quence of larval stages, but also during the course of each molting cycle (Charmantier 
1998, Charmantier et al. 1998). The osmoregulatory capacity (OC) is generally minimum 
in the postmolt stages A and B. During this phase, the cuticle is thin, structurally incom-
plete (the endocuticle layer is still lacking; see section 4.1.1), and relatively permeable for 
water and small ions. Since the osmolality of the hemolymph remains above that of the 
surrounding medium, the osmotic gradient facilitates, especially during and shortly after 
ecdysis, a passive uptake of water. This allows for a rapid increase in body size, before the 
cuticle becomes thicker and less permeable. As a consequence of this sudden “growth” 
process, the contents of water and minerals within larval biomass increase dramatically 
during the brief postmolt phase (see section 7.1). In the subsequent intermolt stages, the 
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cuticle is completed and the OC reaches its maximum. In late premolt, the permeability of 
the integument inceases again, causing a passive ingress of water. As an effect of this 
mechanism, the larval body will inflate until the old cuticle bursts and ecdysis begins. 

10.1.2.4 Environmental factors 
Similarly as we have seen in the tolerance of thermal stress, salinity tolerance varies not 
only with phylogenetic position and developmental stage, but also due to effects of previ-
ous acclimatization (or non-genetic resistance adaptation; see Kinne 1964a, 1971) as well 
as interactions with other physical and chemical parameters, in particular with temperature 
(for review, see Kinne 1970, 1971; Vernberg & Silverthorn 1979). In portunid crab (Ne-
cora puber, Carcinus maenas) larvae, for instance, the tolerance of hypo-osmotic stress 
was reduced at unfavourably low temperatures (Nagaraj 1992, 1993). The same response 
pattern was observed also in other species of larval crabs (Eriocheir sinensis, Anger 
1991b; Hemigrapsus sanguineus, Epifanio et al. 1998) and in juvenile shrimps (Marsu-
penaeus japonicus, Fenneropenaeus chinensis, Charmantier-Daures et al. 1988). 

As a further example of salinity interactions with additional ecological stress factors, 
larval growth in the mud crab, Rhithropanopeus harrisii, was depressed when hypo-
osmotic stress occurred in combination with an exposure to sublethal concentrations of 
naphthalene, a toxic compound from crude oil (Laughlin & Neff 1981). Also other toxic 
pollutants such as ammonia, metals, insecticides, and even turbidity may reduce the osmo-
regulatory capability and salinity tolerance of larval and adult decapods (Vitale et al. 
1999, Rebelo et al. 2000; for recent review see Lignot et al. 2000). Likewise, the OC can 
be significantly reduced by parasitic and other forms of disease, for instance by fungal in-
fections (Souheil et al. 1999). As recently shown in lobsters infected with dinoflagellate 
parasites, this effect may be due to an interference of metabolites released by infectious 
microorganisms and the neuroendocrine control system (Stentiford et al. 2001). 

When decapod crustacean larvae are confronted with unfavourable salinity conditions, 
they may respond also with an active avoidance behavior. This was observed, for instance, 
in early lobster larvae (Homarus gammarus; Scarratt & Raine 1967) as well as in several 
species of larval brachyurans (Forward 1989a, Capaldo 1993). Since vertical salinity gra-
dients (haloclines) are common in estuarine and coastal environments, specific response 
patterns to osmotic changes are believed to exert a great influence on larval distribution 
and recruitment (Sulkin & van Heukelem 1982, Tankersley et al. 1995). On the other 
hand, reduced salinities may serve as indicators of estuarine conditions, and hence, help as 
attracting cues in the “home”-bound navigation of the late developmental stages of estua-
rine species (see section 10.5). 

In the larvae of Rhithropanopeus harrisii, Harges & Forward (1982) found different 
mechanisms for the perception of an increase or decrease in salinity, respectively. Ion 
substitution experiments showed that the perception of a decrease depends on a change in 
sodium or in cations of similar size, probably perceived by a classical salt receptor. In the 
detection of salinity increase, cation size is not an important parameter, but pH and maybe 
osmolality. The nature of the receptor for an increase in salinity has remained unknown. 

10.1.2.5 Population genetics 
Since salinity tolerance has also a genetic basis, differential selection pressures in isolated 
populations of a species may lead to physiologically distinct races with differential larval 
salinity tolerance and, eventually, to speciation. This evolutionary process has extensively 
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been studied in shrimp species from Japan, Macrobrachium nipponense and Palaemon 
paucidens, which live in freshwater rivers, lakes, and brackish estuaries (Mashiko 1987, 
1990, 1992, 1999, Chow et al. 1988, Fidhiany et al. 1991, Ogawa et al. 1991, Mashiko & 
Numachi 1993, 2000). These estuarine and freshwater environments differ not only in the 
prevailing salinities but also in nutritional conditions, with low or unreliable plankton 
production in rivers and streams vs. high productivity in estuaries. Thus, genetically iso-
lated and distinguishable freshwater populations show not only a shift in the salinity opti-
mum, but as additional adaptations, also tendencies towards enhanced egg size, longer 
embryonic incubation period, and an abbreviation of the larval phase. 

10.1.3 The key parameters in larval depth control 
Compared with the effects of temperature and salinity, variations in other physico-
chemical factors such as light, hydrostatic pressure, turbulence, oxygen concentration, pH, 
etc. seem to have only minor direct importance for larval survival and development. How-
ever, decapod crustacean larvae are able to perceive gradients in most of these parameters 
(for sensory organs see section 3.3), and hence, may utilize them as orientation cues. 
Gravity, hydrostatic pressure and light are particularly reliable indicators of depth in the 
water column, and thus, aid in the control of the vertical position of the larvae. Behavioral 
responses to these variables are summarized here in a single section, because their signifi-
cance for larval orientation and for the feedback mechanism of depth regulation is primar-
ily based on interacting rather than isolated effects. Consequently, most investigators stud-
ied the influence of these parameters on larval behavior together. 

Since the direction and speed of water currents may change with depth, vertical orien-
tation and depth regulation are crucial for the patterns and the extent of larval dispersal, 
but also for feeding and predator avoidance. In consequence of their general significance 
in larval ecology, the relationships between variations in physical factors, larval behavior, 
and dispersal in the plankton have extensively been studied since more than three decades 
both in the laboratory and field (see Rice 1993). Most of the available data, in total several 
hundred papers, originate from investigations conducted in North America (e.g. Bigford 
1979a, Forward & Buswell 1989, Forward et al. 1997a, Sulkin 1984, 1990, Epifanio 1995, 
Morgan et al. 1996), Australia (Dall et. al. 1990, Rothlisberg & Church 1994, Rothlisberg 
et al. 1994, 1996), and Europe (Rice 1966, Schembri 1982, Queiroga 1994, 1996, Paula 
1987, 1989, 1993, Queiroga et al. 1997, Zeng & Naylor 1996a-d, 1997, Zeng et al. 1997, 
Pereira et al. 2000). Naturally, only a few arbitrarily chosen examples from this great di-
versity of scientific observations can be shown in this section. 

10.1.3.1 Gravity 
The directed locomotory response to gravitational forces, termed geotaxis, is one of the 
basic components of control of the vertical position in the water column, especially during 
the absence of light (Sulkin 1973, 1984). In most species tested so far, the early develop-
mental stages show negative geotaxis, so that they tend to concentrate near the surface 
where plankton productivity is normally highest. This behavior is sometimes enhanced by 
upward swimming after an increase in hydrostatic pressure or a decrease in light intensity. 
Later larval stages, in contrast, tend to show positive geotaxis and may thus increasingly 
accomodate near the bottom. The directions of the responses to light and pressure are of-
ten opposed to that of geotaxis, so that a finely tuned control of the vertical position is 
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possible, and rhythmic diel or tidally induced up-and-down migrations may result from 
the interactions of these physical cues. 

10.1.3.2 Hydrostatic pressure 
This factor should be among the ecological key variables for species that live and repro-
duce in great depth (see e.g. Tylor & Dixon 2000). It has thus generally been presumed 
that larvae of deep sea species require high pressure for normal development. Among 
these, a number of new species of shrimps and crabs have been discovered and morpho-
logically described in the past three decades (see e.g. Chevaldonné & Olu 1996, Baba & 
Williams 1998, and earlier literature cited therein). However, their life histories have re-
mained widely unknown. Epifanio et al. (1999) succeeded recently to capture live mega-
lopae of Bythograea thermydron, a crab that lives in hydrothermal vent fields in 2500-
2600 m depth, and to rear them at atmospheric pressure through metamorphosis and the 
first juvenile instars. If more deep sea species show such a surprising independence of 
high pressure, this would allow for future experimental investigations of life histories and 
mechanisms of dispersal and recruitment in the deep sea. 

While shallow-water species may not be adapted to high pressure, they experience 
normally great relative changes in hydrostatic pressure, namely during the tidal cycles and 
vertical migrations. In laboratory experiments with stepwise changes in pressure, zoeae of 
the mud crab, Rhithropanopeus harrisii, perceived differences corresponding to changes 
of only a few centimetres in water depth (Forward & Buswell 1989, Forward & Wellins 
1989). In general (for exceptions, see below), the larvae responded with compensatory 
vertical movements, i.e. with an active ascend after a pressure increase, and passive sink-
ing or an active descend after a decrease in pressure. When the speed of larval ascend ex-
ceeded an upper treshold, the zoeae showed a counterreaction, i.e. a descend. All these 
experimental results support the negative feedback mechanism proposed by Sulkin (1984) 
as a basis of larval depth regulation. Interestingly, the larvae of this species reacted about 
three times more sensitively to an increase than to a decrease in pressure, with lower reac-
tion thresholds of 3 and 8-10 mbar, respectively. This appears plausible, as the larvae are 
negatively buoyant (Sulkin 1984, Morgan 1989), and unvoluntary sinking is thus more 
likely to happen and probably also faster than a passive upward transport, e.g. due to tur-
bulent mixture in the water column. 

All four zoeal stages of Rhithropanopeus harrisii showed an increasing swimming 
speed when pressure increased (this response is termed barokinesis; see Bentley & Sulkin 
1977). During darkness, barokinesis was enhanced and accompanied by negative geotaxis, 
so that even a small increase in pressure lead to a rapid upward migration (Forward & 
Wellins 1989). This complex response pattern should be important in larval depth regula-
tion at night, when the zoeae, especially the early stages, tend to ascend to the surface 
layer of the plankton, probably for feeding (Forward & Douglass 1989). Late zoeal stages 
of brachyuran crabs, by contrast, are often insensitive to pressure changes or show only 
weak barokinesis. This results in a gradual descend due to positive geotaxis. In the mega-
lopa stage, the kinetic response to pressure variation is high again, and the response 
threshold is lower (Sulkin 1984). 

At different rates of pressure change, not only the intensity of the behavioral response 
(i.e. barokinesis) may alter, but also the direction of swimming. While a passive sinking of 
crab larvae was observed during periods of slow pressure decrease, a rapid decrease in 
pressure induced an active ascend (Forward & Wellins 1989). This reversal in the pressure 
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response appears paradoxical, unless it is interpreted as a mechanism aiding in predator 
avoidance rather than larval orientation within the water column. The authors speculated 
that a rapid pressure decrease might indicate feeding currents produced by filter-feeding 
benthic predators or suction-feeding fish, which should evoke an escape reaction. Al-
though this interpretation does not fully explain why the escape movement is directed to-
wards the surface, it is supported by recent observations which showed that copepods are 
able to perceive the differential hydromechanical disturbances generated by prey or preda-
tor organisms, respectively (Kiørboe & Visser 1999). 

10.1.3.3 Light 
Besides gradients in gravity and hydrostatic pressure, also those in the intensity and qual-
ity of light are indicators of depth. Hence, the light factor is considered as one of the most 
important cues for the orientation of meroplanktonic larvae, in general (Thorson 1964). 
Decapod larvae respond to a broad range of wavelengths, although the response peaks ap-
pear to differ among species (Forward 1976a, 1987a, Forward & Douglass 1989). Also the 
plane of polarization has been shown to influence larval orientation, again with variability 
in the response of different species and developmental stages (Via & Forward 1975, Bar-
dolph & Stavn 1978). Very importantly, the history of light adaptation modifies not only 
the intensity but also the direction of light reponses (Sulkin 1984, Forward 1989b). While 
dark-adapted larvae are generally positively phototactic, light-adapted individuals may 
switch to negative phototaxis. The same reversal occurs also when the intensity of light 
changes drastically. In general, high light intensities induce a descend in zoeal stages, 
while an upward migration occurs at low light levels. The latter response is enhanced 
when hydrostatic pressure is increased concomitently. Since differential light adaptation 
modifies also the threshold of the larval response to pressure gradients, it appears that the 
larvae regulate their vertical position within the water column in relative rather than abso-
lute terms (Forward 1989b). 

The response to light is further modulated by variations in temperature and salinity. In 
addition, the nutritional status of a larva may interfere with its responses to light and pres-
sure. In starved Rhithropanopeus harrisii larvae, for instance, the swimming speed is re-
duced, but phototaxis is enhanced (Cronin & Forward 1980). This alteration of the photo-
response should move the larvae higher in the water column, presumably enhancing their 
chances to encounter food organisms. These examples may illustrate how larval behavior 
is, in a complex manner, influenced by numerous intrinsic and extrinsic factors, an ex-
haustive review of which would exceed the scope of this chapter. 

Changes in light serve not only as an orientation cue, but also as an alarm signal. Pre-
sumably as a reaction to the appearance of large predators such as fish, most crustacean 
larvae exhibit a “shadow response” (or “shadow reflex”), that is the initiation of rapid es-
cape movements when light intensity decreases suddenly (Forward 1976b, 1977, 1986). 
This reflex may be widespread among planktonic larvae. Young & Chia (1985) observed 
it, for instance, in ascidian larvae. Moreover, it is known also from adult crabs. These are 
able to learn, after repetitive triggering of the response, that the cue is no longer associated 
with danger; recent studies have shown that this behavior is under the control of neuro-
peptides, namely angiotensins, which are influenced also by environmental factors such as 
salinity (Delorenzi et al. 1995, 1997, 2000). It should thus be interesting to study the on-
togeny of this putative hormonal control system in larval decapods. 
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In late larval stages approaching the time of settlement and metamorphosis, the behav-
ioral response pattern to the various physical stimuli appears generally more complex 
(Sulkin 1984). In the megalopa of the blue crab, Callinectes sapidus, for instance, an en-
dogenous rhythm induces at daytime a pronounced locomotor activity and an ascend to 
the surface layers, but inactivity at night (Forward et al. 1997a). This behavioral pattern 
changes again when the megalopa encounters estuarine conditions: under low salinities, 
the ascend is not stimulated but inhibited by daylight, so that the risk of a transport back to 
offshore areas with outflowing surface currents is reduced. 

While behavioral responses to light, hydrostatic pressure, and gravity have been docu-
mented in numerous investigations, their physiological and structural basis is not as clear. 
In contrast to the ontogeny of the compound eyes, which has received great attention, the 
function and even the identity of pressure and gravity detectors have remained largely ob-
scure. Indirect evidence from recent ultrastructural studies suggests that the “sensory dor-
sal organ” (see section 3.3.3) may be a baroreceptor (Laverack et al. 1996), however, im-
mediate proof is lacking. 

Light is not only an effective modulator of larval behavior, but may exert also direct ef-
fects on the survival, growth, molting, and development of decapod larvae (Aiken et al. 
1981, Minagawa 1994, Mikami & Greenwood 1997b; see section 6.4.3). High light inten-
sity in shallow waters, particularly the ultraviolet component of sunlight, has been shown 
to cause photodamage in marine organisms (see recent book by De Mora et al. 2000), in-
cluding decapod crustacean larvae (Damkaer et al. 1980, 1981, Damkaer & Dey 1983, 
Morgan & Christy 1996, Hovel & Morgan 1999, Miner et al. 2000, Wübben 2000). Diur-
nal downward migration within the water column has thus been discussed also as a behav-
ioral adaptation to this potential risk, in addition to the avoidance of visually oriented 
predators (see section 10.1.6). Such vertical migrations reduce the duration of exposure 
and hence, the severeness of potentially dangerous effects (Rodriguez et al. 2000). 

As a passive protection, the larvae of many species are darkly pigmented, blocking 
with their chromatophores the ultraviolet radiation. This morphological adaptation occurs 
already in embryonic stages (see Kim et al. 2000). It is especially important in some tropi-
cal species whose larvae develop in extremely shallow water bodies, as well as in mega-
lopae returning during daylight in surface waters to their parental onshore environments 
(see Miner et al. 2000). In addition to chromatophores, various other radiation-absorbing 
compounds (chemical “suncreens”) have been identified in numerous invertebrates (for 
review see Cockell & Knowland 1999). In spite of avoidance and protection mechanisms, 
solar UV-B radiation (285-315 nm wave length) has been shown to cause chemical le-
sions in DNA of larval decapods. 

Since UV radiation is a natural factor in the ecology of most organisms, it has selected 
for the evolution of physiological photorepair systems which attenuate the effects of UV-
induced changes in cell structures (see e.g. Kim et al. 2000). Such repair mechanisms are 
activated by short-wave visible light (Hovel & Morgan 1999). This implies that, depend-
ing on the turbidity of the water and the intensity of solar radiation (i.e. also on daytime 
and latitude), there should be an optimal depth within the euphotic zone of the water col-
umn, where photorepair systems are activated while photodamage is reduced. Together 
with a vertical gradient in predation pressure and indirect effects of the vertical position 
(related to the horizontal transport and dispersal of larvae), these antagonistic physiologi-
cal effects of different components of the solar radiation should select for a finely tuned, 
complex pattern of vertical migrations. 
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10.1.4 Oxygen concentration 
In the marine pelagial, where most decapod larvae develop, oxygen is normally available 
in sufficiently high concentrations near the physical saturation level. Hence, pelagic larvae 
are, in general, not well adapted to low O2 levels and react sensitively against variations in 
oxygen concentration (see section 8.3.4). 

As an unspecific response to low-oxygen stress, larvae show enhanced mortality, re-
tarded development, and reduced growth. This was recently shown in a study where field-
caught megalopae of the blue crab (Callinectes sapidus) were exposed to reduced O2 con-
centrations (40 or 60% saturation; Tankersley & Wieber 2000). When this stress was ex-
erted for only 2h each day, it had no significant effect, while longer exposure (4h per day) 
caused a a significant delay of metamorphosis. The authors conclude “that the presence of 
hypoxic and anoxic water in deep water layers and shallow near-shore habitats of estuar-
ies during the summer months may influence the onshore migration, settlement and sur-
vival of blue crab megalopae and newly metamorphosed juvenile crabs”. Also shrimp 
(Palaemonetes vulgaris) larvae exposed to cyclic or constant patterns of hypoxia showed 
impaired growth and development (Coiro et al. 2000). 

10.1.5 Pollutants 
Survival, development, physiological performance, and behavior of larval crustaceans are 
affected by numerous anthropogenous chemicals. While some pollutants occur also natu-
rally in the biosphere (e.g. organic wastes and degradation products thereof, metals, petro-
leum hydrocarbons), others are entirely artificial and very persistant, e.g. some radioactive 
elements and numerous synthetic organic products such as PCBs, pesticides, herbicides, 
etc. Many of those substances are highly toxic and hence, exert stress even in low concen-
trations; although detoxification mechanisms, e.g. cytochrome P-450 proteins, have been 
found in the Crustacea (Lee et al. 1982, James & Boyle 1998), nothing is know about their 
ontogeny. 

There are numerous studies of pollution effects on survival, development, growth, and 
metabolism in aquatic invertebrates including decapod crustacean larvae. Since such ef-
fects have been reviewed in more specific contexts in chapters 6-9, I will concentrate here 
on sublethal effects on behavioral and ecological traits, and on interactions with other en-
vironmental factors. 

10.1.5.1 Toxic metals 
In the literature, the commonly used term “heavy metals” is applied in a vague and undu-
ely extended meaning, comprising all metals that are toxic in relatively low concentra-
tions, including zink, aluminum and other elements which chemically do not belong to 
this category. Also “toxicity” is a relative concept, always depending on the concentration 
considered and on interacting factors. Among these, salinity is known to exert a particu-
larly great influence on the accumulation and toxicity of metals (see Bianchini & Gilles 
2000, and earlier papers cited therein). Moreover, toxicity varies among taxa and devel-
opmental stages. Although no ontogenetic changes in the response to toxic metals were 
observed in successive zoeal stages of a shrimp (Palaemon serratus), the larvae of differ-
ent decapod species showed clear differences in sensitivity; spider crab (Maja squinado) 
and lobster (Homarus gammarus) zoeae were more sensitive than those of shrimp (Mar-
ino-Balsa et al. 2000). 
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The truely heavy element mercury (Hg) is a particularly great threat to the environ-
ment, and thus, has received special attention. The severeness of its toxic effects depends 
largely on the chemical compounds in which it occurs and on other environmental vari-
ables. In fiddler crab (Uca pugilator) zoeae, for instance, survival was greatly reduced, 
even at low concentrations, when Hg occurred in a combination with suboptimal tempera-
ture or salinity (Vernberg et al. 1973). In grass shrimp (Palaemonetes pugio) larvae, the 
survival rate during a 48-h exposure decreased with increasing Hg concentration, and this 
detrimental effect was further enhanced by starvation (Shealy & Sandifer 1975). More-
over, the duration of development under sublethal concentrations was increased as a con-
sequence of both delayed molting and an occurrence of additional larval instars, and many 
larvae showed morphological deformities. 

Similar toxic effects were observed also in the presence of other metals, for example 
when the larvae of Palaemonetes pugio were exposed to cadmium; these effects were fur-
ther enhanced by unfavourably low salinities (Middaugh & Floyd 1978). In adult crabs 
(Chasmagnathus granulata), cadmium has recently been shown to inhibit metabolic key 
enzymes, interfering with ionic regulation and other vital functions and reducing the resis-
tance against osmotic and other stress (Vitale et al. 1999); the same physiological effects 
should occur also in larvae. When ovigerous females of C. granulata were exposed to 
cadmium, the larvae hatched with morphological abnormalities (Rodríguez & Medesani 
1994). In another grapsid crab species, Sesarma pictum, zink was observed to delay larval 
metamorphosis, even when this metal was present only in low concentrations (Pasupathi 
& Kannupandi 1989). In portunid crab larvae (Portunus pelagicus), chromium, nickel and 
copper caused an inhibition of molting, an increase in the duration of development, and a 
reduction of juvenile body size (Mortimer & Miller 1994). 

10.1.5.2 Petroleum hydrocarbons 
The available evidence suggests that both the toxicity and the persistance of water-soluble 
fractions of crude oil is relatively low compared to some of the toxic metals. Since hydro-
carbons are released also from natural sources in the sea floor, it is likely that their contin-
ual presence has favoured the evolution of compensating physiological mechanisms in po-
tentially affected organisms. In decapod eggs exposed to oil pollution, the low 
permeability of the egg membrane protects the developing embryoes, so that viable larvae 
may be produced (Hartman & Sulkin 1999). Also after hatching, planktonic larvae appear 
to accumulate only small quantities of oil-derived hydrocarbons within their biomass, due 
to low rates of uptake and/or high rates of metabolic turnover (Capuzzo 1985). 

Most stress effects exerted by pollutants are actually unspecific, occurring also under 
otherwise unfavourable conditions. This applies also to toxic effects of petroleum hydro-
carbons on decapod larvae, namely delayed development and a depression of growth and 
metabolism (Katz 1973, Capuzzo & Lancaster 1982). In rock crab (Cancer irroratus) lar-
vae exposed to the water-soluble fraction of reffined oil, this was due to decreasing uptake 
and absorption of food and a reduced conversion efficiency (Johns & Pechenik 1980; cf. 
section 9.3.3)). Lobster (Homarus americanus) larvae showed signs of toxic stress not 
only during direct exposure to oil-seawater dispersions, but also after eating oil-
contaminated food (Capuzzo et al. 1984). The toxicity of crude and refined oils is to a 
great extent associated with their contents of low molecular weight aromatics such as 
naphthalene (Moore & Dwyer 1974). When larvae of Rhithropanopeus harrisii were ex-
posed to sublethal concentrations of naphthalene, they showed enhanced metabolic rates 
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and depressed growth, especially when the toxicant occurred in combination with unfa-
vourable salinities (Laughlin & Neff 1981). 

Even when hydrocarbons are present in very low concentrations (i.e. not acutely toxic), 
their odors may interfere with chemoreceptive functions that are involded in the control of 
feeding, orientation, and other behaviors of crustaceans (Atema 1974, Atema et al. 1988). 
In barnacle larvae, for instance, experimental observations suggest that some components 
of cruide oil can mimic natural chemical cues that stimulate settlement behavior and 
metamorphosis (Holland et al. 1984). Hence, such organic pollutants may induce settle-
ment at unfavourable sites and, in consequence, increase postsettlement mortality. So far, 
however, little is known about hydrocarbon-induced or other pollution-related behavioral 
changes in decapod larvae. 

10.1.5.3 Pesticides 
Increasing concern associated with the use of highly persistant and bioaccumulable or-
ganochlorine pesticides lead in the seventies to changes in the manufacture and applica-
tion of synthetic chemicals in the agricultural industry. However, also new generations of 
pesticides such as organophosphates and pyrethroids were proven to be potentially dan-
gerous to the environment and hence, have stimulated toxicity tests with larval decapods 
and other aquatic invertebrates. For instance, sublethal concentrations of fenvalerate, a 
synthetic pyrethroid, were shown to reduce the adaptability to fluctuating salinities in the 
larvae of a caridean shrimp, Palaemonetes pugio (McKenney & Hamaker 1984). Toxic ef-
fects were observed also when larvae of Rhithropanopeus harrisii were exposed to 
Methopren, a synthetic juvenile-hormone analog that is used as an insect growth regulator 
(Celestial & McKenney 1994). When parathion, an extensively used organophosphate in-
secticide, was present during embryogenesis of the crab Chasmagnathus granulata, the 
larvae hatched with morphological abnormities, similar as those observed after cadmium 
exposure (Rodríguez & Pisanó 1993; cf. Rodríguez & Medesani 1994). Also acute toxic-
ity of parathion to crab larvae was experimentally shown (Rodríguez & Amin 1991). 

More recently, the organophosphorous insecticide azinphosmethyl was shown to in-
hibit the nervous system of larval Palaemonetes pugio, reducing the activity of the key 
enzyme acetylcholinesterase (Key et al. 1998a). Since this enzyme plays a significant role 
in numerous metabolic processes of both vertebrates and invertebrates, this inhibitory ef-
fect may be a wide-spread cause of pesticide toxicity; malathion, on the other hand, had 
no such effect (Key et al. 1998b). Fenitrothion, another organophosphorus insecticide, 
was found to interact with larval osmoregulation in the shrimp Marsupenaeus japonicus, 
and hence, to reduce the tolerance of salinity stress (Lignot et al. 1997). Similar effects 
were observed when larvae of the same species were exposed to tributyltin oxide, an or-
ganometal compound (Lignot et al. 1998). In mud crab (Rhithropanopeus harrisii) and 
fiddler crab (Uca minax) larvae, sublethal concentrations of various other pesticides 
caused behavioral changes in swimming activity and in the response to light (Forward & 
Costlow 1976, 1978, Capaldo 1987). Among the currently used pesticides, there are also 
several synthetic insect juvenile hormone analogs (van Leneteren 1999). At least one of 
these chemical products, Fenoxycarb, has recently been shown to cause reduced larval 
growth and a suppressed accumulation of lipids (especially triacylglycerides, TAG) in the 
mud crab, R. harrisii (Nates & McKenney 2000b). 
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10.1.5.4 Miscellaneous pollutants 
During drilling operations in the ocean, complex mixtures of chemicals are used to lubri-
cate the drill bit, remove cuttings, and equalize hydrostatic pressure. These pollutants are 
continually discharged to the surrounding waters during drilling and in bulk at the com-
pletion of the programme. Since those mixtures contain various toxic substances such as 
metals and phenolic compounds, which may affect the regional marine fauna and flora, ef-
fects of drilling fluids on survival, development, and metabolism were experimentally 
studied also in decapod larvae. Again, depressed rates of larval survival, feeding, growth, 
and respiration were observed as unspecific toxic effects (Smith Derby & Capuzzo 1984). 
As another class of toxicants, halogens such as free chlorine, chloramine, organochlorine, 
and bromine compounds are released or formed, respectively, during antifouling treat-
ments in coastal power stations. Although the various compounds showed different toxici-
ties, they caused consistently a reduction of growth and metabolic rate in lobster larvae 
(Capuzzo et al. 1976, Capuzzo 1977). Similarly, mining effluents introduce variable mix-
tures of pollutants into the sea, where they cause detrimental effects in decapod and fish 
larvae (Kline & Stekoll 2000). 

In summary, pollutants are present in all aquatic environments and may affect all major 
physiological and behavioral functions in decapod crustacean larvae and other plankton, 
seriously reducing the chances of survival and successful development through metamor-
phosis. Hence, man-made chemicals must now be considered as one of the ecological key 
determinants of recruitment in benthic species with meroplanktonic life-history stages. 

10.1.6 Biotic factors 
In the literature on the ecology, behavior and evolution of larval forms, there has been 
much dispute about the relative importance of the major physico-chemical and biotic key 
factors, respectively (see e.g. Ghiselin 1987). While earlier investigators tended to explain 
behavioral adaptations in meroplanktonic larvae, including their basic responses to light, 
hydrostatic pressure etc., primarily as mechanisms of dispersal and gene flow, biotic fac-
tors were later increasingly considered as selective agents (Strathmann 1982, 1985). Ef-
fects of the two predominant biotic factors, food availability and predation, are commonly 
referred to using the terms “bottom-up” and “top-down” control, indicating their respec-
tive direction between trophic levels. While nutritional factors (“bottom-up” forces) were 
mostly emphasized throughout the traditional literature, effects of predation (“top-down” 
forces) have more recently received a growing attention, in particular in studies of estua-
rine communities (Morgan 1995a, Verity & Smetacek 1996). Since these effects are usu-
ally acting in concert and difficult to separate, competition for food and predation are 
treated here together. As another category of biotic factors, effects of biogenic diseases 
are reviewed below. 

10.1.6.1 Competition for food vs. predation 
As a potentially important biotic selection force, intra- and interspecific competition 
among larvae has been discussed (Strathmann 1996). The available data suggest that the 
significance of competition for food in the plankton tends to increase at higher trophic 
levels (Olson & Olson 1989, Verity & Smetacek 1996). This implies that food limitation 
(“bottom-up” control) should predominate in predatory species, while phytoplankton 
grazers should be primarily controlled by predation (“top-down” forces). Competition for 
limited food sources and other “bottom-up” forces have been discussed in sections 5.1, 
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5.2.2 and 5.3.2, and thus, I will here largely concentrate on recent evidence for adaptations 
to predation. Further examples of potential biotic selection forces in the evolution of de-
capod larvae will be given below (sections 10.2-10.4). 

Most estuarine decapod species follow an export strategy, i.e. their larvae are transport-
ed out of the adult environment, develop in coastal marine areas, and recruit only in the 
decapodid or juvenile phase to the estuarine populations (see section 10.3.1). Recent ob-
servations suggest that this life-history pattern is not only an adaptation to the prevalence 
of physical stress factors (e.g. low salinity), which may inhibit the development of physio-
logically sensitive larvae in the habitat of origin. The lower estuaries are known also as 
highly productive systems that have favoured the evolution of specifically adapted, visu-
ally oriented predators, in particular planktivorous fish. Their feeding activity is believed 
to range among the most important causes of mortality in larval decapods and other mero-
plankton. At least in some decapod species, the export of larval stages is thus considered 
as a complex avoidance response to high predation pressure in estuarine ecosystems (see 
Morgan 1990, 1995a, Hovel & Morgan 1997). 

The rapid export of the early larvae depends to a great extent on endogenous egg hatch-
ing rhythms, with larval release occurring predominantly during nocturnal ebb tides (see 
section 10.3). These rhythms were previously considered only as components of passive 
dispersal mechanisms, based on the response to physical factors such as tidal currents, sa-
linity gradients, etc. However, preferential hatching at night indicates that predation pres-
sure should be another important selective force. This is obvious in fully marine species, 
for instance in coral reefs dwellers, where an advection of the larval stages would be dis-
advantageous, but larval release rhythms associated with lunar cycles and other environ-
mental cues do exist (see Reyns & Sponaugle 1999). Unlike in estuarine species, this 
rhythmicity of hatching should thus be related to factors other than physical or nutritional 
stress in the adult habitat, probably pelagic predation. Nocturnal peaks were observed also 
in the occurrence of drifting palaemonid larvae in freshwater streams and interpreted as a 
mechanism of predator avoidance (March et al. 1998). In recent reviews of reproductive 
adaptations to coastal and estuarine conditions, “top-down” control is thus increasingly 
emphasized as a selective force (Morgan 1989, 1990, 1995b, Hovel & Morgan 1997, 
Morgan & Christy 1997, Zeng & Naylor 1997, Christy & Morgan 1998, Pechenik 1999). 

Vertical migrations of decapod larvae in the water column are common both in estua-
rine and coastal environments. Although these behavioral rhythms are primarily triggered 
by physical parameters (see section 10.1.3), their selective advantage is more immediately 
related to biotic factors. For instance, it is likely that nocturnal upward migrations have 
evolved as a response to vertical gradients in food availability, i.e. to a comparably high 
productivity of the surface layers, whereas the commonly observed diurnal descend 
should represent a mechanism of predator avoidance. Predation selected also for typical 
patterns of reimmigration in the megalopae of exporting crab species. They return from 
the sea into estuarine environments on large-amplitude flood tides, primarily at night. This 
enhances not only the passive upriver transport, but reduces also the mortality caused by 
predation (Christy & Morgan 1998). 

Synchronized timing of larval molting may be another evolutionary response to the se-
lective pressure that is exerted by visually oriented predators. In a spiny lobster, Thenus 
orientalis, molting of the phyllosoma stages was shown to occur around dawn, while the 
subsequent nisto and juvenile stages molted only nocturnally, with apparent synchronicity 
(Mikami & Greenwood 1997b). This synchronization disappeared when the larvae were 
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reared under continuous light or darkness, indicating that cues from a natural light cycle 
are important triggers. Also in American lobster (Homarus americanus) larvae, the meta-
morphic molt was shown to occur predominantly in the dark phase of both normal and 
experimentally reversed photoperiod cycles (Waddy & Aiken 1999).  

Nocturnal egg hatching, vertical migrations, and synchronized molting of larvae thus 
appear to represent adaptive strategies that are, in part, directed towards an avoidance of 
intense pelagic predation in estuarine and coastal waters. However, there are decapod 
crustacean species that have adapted their entire life cycle to estuarine conditions, i.e. their 
larval stages develop successfully near to or within the adult environment (“retention 
strategies”; see section 10.3.2). This implies that the larvae of such species must be capa-
ble of tolerating not only physical stress, but to survive also under enhanced predation 
pressure. This is based on specific adaptations in behavioral and morphological features. 

For a long time, long larval spines had been considered almost exclusively as a mor-
phological adaptation enhancing the buoyancy of planktonic larvae and thus, reducing the 
energetic costs for swimming. Indirect evidence for this relationship between larval mor-
phology and water density was observed also in the larvae of the Chinese mitten crab, 
Eriocheir sinensis (see section 2.5, Fig. 2.15). On the other hand, experimental studies by 
Morgan (1987, 1990, 1992) demonstrated that spines do not always retard the sinking of 
larvae but may reduce predation. Long carapace spines and large body size appear to be 
effective protections against planktivorous fishes (Fig. 10.3). However, those morphologi-
cal traits do not protect as effectively against invertebrate predators, especially in the ben-
thos. Early crab (Uca minax, Rhithropanopeus harrisii) larvae, for instance, were readily 
eaten by benthic estuarine shrimps, crabs, and amphipods (Morgan 1992). Predation by 
caridean shrimps such as Crangon septemspinosa and Palaemonetes pugio was shown 
also in megalopae of the blue crab, Callinectes sapidus (Olmi & Lipcius 1991). During 
and after metamorphosis, the hiding in refuges becomes thus more important than mor-
phological adaptations (cf. section 10.5). 

Besides spination, lack of pigmentation (i.e. transparency of larvae) has been consider-
ed as a morphological adaptation to pelagic predation pressure. Although this hypothesis 
appears to be plausible, it was not supported by a recent experimental study, in which the 
predation by planktivorous fish on four species of crab larvae was not found to be signifi-
cantly influenced by larval pigmentation (Morgan & Christy 1997). On the other hand, 
Jeffs et al. (in press) suggested that transparency is an important defense of the nektonic 
puerulus of spiny lobsters, which is transported over large distances across the continental 
shelf. In this case, the need for transparency seems to have selected also for a special bio-
chemical adaptation, namely a storage of transparent phospholipids in the hematocoel in-
stead of an accumulation of triacylglycerides (TAG) in the hepatopancreas. After the set-
tlement in coastal regions, these polar compounds appear to be transformed to neutral 
lipids (TAG) which are eventually stored in the R-cells of the hepatopancreas. Further 
comparative studies of potential antipredatory adaptations in larval coloration, morphol-
ogy, biochemistry, and behavior should be worth-while. 
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Figure 10.3. Long spines and large body size as putative morphological adaptations to predation 
pressure in the estuarine plankton; comparison of the zoea I stage of decapod species differing in 
dispersal strategy and susceptibility to pelagic predation: (A) Sesarma reticulatum, (B) Sesarma 
cinereum, (C) Palaemonetes pugio, (D) Rhithropanopeus harrisii, (E) Uca minax; species B and E 
develop in coastal marine regions (export strategy), the others within estuaries (retention); B and E 
are preferred prey of pelagic fishes (from Morgan 1990). 

 
 
As a behavioral response to predation, we have already mentioned the “shadow reflex” 

(see section 10.1.3.3). A sudden decrease in the intensity of light is apparently interpreted 
as an indication of an approaching predator, which elicits an immediate escape response. 
In addition to optical cues, larvae perceive also chemical alarm signals. In the coevolution 
of grazing and predatory zooplankton, potential prey species have “learned” to smell 
dominant competitors and potential predators (see Young & Chia 1981). This adaptation 
is particularly well documented in freshwater plankton (for recent review see Ringelberg 
2000). Chemical signals that are released from predatory fish or invertebrates (kairo-
mones), or substances that are leached from preyed and damaged conspecifics, have fre-
quently been observed to induce behavioral responses as well as modifications of repro-
ductive and morphological traits in potential prey species. This is particularly well known 
from cladocerans (e.g. Lampert 1993, Kleiven et al. 1996, Pijanowska 1997, Brewer et al. 
1999, Weber 2001), but it occurs also in other invertebrate taxa (Greene 1999). In brine 
shrimp (Artemia), the migratory activity and the response to light is enhanced by exposure 
to predator odors (Forward 1993, Forward & Rittschof 1993, 1999), and in copepods it 
was shown that the feeding activity is reduced when exudates from planktivorous fish are 
released into the water (Cieri & Stearns 1999). 

Early juvenile lobsters (Homarus americanus; instar IV) and megalopae of a mud crab 
(Panopeus herbstii) are apparently able to perceive chemical signals from benthic preda-
tors and respond with a delay of settlement and metamorphosis (Boudreau et al. 1993a, b, 
Dittel et al. 1996). This capability of predator avoidance appears to be crucial for the 
chances of survival in the settling stage, where benthic predation (including cannibalism) 
has repeatedly been identified as a key factor controlling the recruitment success and 
hence, the local population size of decapods (Eggleston & Armstrong 1995, Hunt & 
Scheibling 1997). As another avoidance mechanism, settling larvae of many species pre-
fer substrates which offer shelter from predation (see section 10.5). First experimental 
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evidence for the occurrence of similar adaptations in planktonic zoeal stages could be 
shown only recently by Forward & Rittschof (2000), who observed that Rhithropanopeus 
harrisii larvae changed their vertical migration response to light variation, when mucus 
from planktivorous fish was present. We may expect that future research will add many 
more examples of behavioral responses to kairomones in planktonic decapod larvae. 

10.1.6.2 Diseases 
Numerous types of diseases have been observed in both adult and larval crustaceans, es-
pecially under high-density stocking conditions in aquaculture (for review see Provenzano 
1983). Virtually all major organ systems including the integument, hepatopancreas, gut, 
and hemolymph may be affected by parasitic, viral, bacterial, fungal, and other infections, 
decreasing the survival, growth, appearance, and commercial value of cultivated species. 
The high economic significance of diseases as a key factor in aquaculture is reflected in 
numerous scientific publications and reviews, which can only be examplified in this sec-
tion, referring primarily to recent papers where the older literature is cited. Naturally, most 
of the available literature concentrates on commercially important species. This includes 
in particular: palaemonid and penaeid prawns (reviews: Trimble & Sandifer 1977, Brock 
1983, Lightner 1983, Lawrence et al. 1985, Owens 1987, New 1990, Lee & Wickins 
1992, Spaargaren 1996; recent papers: e.g. Flegel et al. 1999, Wang et al. 1999, Roque et 
al. 2000), clawed and spiny lobsters (Fisher et al. 1978, Stewart 1984, D’Abramo & 
Conklin 1985, Aiken & Waddy 1995, Pahl & Opitz 1999, Diggles et al. 2000), crayfish 
(Avault & Huner 1985), and large brachyuran and anomuran crab species (Fisher & Nel-
son 1978, Bigford 1979b, Kuris et al. 1991, Yasunobu et al. 1997, Messick 1998). 

Although the widespread incidence of contagious diseases in aquaculture is undoubtly 
related to the enhanced risk of infections under intensive culture conditions, it is by no 
means a laboratory artifact. In natural crustacean populations, the reproductive success 
may greatly be reduced by egg parasites or other diseases (Kuris 1991, Kuris & Lafferty 
1992, Shields & Wood 1993), bacterial shell lesions may impair the aspect and cause an 
accumulation of ecotoxins, or parasitic dinoflagellates invading the hemolymph may dete-
riorate the taste, and thus, affect the marketability of exploited stocks (Getchell 1989, 
Sindermann 1991, Meyers et al. 1996). When shore crabs, Carcinus maenas, were ex-
perimentally inoculated with Gram negative bacteria (Listonella (= Vibrio) anguillarum), 
they showed a temporary reduction in the immunocompetence, i.e. they became less resis-
tant against other infections (Hauton et al. 1997). In a commercially fished portunid crab 
species, Necora puber, a regional population decline was associated with dinoflagellate 
infections (Wilhelm & Mialhe 1996). These examples show that parasitic and other dis-
eases belong to the key factors also in the field, at least in the benthos. 

In the plankton, the diversity of infectious diseases should be lower, due to shorter av-
erage life cycles in the potential host species. However, field studies provided circum-
stantial evidence that viral attack can terminate regional phytoplankton blooms (Bratbak 
et al. 1993), and it has even been suggested that viruses played an evolutionarily signifi-
cant role in past extinctions of dominant species (Emiliani 1993). Numerous viral, fungal, 
bacterial, and parasitic infections were documented also from larval decapods both in 
laboratory culture and in the field (e.g. Lavilla-Pitogo et al. 1990, Lindley 1992, Hameed 
1993, Momoyama & Sano 1996, Abraham et al. 1997, Genthner et. al. 1997, Robertson et 
al. 1998, Zafran et al. 1998, Harris & Owens 1999, Vandenberghe et al. 1999, Watanabe 
et al. 1999, Venegas et al. 1999, Chen et al. 2000). The potential role of this biotic control 
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factor has thus been introduced also in models of population dynamics and fisheries 
(Kuris & Lafferty 1992). 

In artificial rearing, the efficacy and compatibility of several antibiotic or toxic anti-
fouling substances have been tested, although with quite variable success (e.g. Armstrong 
et al. 1976, Fisher & Nelson 1978, Lino-Po & Sanvictores 1986, Gardner & Northam 
1997, Pahl & Opitz 1999). Recently, aquaculturists began to experiment with vaccination 
against contagious disease (Itami et al. 1992, Zafran et al. 1998, Alabi et al. 1999, 2000). 
In a study on biochemical composition and energy reserves in shrimp (Litopenaeus van-
namei) larvae, it was shown that the susceptibility to viral infections in aquaculture may 
be enhanced not only as a consequence of high stocking density, but also as a “domestica-
tion effect” in fattened larvae (Stuck et al. 1996). Likewise, injured larvae are weaker and 
thus, more susceptible to infections than healthy larvae (Diggles et al. 2000). 

Decapod crustaceans, and probably also their larvae, are partially protected by immu-
noreactive factors in the hemolymph (for recent review, see Roch 1999). This system can 
be activated by particular dietary components, for instance immunostimulants that have 
been derived from fungi and yeasts (e.g. Chang et al. 1999), and this immunity can be 
tranferred from egg-producing females to their larvae (Huang & Song 1999). Since dis-
ease resistance reflects also the general health condition of an animal, the bactericidal ac-
tivity of blood serum samples can be used as a measure of physiological condition (Ueda 
et al. 1999). Hence, immunological techniques may become useful new tools in studies of 
larval physiology and ecology. As an additional protection against disease, there are com-
petitive interactions among different microorganisms as well as immunostimulating ef-
fects of probiotic bacteria that apparently promote the defense of the gut flora against 
pathogenic species (Skjermo & Vadstein 1999, Vandenberghe et al. 1999). Antibacterial 
activity has been observed also in diatoms belonging to the larval food sprectrum both in 
culture and in the plankton (e.g. Naviner et al. 1999). In lobster embryos, it was shown 
that epibiotic bacteria produced a fungicide-like antibiotic substance that protected the 
eggs against Lagenidium infections (Gil-Turnes & Fenical 1992). Since this fungus is a 
widespread problem in larval cultures (Armstrong et al. 1976, Fisher et al. 1978), similar 
interaction effects should occur there too. 

Morphological (including electron-microscopical) studies have allowed for the descrip-
tion of a great variety of viruses and microbial infections. However, extremely small size 
and little morphological diversity have remained a serious obstacle in the detection and 
identification of pathogens. Immunohistochemical (e.g. Field & Appleton 1996, Robert-
son et al. 1998, Roch 1999) and molecular genetical techniques have become promising 
new diagnostic tools (e.g. Pasharawipas & Flegel 1994, Durnad et al. 1996, Genmoto et 
al. 1996, Vandenberghe et al. 1999, Tsai et al. 1999, Chen et al. 2000). 

10.2 Seasonality in the plankton 

Since meroplanktonic life-history stages of benthic invertebrates are only sojourners in the 
pelagic environment, the timing and duration of their occurrence are of utmost ecological 
interest. Meroplanktonic larvae, in general, are significant as grazers of phytoplankton and 
as predators of smaller zooplankton, but also as prey organisms of benthic filter feeders 
(Bingham & Walters 1989, Tamburri & Zimmer-Faust 1996), predatory fish (Paradis et 
al. 1996, Morgan & Christy 1997), and of innumerable other plankton feeders (Morgan 
1992). Decapod larvae may seasonally and regionally dominate within the coastal mero-
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plankton, occasionally contributing up to 90% of total zooplankton biomass (Tenore et al. 
1982, Williams & Collins 1986). In the following section, I will review the climatic con-
trol of and relationships between plankton production, invertebrate reproduction, and lar-
val occurrence in the field. In this context, I will discuss the predictability of planktonic 
development in the field and show examples of reproductive adaptations to seasonality in 
the pelagic environment. 

10.2.1 Productivity cycles and seasonality of reproduction 
Water temperature and day length are key determinants of larval occurrence, controlling 
both the repoductive cycle of aquatic invertebrates and the intensity of primary produc-
tion. The latter phenomenon, which depends more on light than on temperature condi-
tions, is (directly or indirectly) the nutritional basis for planktonic suspension feeders such 
as the decapod crustacean larvae. The extent to which temperature and light vary season-
ally depends primarily on the geographic latitude. These climatic parameters show little 
variation near the equator, allowing for relatively constant production of phyto- and zoo-
plankton throughout the year. The seasonality of day length increases continuously from 
the equator towards the poles, while temperature varies maximally at the intermediate lati-
tudes. 

Although seasonal changes in plankton production occur also in tropical regions, mero-
planktonic larvae may be found there throughout the year as members of the pelagic 
community. Major seasonal variations in the tropics are related to the alternation of rainy 
and dry seasons, for example those associated with the monsoon system of the Indo-West-
Pacific. These climatic forces cause periodical changes in the direction and velocity of 
winds and ocean currents, in the frequency of rains, and in the turbidity and productivity 
of surface waters (see Paula et al. 1998). All of those cyclic phenomena may significantly 
affect the chances of larval development and recruitment, and hence, select for seasonal 
cycles in the reproduction of decapod crustaceans and other aquatic invertebrates. In sev-
eral equatorial penaeid shrimp species from northern Australia, for example, markedly 
seasonal patterns in spawning and recruitment were described (Dall et al. 1990). Peak 
spawning periods occur typically in the dry seasons (“spring” and “autumn”), when 
winds, ocean currents, and turbidity are minimum. 

Compared with the tropics, temperate regions show a more pronounced seasonality in 
water temperature and day length. Moreover, marked seasonal salinity changes may occur 
in estuarine and coastal zones, for instance during the melting of snow and ice in spring. 
As an adaptation to the regular occurrence of a peak plankton productivity and an increase 
in water temperature during spring and summer (both aiding to a rapid planktonic devel-
opment), most temperate invertebrate species show clear seasonal cycles in their repro-
duction. This requires a seasonal timing of egg hatching which, at least in some species, is 
triggered by environmental cues. Besides an increase in temperature or day length, also 
chemical signals released from phytoplankton blooms have been shown to stimulate the 
hatching of marine invertebrate larvae (Himmelman 1975, Starr et al. 1991, 1994). In spe-
cies whose larvae depend strongly on planktonic food sources, this adaptive response 
should enhance the chances of optimal larval nutrition and thus, survival in the plankton. 
Among the Decapoda, this effect has been demonstrated in a boreal spider crab, Chionoe-
cetes opilio (Starr et al. 1994). 

While the majority of temperate species exhibits a clear peak of hatching in spring or 
summer, when sufficient planktonic food is available, there are also exceptions that hatch 
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in winter. Dungeness (Cancer magister) and spider crabs (Hyas araneus), for instance, re-
lease their larvae before the spring bloom begins, i.e. when food is still limited. Both spe-
cies have experimentally been shown to ingest and convert, as an additional food source, 
also unicellular algae and protozoans, which may bridge the gap in mesozooplankton 
availability during late winter in the field (Anger & Nair 1979, Sulkin et al. 1998a). 

In high latitudes, significant phytoplankton production occurs only during a short pe-
riod in late spring and early summer, when day length reaches a maximum. Secondary 
production follows with a delay of one or two months, reaching its peak in mid or late 
summer, when temperature is near its maximum. Thus, the productivity peak is short, 
while the water temperatures remain on average low, even in summer. With increasing 
latitude, there is consequently a mismatch between prolonged development duration at 
low temperatures and a shortening period of food production, which should select against 
a planktotrophic mode of development. This may explain why the pelagic larvae of deca-
pods in high latitudes show a conspicuous tendency toward lecithotrophy and why the to-
tal number of Decapoda and other invertebrate species with pelagic development de-
creases dramatically towards the poles (Thorson 1950, Lindley 1998a). 

The spider crab Hyas araneus is one of the few decapod species that have retained their 
planktonic larval phase in high latitudes. This species occurs in subarctic regions of the 
Atlantic Ocean, extending as far north as to the coasts of Greenland and Spitzbergen 
(Christiansen 1969). In spite of an extremely long duration of embryonic development (2 
years; Petersen 1995), the timing of larval hatching is focussed within a period of only a 
few weeks, namely in early spring, just before primary production begins to rise. As a 
control mechanism aiding in this coordination of reproduction with the seasonal cycle of 
plankton productivity, the embryos of H. araneus seem to pass through a period of dia-
pause (Petersen 1995, Petersen & Anger 1997). Coordinated hatching enables the larvae 
to exploit both the spring bloom of phytoplankton and the subsequently developing zoo-
plankton populations which graze on diatoms and other plankton algae. Since zooplank-
tonic grazers are on average larger food items, these should become increasingly impor-
tant for the nutrition of later larval stages (cf. section 5.2.2). A similar seasonal timing of 
larval hatching appears to occur in snow crab (Chionoecetes opilio; Taylor et al. 1985) 
and king crab species from subarctic regions (Paralithodes camtschaticus, P. platypus; 
Jensen & Armstrong 1989). In contrast to members of the closely related genus Lithodes, 
the larvae of Paralithodes spp. require planktonic food, and thus, depend on the short 
bloom in spring and summer (Shirley & Shirley 1989). 

Hyas araneus shows, in addition to reproductive coordination with a pronounced sea-
sonality in plankton production, a comparably high maternal energy investment per off-
spring (large egg size). This reproductive trait should be important in years with a weak or 
seasonally delayed plankton production. Provided with enhanced energy stores from the 
egg yolk, early larvae can survive for quite extended periods under conditions of famine. 
For instance, the zoea I can live in complete absence of food for about 8 days (at 12°C) 
without losing its capability for later recovery (Anger & Dawirs 1981). At lower, typical 
spring temperatures in the field (≤6°C), the maximal time of survival under conditions of 
starvation exceeds one month. 

Similar albeit more pronounced adaptations to seasonally low temperatures and short 
periods of plankton production have been observed also in the larvae of Antarctic deep-
water shrimps, Notocrangon antarcticus and Chorismus antarcticus (Bruns 1992). N. 
antarcticus has, compared with most other decapods, very large eggs and larvae, and an 



286 Klaus Anger 

abbreviated pelagic development with only three larval stages. In rearing experiments at a 
typical Antarctic spring and summer temperature (2°C), their development took about 28, 
30, and 42 days, respectively (Bruns 1992). Hence, the duration of planktonic develop-
ment is, in spite of a low temperature level, short enough to guarantee successful recruit-
ment before the end of the summer season. As another adaptation to short and unreliable 
planktonic food production, the zoeal stages show a high degree of facultative lecithotro-
phy. The zoea I can reach the second stage also in complete absence of food, and when 
the onset of feeding was experimentally delayed until 24 days after hatching, the larvae 
did not lose their capability to recover from starvation and to develop successfully to 
metamorphosis (PNR50>50d). An unusually great inpendence from food was demonstrated 
also in PRS experiments, in which N. antarcticus larvae were fed for only short initial pe-
riods after hatching, then starved continually. Only 6 days of feeding at the beginning of 
the zoea I moulting cycle were sufficient to allow for further development in complete ab-
sence of food, not only to the zoea II but through all larval stages to metamorphosis (tak-
ing in total more than 3 months). 

As Notocrangon antarcticus, also Chorismus antarcticus has a facultatively lecithotro-
phic zoea I (Bruns 1992). This species passes through four zoeal stages, requiring about 
22, 33, 42, and 50 days, respectively (at 0°C). Although the response of C. antarcticus 
larvae to starvation was slightly more sensitive than in N. antarcticus, they showed very 
little nutritional vulnerability as compared with most other decapod species. 

Facultative lecithotrophy may be considered as an evolutionary transition from obliga-
tory planktotrophy towards full lecithotrophy, which is reached, for instance, in the north-
ern stone crab, Lithodes maja (cf. section 6.3.1, Fig. 6.11). Being nutritionally fully inde-
pendent of the short season of plankton production, its larvae may hatch throughout the 
year, including autumn and winter. In the laboratory, the females were observed to release 
their larvae in small daily numbers, so that hatching occurred over extended periods of up 
to several weeks per egg mass (Anger 1996b). This reproductive trait should strongly re-
duce the density of larval aggregations in the plankton and thus, may represent an adapta-
tion to predation pressure in species with relativele large and easily visible larvae. The 
same pattern has been found also in lobsters (Homarus spp.) and some crabs, e.g. the su-
barctic species Hyas araneus (Kunisch & Anger 1984). 

Arctic and Antarctic congeners of the stone crab (e.g. Lithodes aequispinus, L. san-
tolla; the latter species is in the literature often found under the synonym L. antarcticus) 
produce similarly large eggs as L. maja. Morphological descriptions of their larvae show 
conspicuous lipid droplets within their carapace (Campodónico 1971). This suggests that 
the lecithotrophic mode of development may be a common trait among Lithodes species 
from high latitudes (for discussion see Anger 1996b). This generalization is corroborated 
by recent experimental evidence for lecithotrophy in the three zoeal stages of L. 
aequispinus, a king crab from Alaska (Shirley & Zhou 1997). Similarly, Paralomis granu-
losa, a lithodid species from subantarctic regions of South America, shows large egg size 
and an abbreviated development with only two zoeal stages and a megalopa (Campodó-
nico & Guzmán 1981, Comoglio & Vinuesa 1991). Current experimental studies with L. 
santolla and P. granulosa (Calcagno, Kaffenberger, Lovrich, Anger, unpubl. data) have 
shown that the larvae of these species are entirely lecithotrophic from hatching, at least to 
the megalopa stage. As a final step in the reproductive adaptation to limited food availabi-
lity in combination with low temperatures, decapods in high latitudes may eventually omit 
the pelagic larval phase. In the Sclerocrangonidae, for instance, direct development and 
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some degree of maternal brood protection have been observed, similarly as in crayfish 
(Wollebaek 1906, Makarov 1968a, b). 

In summary, a short season of plankton production in combination with low summer 
temperatures in high latitudes have selected for an abbreviated larval development and an 
enhanced female energy allocation per offspring, allowing for a significant reduction of 
larval dependence on planktonic food. Those species which have retained planktotrophic 
larval stages, show tendencies towards facultative lecithotrophy and/or a conspicuous co-
ordination of their reproductive cycle with seasonal cycles of day length and temperature. 

10.2.2 Estimating larval development and recruitment in the field: extrapolation of labo-
ratory data 
Variability in water temperature is weak not only in tropical regions, but also in high lati-
tudes. Thus, temperature as an environmental key factor is most important in the temper-
ate zones, where great seasonal variations occur, in some regions exceeding a span of 
20°C. Moreover, conspicuous regional differences occur due to differential influences of 
warm and cold water currents, and in offshore regions there are extreme vertical tempera-
ture gradients. Temperature-dependence of pelagic development represents thus a crucial 
life-history trait, in particular in species from temperate regions; the same should apply to 
deep sea species, as far as their larvae migrate within the water column. 

The duration of larval development as a function of temperature has experimentally 
been investigated in numerous decapod species, and this relationship was commonly de-
scribed with non-linear regression equations (see section 6.4.1, Eqs. 6.13-6.15). However, 
only rarely were those regressions linked with other empirically derived equations that de-
scribe the seasonal cycle of in situ water temperatures in the field. When this is done, one 
may yield a simple simulation model for the estimation of the rate of larval development 
in the plankton (see Anger 1983b, Harms 1984, Dawirs 1985, Schultze & Anger 1997). 
The principle of computing is as follows: (1) Beginning from an assumed calendar day of 
hatching in the field, the theoretical average water temperature (T) is estimated for each 
successive day; (2) with these T values, the theoretical duration of development (D) 
through a larval stage is calculated for each on successive day; (3) from these D values, 
daily fractions of development time (1/D) are obtained; (4) these fractions are summed 
over a period of simulation days, until a cumulative value of ∑[1/D]=1.0 is reached, i.e. 
100% of the theoretical instar duration, D. This procedure is reiterated for each larval 
stage (using stage-specific regression equations for the relationship between D and T), un-
til the theoretical day of metamorphosis is reached. 

Naturally, such simple models allow only for rough estimates of development duration 
and timing of recruitment, as they are based on regression equations describing the rate of 
larval development under laboratory conditions. Hence, they do not take into account the 
potential effects of food limitation or other adverse conditions, and vertical or local tem-
perature gradients are disregarded. In spite of its simplicity, however, our simulation 
model allows for the prediction of some interesting effects of seasonality in temperature, 
which can be tested in laboratory and field studies (see Anger 1983b). Such theoretical ef-
fects may have implications for larval nutrition (e.g. match or mismatch with plankton 
blooms), mortality (differential time of exposure to pelagic predation), and for the ex-
pected dispersal and gene flow among geographically separated populations. 

This approach is exemplified in Figure 10.4 with the spider crab Hyas araneus. Under 
constant temperature conditions in the laboratory, its development duration is consistently 
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shortest in the zoea I stage, slightly longer in the zoea II, and more than double as long in 
the megalopa. In the field, however, the temperature increases from hatching in late winter 
throughout spring. This change is likely to cause shifts in the proportions of the successive 
development durations. During the period of maximal hatching (in the southern North Sea 
mid-February to mid-March), the zoea I develops at low temperatures (about 3-4°C), so 
that this stage should require a longer time than the subsequent stages (Fig. 10.4a). Later, 
throughout most of the reproductive season, the three larval stages have similar theoretical 
development durations in the field. This implies that about two thirds of the total time of 
larval development (D) are spent in the fully planktonic zoeal phase, while only one third 
of D is passed as a semibenthic megalopa (Fig. 10.4b). Only the seasonally latest larvae 
(hatching from late March to April) pass through a relatively short planktonic and a long 
megalopa phase, similarly as under constant laboratory conditions. 

When a temperature modulation (e.g. a constant addition or subtraction of 1°C) is intro-
duced into the model, effects of interannual variation in average water temperature can be 
simulated (Anger 1983b). Since the temperature-dependence of development varies 
among larval stages and with the temperature range, unusually cold or warms years will 
change the proportions of time spent in successive instars as well as the timing of benthic 
recruitment. As an example of effects that cannot immediately be expected from labora-
tory data, the model predicts that the period of recruitment should be shorter than the pe-
riod of hatching. This “focussing” effect is due to faster development in larvae hatching 
later within the season. As another theoretical prediction, this effect should be stronger in 
unusually cold years, due to generally higher Q10 values at lower temperatures. Similar ef-
fects were predicted also for the larval stages of a caridean shrimp, Pandalus montagui 
(see Schultze & Anger 1997). 

Compared with Pandalus montagui and Hyas araneus, the shore crab, Carcinus mae-
nas, has a longer reproductive period, extending from early spring through late summer. 
In this species, the model predicts also a developmental acceleration in successively later 
hatching cohorts throughout the spring season (Dawirs 1985). However, the opposite ef-
fect should occur in larvae hatching at the end of the reproductive season, in late summer. 
At that time, the water temperatures begin to decrease, causing an increasing duration of 
pelagic development. As an additional delaying factor, the production of planktonic food 
declines through fall and winter. Thus, seasonally decreasing temperatures in temperate 
regions should substantially deteriorate the conditions for meroplanktonic development, as 
they prolong the exposure of the larvae to potentially detrimental factors, namely food 
limitation and pelagic predation. Below a critical temperature limit, which varies with the 
species and its geographical range, development should eventually cease (Dawirs 1985, 
Anger 1991b, Ismael et al. 1997). 

In summary, the temperature-dependence of larval development duration should select 
against larval release late in the year, especially in temperate regions where sharp seasonal 
variations in temperature, day length, and productivity occur. This limits the reproductive 
season of decapods and other marine invertebrates with a planktotrophic larval phase. An 
extension of the reproductive season has been achieved by species which have evolved a 
seasonal dimorphism of eggs and larvae. An example for this special type of adaptation to 
seasonality in the plankton is shown in the following section. 

 
 
 



The Biology of Decapod Crustacean Larvae  289 

 

Figure 10.4. Simulated duration of the larval development of a spider crab (Hyas araneus) in the 
field (Helgoland, North Sea); [a] development of successive larval stages in relation to the time of 
hatching (calendar day) and as a function of seasonal temperature variation; [b] cumulative devel-
opment and relative proportions of time spent in successive stages (extrapolated from laboratory 
data) (redrawn after Anger 1983b). 

10.2.3 Summer and winter larvae 
Being the most important species among the commercially fished caridean shrimps in the 
southern North Sea and adjacent regions, the brown shrimp (Crangon crangon) has re-
ceived considerable interest in fishery biology (Tiews 1970) and in studies of larval ecol-
ogy (see Moksnes & Wennhage 2001, and earlier papers cited therein). Untypically 
among the temperate shrimps, this species shows here roughly a bimodal pattern of repro-
duction, with maximum hatching in late winter and early summer (Boddeke 1982). Eggs 
that are produced and incubated during winter are up to about 20% larger in terms of both 
volume and weight as compared to summer eggs (Paschke 1998). Although they do not 
differ significantly in their relative proximate biochemical and elemental composition or 
in energy density (Joules per unit of dry mass), the absolute amounts per egg of all major 
constituents show a pronounced seasonal variation. This phenomenon is “not uncommon 
in animals with long breeding season”, in general (Ghiselin 1987), but it has rarely been 
documented in decapod crustaceans. 

Recent investigations (Linck 1995, Paschke 1998) have shown that the winter and 
summer eggs of Crangon crangon do not represent clearly separated cohorts but extremes 
in a continuum. An inverse relationship between seasonal temperature and larval size has 
been documented also in several other decapod species (Lindley 1998a) and may thus rep-
resent a fairly general rule (c.f. section 6.4.1). Also the duration of embryonic develop-
ment decreases throughout the reproductive season, taking about three months in winter 
(at 6°C) and less than three weeks in summer (at 18°C; Paschke 1998). However, this 
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gradual acceleration is caused not only by increasing temperatures. It is probably also as-
sociated with decreasing egg size. At equal temperatures, the large winter eggs require a 
significantly longer development time than the small summer eggs. 

As a result of these reproductive patterns, there is a gradual decrease in body size, from 
large winter larvae to smaller summer larvae (Criales 1985, Linck 1995, Paschke 1998). 
The former contain significantly higher quantities of proteins, lipids, and energy, bestow-
ing them a greater tolerance of nutritional stress. When freshly hatched winter larvae were 
experimentally exposed to limited periods of feeding and starvation, they reached signifi-
cantly faster their “Point of reserve saturation”, PRS (i.e. a state of secondarily reached 
facultative lecithotrophy), and they took longer to pass the critical “Point of no return”, 
PNR (Paschke 1998). Thus, the seasonal variation in the size of eggs and larvae of C. 
crangon may be interpreted as an adaptation to seasonality in planktonic food production. 

Although an assignment of seasonal larval cohorts to different generations or pheno-
types remains hypothetical until more data on juvenile growth, time to sexual maturation, 
and other life-history traits of Crangon crangon become available (including the possible 
occurrence of protandric hermaphroditism; see Tiews 1987), we may conclude the follow-
ing: Enhanced maternal energy investment in the winter eggs allows for an extension of 
the reproductive season, as the earliest hatching larvae (the “winter cohort”) can survive 
under nutritionally poor conditions until the spring bloom begins. Subsequently, an in-
crease in both food availability and temperature allows for accelerated growth of larvae 
and juveniles, so that sexual maturity and first egg production may be reached already in 
the following winter, i.e. with an age of about one year (cf. Detlefsen 1984). Since the 
later hatching “summer cohort” grows less during the following autumn and winter, due to 
a decrease in both water temperature and food availability, this cohort should produce its 
first eggs only in the next summer or in the winter thereafter, i.e. about one year to one 
year and a half after hatching. 

This implies that the winter cohort has, compared with that produced in summer, the 
advantage of larger initial body size, which may reduce the rate of planktonic larval mor-
tality due to both predation and food limitation. Moreover, the earlier appearance in the 
pelagial allows for faster growth in the early juvenile phase and an earlier attainment of 
reproductive maturity. On the other hand, the duration of the planktonic larval phase must 
be much longer in cold water during spring. This effect may offset some of these selective 
advantages of the winter larvae, as it increases their time of exposure to pelagic predation. 
These patterns suggest a bet-hedging strategy, resembling that of seasonal reproduction in 
anostracan species where two differential temperature-induced cohorts alternate (see 
Saiah & Perrin 1990). If seasonal flexibility in the size of eggs and larvae of Crangon 
crangon is an adaptation to seasonality in plankton production, then we may expect that 
similar patterns should occur also in other species with an extended reproductive period. 

10.3 Estuarine life-cycle adaptations: export vs. retention 

The numerous physiological and behavioral adaptations to predictable environmental 
changes that may occur during the development through successive life-history stages 
form the basis of reproductive strategies. Fully marine species are adapted, throughout 
their life cycle, to relatively stable environmental conditions and thus, do not tolerate ma-
jor variations in physico-chemical factors. Species living in coastal or estuarine areas, in 
contrast, are normally exposed to changes in temperature, salinity, and other parameters. 
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Compared with both fully marine and true freshwater species, the physiological and be-
havioral adaptations to variability in the environment are thus particularly pronounced in 
the inhabitants of estuarine and other transitional habitats. In many of these species, how-
ever, the typical adaptations such as euryhalinity or eurythermality are attained only in the 
benthic juvenile or adult phase, while the larvae remain physiologically fragile. The main-
tenance of estuarine populations requires thus the evolution of special life-history adapta-
tions, which should somehow protect the larvae from enhanced mortality in the physically 
unstable adult environment. These adaptations comprise programmed ontogenetic changes 
in the physiological tolerance of stress factors, endogenous rhythms of egg hatching and 
larval migration, and numerous behavioral responses to variability in single or combined 
physico-chemical factors (see above, section 10.1); at least some of these traits, including 
patterns of larval behavior, are genetically determined and hence, heritable (Zeng & Nay-
lor 1996b). 

Two principal strategies occur in the life cycles of estuarine species (Strathmann 1982): 
(1) export of the larval stages to adjacent coastal or offshore marine areas, where the con-
ditions for larval development are more favourable; (2) adaptation of all life-cycle stages 
to the estuarine conditions, allowing for larval retention within the parental environment. 
The latter strategy is considered as a transitional stage in the evolution of limnic and ter-
restrial species. Examples of these life-history strategies will be reviewed in the following 
sections. 

10.3.1 The export strategy 
Most estuarine and several freshwater species are known to export rather than retain their 
larvae within the parental habitat. This is primarily based on rhythms of hatching and lar-
val behavior, namely tidal vertical migrations in the water column, using tidal currents for 
early larval seaward transport and later reimmigration. A simplified conceptual model for 
this pattern is shown in Figure 10.5. In the older literature, this life-history pattern has 
primarily been interpreted as an adaptation to the needs for dispersal and gene flow 
(Scheltema 1975). However, Strathmann (1982, 1986, 1993) and Pechenik (1999) argued 
that these potential selective forces do not necessarily play a key role in the evolution of 
export strategies. The favourability of conditions for life varies among estuaries, and thus, 
should not favour the spread or dispersal of larvae among estuaries. More important in the 
evolutionary selection for an export strategy, both the physical and biotic conditions ap-
pear to be, on average, more favourable for larval development outside than inside the es-
tuary (Morgan 1995a, Hovel & Morgan 1997). In consequence, the larvae of exporting 
species did not need to evolve special adaptations against osmotic or thermal stress, or 
against particularly intense pelagic predation pressure, so that they resemble in most of 
their traits the larvae of fully marine species. 

In exporting estuarine species that release their offspring within the typical parent habi-
tat, the freshly hatched larvae will initially suffer from low salinity and other physical 
stress factors, and they may be exposed to strong predation pressure in the estuary. How-
ever, the time of their exposure to those adverse conditions is shortened by several 
mechanisms aiding in a rapid downstream transport. These include tidally and diurnally 
coordinated hatching rhythms as well as a rapid ascend of the larvae to outflowing surface 
layers, where they profit also from high estuarine plankton production while they are be-
ing transported towards the sea. The various active and passive mechanisms of larval ex-
port in estuaries can only briefly be summarized and exemplified in this section; they have 
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been analyzed and discussed in numerous research papers and several reviews (e.g. Paula 
1989, 1998, McConaugha 1992, Morgan 1995a, Shanks 1995a, b, Young 1995, Garrison 
1999, Pereira et al. 2000, Epifanio & Garvine 2001, Epifanio in press). 

Tidal, lunar, and diurnal rhythmicity of egg hatching as well as the underlaying physio-
logical mechanisms have extensively been studied in various estuarine and coastal marine 
decapod species, mostly brachyuran crabs (for details and review of literature, see De-
Coursey 1983, Forward 1987b, Rittschof et al. 1990, De Vries et al. 1991, Morgan 1995b, 
Saigusa & Kawagoye 1997, Saigusa & Terajima 2000). As a brief summary of the avail-
able evidence, one may say that hatching is generally synchronized with the cycles of lu-
nar or solar light and with tidal currents. This coordination is, in principle, based on a 
combination of endogenous rhythms and environmental entrainment, with variations in 
light and salinity as primary zeitgeber signals. The hatching process itself is controlled by 
chemical and behavioral interactions between late embryos and the mother animal. 
Shortly before hatching, the embryos release not only proteolytic enzymes aiding in the 
fracture of the egg membrane, but also proteinaceous pheromones which induce a particu-
lar “pumping” or “ovigerous hair-stripping” behavior in the female. This, on the other 
hand, stimulates the embryos to initiate the hatching process. Some of the communication 
substances that are released by the embryos could already be concentrated, partially puri-
fied, and chemically characterized (see Forward et al. 1987, Pettis et al. 1993, Saigusa 
1996). Although several details of the egg hatching mechanisms have already been eluci-
dated, there is still dispute as to the hierarchy of the involved control factors, including the 
relative importance of the embryos and the mother animals. 

At the American east coast, the occurrence of hatching peaks is usually synchronized 
with nocturnal high tides, especially when spring tides co-occur with full or, preferably, 
new moon, i.e. when the tidal amplitude is maximum (Morgan 1995b, and earlier papers 
cited therein). This pattern of tidally controlled hatching rhythms makes sure that the 
freshly hatched larvae will immediately begin their passive horizontal migration towards 
the mouth of the estuary, leaving the parent environment normally within the time of a 
single ebb tide. As an additional benefit from this strategy, hatching during high tide will 
expose the larvae to a water body which originates from the adjacent sea, and thus, has a 
relatively high salinity and moderate temperature. Furthermore, nocturnal hatching will 
minimize the initial mortality by visually oriented predators, especially when the entire 
ebb tide occurs during darkness. Thus, the timing of larval release is here optimal when a 
new moon spring high tide coincides with sunset. 
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Figure 10.5. Conceptual model of the export strategy, with patterns of ontogenetic migrations (solid 
arrows) and principal currents (dashed); model simplified, showing only ontogenetic but no diel or 
tidal vertical migrations of larvae; zoeae are released within the estuary but soon transported sea-
ward using near-surface offshore currents; most of the zoeal development takes place near the 
mouth of the estuary or in adjacent coastal marine waters; late stages descend to deeper zones, the 
megalopa reimmigrates into the upper estuarine zones using near-bottom tidal onshore currents. Ex-
amples: many grapsid crabs, e.g. Eriocheir sinensis, Chasmagnathus granulata, Sesarma cinereum 
(for references see text) (redrawn after Anger 1991b). 

 
 
Since the type of the tidal regime varies regionally, the timing system of hatching con-

trol may vary inter- and intraspecifically, reflecting regionally different periodicity in the 
physical conditions. At the southern European Atlantic coast (Portugal), for instance, 
peaks of larval release have consistently been observed during the first half of the night, 
although this timing coincides here with neap ebb tides (Paula 1989, 1993; Queiroga et al. 
1994, Queiroga 1998, Pereira et al. 2000). This suggests that, at least in this region and in 
the species predominating here, the crepuscular decrease in light intensity may be a more 
important hatching trigger than the tidal cycle. The relative significance of these environ-
mental factors in the control of hatching rhythms has remained under dispute (see e.g. 
Paula 1998), which shows that more comparative studies from regions with different tidal 
regimes are required before further generalizations become possible. 

Comparable with estuarine decapods, also species in the surf zone of open marine 
beaches may show export-enhancing hatching rhythms. In a sand-dwelling mole crab, 
Emerita talpoida, rapid transport out of the reach of the surf zone with its mechanical 
stress and a high frequency of benthic predators is achieved by maximal hatching about 
one day after strong onshore wind stress with heavy wave action, followed by an offshore-
directed net flow (Amend & Shanks 1999). 

In spite of all those complex life-history adaptations, the first larval stage is still, at 
least for a few hours, exposed to unfavourable estuarine conditions. Hence, some larval 
adaptations, in particular to hypoosmotic stress, should be expected to occur also in ex-
porting estuarine species, namely in the first larval stage. This was observed, for instance, 
in the zoea I of an estuarine grapsid crab, Armases (= Sesarma) angustipes. After hatch-
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ing, its zoea I larvae were found to stay alive and remain actively swimming in freshwater 
for up to two days (Anger et al. 1990c). Similarly, we observed an unusually strong toler-
ance of low salinity in the zoea I of other grapsid crab species, which also can live as 
adults under oligohaline or freshwater conditions but require higher salinities for their lar-
val development (e.g. Eriocheir sinensis, Chasmagnathus granulata, Cyrtograpsus angu-
latus; unpubl. data). 

The physiological basis of this tolerance of hypo-osmotic stress in the zoea I is an early 
appearance of osmoregulatory functions, namely a strong hyper-osmoregulatory capacity 
in dilute media. This could recently been observed in laboratory-reared larvae of Chasma-
gnathus granulata. In this species, the first zoeal stage is a significantly stronger hyper-
regulator than the subsequent stages II-IV (Fig. 10.6). This ontogenetic pattern matches 
the changes in larval ecology in the field (Anger et al. 1994), i.e. hatching within brackish 
lagoons, followed by an export to lower estuarine or coastal zones with higher saline wa-
ter. The hyper-OC increases again in the megalopa and throughout juvenile development, 
again corresponding with the typical ecological changes occurring in these life-history 
stages in the field, i.e. reimmigration and recruitment to estuarine populations. 

This pattern of a transitory decrease in the OC is remarkable, because regulatory capa-
bilities have normally been found to increase throughout postembryonic development, but 
never to decrease (see Charmantier et al. 1998, Charmantier & Anger 1999). This implies 
that ion transporting tissues are present at hatching, apparently degenerating or deacti-
vated in the second and subsequent zoeal stages, and later (from the megalopa) they are 
rebuilt or reactivated. The histological, ultrastructural, and biochemical (enzymatic) corre-
lates of this complex ontogenetic pattern in C. granulata, and maybe in other species with 
an export strategy, deserve further investigations. 

Even stronger tolerance of hypo-osmotic conditions was reported from the early larvae 
of several South American palaemonid freshwater shrimps (Macrobrachium olfersii, M. 
carcinus, M. acanthurus, Palaemon pandaliformis; for references see Anger & Moreira 
1998). Although these species cannot develop in freshwater to the second zoeal stage, the 
zoea I larvae can survive there for up to about one week, which gives them sufficient time 
to emigrate from the limnic parental habitats to adjacent brackish waters. As an alternative 
mechanism, some species show migrations of ovigerous females to the lower parts of the 
estuary, where the larvae hatch and are subsequently retained (e.g. Palaemon longirostris; 
see Cartaxana 1994, Paula 1998). 

 
 
 



The Biology of Decapod Crustacean Larvae  295 

 

 
Figure 10.6. Osmoregulatory capacity (OC, osmolality difference between the external medium and 
the haemolymph; mean ± SD) of various ontogenetic stages of an estuarine crab (Chasmagnathus 
granulata) exposed for 20 hours to hyposaline stress (300 mosm/kg or 10.2 ‰ salinity); ZI-ZIV: 
zoeal stages I-IV; Meg: megalopa, CI-CIV: juvenile crab instars I-IV; ad: adult; *: statistically sig-
nificant differences between mean OC values of successive stages, P<0.001; zoea III: complete 
mortality during the experiment (after Charmantier, Giménez, Charmantier-Daures & Anger, in 
prep.). 

 
 
Riverine habitats, where many palaemonid shrimp species live, do not normally show a 

sufficiently high or regular plankton production. Thus, larval release in the adult habitat 
implies not only an initial exposure to hypo-osmotic stress but also nutritional incertainty. 
This should select for lecithotrophy, at least in the first larval stage. This hypothesis is 
corroborated by experimental observations in several palaemonid species, for instance in 
Macrobrachium olfersii, where the zoea I is a nonfeeding stage (McNamara et al. 1980). 
Also in Palaemon pandaliformis and in a closely related species with a very similar ecol-
ogy, Palaemonetes argentinus, we observed a nonfeeding or facultatively lecithotrophic 
zoea I, respectively; this is in both species followed by about 6-10 feeding larval stages. 
Similar developmental patterns were reported from Palaemonetes pugio (Broad 1957a), 
Palaemon paucidens (Mashiko 1985), P. elegans (Magiera 1993, Kumlu & Jones 1995a), 
P. adspersus (Magiera 1993), Macrobrachium amazonicum (McNamara et al. 1983), M. 
vollenhovenii (Willführ-Nast et al. 1993), M. heterochirus (McNamara et al. 1985), M. 
nipponense (Kwon & Uno 1969, Shin & Chin 1994), and M. rosenbergii (Agard 1999). 
All these species follow an export strategy, and all have an at least facultatively lecith-
otrophic zoea I stage. Thus, their first larval stage has sufficient time to leave, transported 
by outflowing currents, the parental freshwater habitat and reach adjacent estuaries or 
coastal marine waters, where plankton production is generally higher and more stable. 
Since the selective pressure of food limitation acts only on the initial phase of larval de-
velopment, the endotrophic potential has not evolved to a higher level that would allow 
for fully lecithotrophic development through subsequent stages. This pattern is in contrast 
to that in several palaemonid species which live in inland freshwater systems, for instance 
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in Australia (Fielder 1970), southeast Asia (Wong 1989), the Amazon (e.g. Magalhães & 
Medeiros 1998, and earlier papers cited therein), or in Central American streams 
(Villalobos & Álvarez 1999, Román et al 2000, Signoret et al. 2000). In all these cases, 
the larval development is abbreviated, benthic, and lecithotrophic (cf. section 2.4). 

Special physiological adaptations in the first larval stage (Fig. 10.6) appear to be the 
most immediate evolutionary response to the particular selective pressures that the early 
larvae must face. Additionally, some freshwater and estuarine species mitigate non-marine 
stress factors with catadromous migrations of the reproducing females. The blue crab, 
Callinectes sapidus, is certainly the best studied example of this variant of the export 
strategy (Fig. 10.7); approximately a thousand research papers have been published on the 
life history of this species, including several recent reviews and mathematical models (e.g. 
Metcalf & Lipcius 1992, Smith & Stoner 1993, Olmi 1994, Epifanio 1995, Jones & Epi-
fanio 1995, Johnson 1995, Morgan et al. 1996, Prager 1996, Tankersley et al. 1998). The 
Chinese mitten crab, Eriocheir sinensis, is another, even more extreme example of this 
strategy. It lives in rivers and other freshwater habitats, including inland waters that are far 
from the sea (reportedly up to 1300 km; see Panning 1938). This implies that the females 
must migrate downriver over large distances to reach estuarine or coastal waters where the 
larvae are eventually released; these require at least ca. 15‰ salinity for a successful de-
velopment (Anger 1991b). 

Migrations of ovigerous females and subsequent larval hatching in an estuary or in the 
sea represent a typical reproductive trait of terrestrial decapods. With a few exceptions 
(see Hartnoll 1988a), the terrestrial Brachyurans (Grapsidae, Ocypodidae, Gecarcinidae) 
and hermit crabs (Coenobitidae, Diogenidae) export their larvae by means of female mi-
grations. Since larval development on dry land is impossible for crustaceans, and even the 
adults of these species have adapted to terrestrial but not usually to freshwater conditions, 
this strategy appears as the only solution. 

As a major advantage of an estuarine export strategy with seaward migrations of fe-
males, the exposure of freshly hatched larvae to various stress factors prevailing in the 
adult habitat is minimized. As a disadvantage, however, the larvae of such species run an 
enhanced risk of irreversible advection to distant offshore waters, where the conditions are 
quite different from those in the parent habitat and thus, may be favourable only for the 
pelagic larvae but not for the postsettlement stages. Consequently, the need for successful 
recruitment to estuarine or freshwater populations has selected for complex mechanisms 
of coastal retention and onshore transport in the late larval stages. This implies that 
mechanisms for both larval export and retention may occur in different stages of one and 
the same species, which shows that this classification of life-cycle strategies is not always 
as clear and unambiguous as it generally appears from the literature. 
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Figure 10.7. Conceptual model of reproductive migrations in adult female blue crabs (Callinectes 
sapidus) aiding in larval export from estuaries (from Tankersley et al. 1998, with permission from 
MBL, Woods Hole, USA). Phase I: adult crabs mate in the brackish regions of the estuary (1); fol-
lowing insemination, the females migrate seaward using selective tidal-stream transport (STST) on 
nocturnal ebb tides (2), while the males remain in low-salinity areas; after reaching euhaline re-
gions, the females may overwinter near the mouth of the estuary (3); phase II: eggs are attached to 
the pleon (4); about 10-12 days after oviposition, females with late-stage eggs migrate to the mouth 
of the estuary or into coastal waters, using STST on nocturnal ebb tides (5); near the time of high 
tide at night, larvae are released at the entrance of the estuary (6); the females return soon after lar-
val hatching into the estuary using STST on flood tides; steps 4-6 may be repeated several times 
during a single spawning season.  

 
 
 
Mechanisms of cross-shelf transport and subsequent reimmigration have recently been 

reviewed and modeled for blue crab megalopae in coastal and estuarine areas of the west-
ern mid-Atlantic region and the northern Gulf of Mexico (Olmi 1994, Epifanio 1995, van 
Montfrans et al. 1995, Morgan et al. 1996, Prager 1996, Roman & Boicourt 1999). Com-
parable studies have been conducted on the dispersal and recruitment of Dungeness and 
rock crab (Cancer magister, C. irroratus; Moloney et al. 1994, Clancy & Cobb 1997), the 
common shore crab (Carcinus maenas; Queiroga et al. 1997, Queiroga 1998, Zeng & 
Naylor 1996a-d, Zeng et al. 1997), penaeid shrimps (Rothlisberg & Church 1994, Rothlis-
berg et al. 1996), homarid lobsters (Katz et al. 1994), and spiny lobsters (Booth 1997, 
Phillips & Pearce 1997). In the latter, teleplanic (“long-distance”) larvae pass through 
several months of planktonic life, but their dispersal is apparently limited by large-scale 
oceanic circulation patterns (Pollock 1993, Polovina et al. 1999). The phenomenon of lar-
val retention in offshore eddies has been described from several regions, reducing the loss 
of larvae due to irreversible advection (e.g. Chiswell & Roemmich 1998, Perry et al. 
1998, Chiswell & Booth 1999, Lee & Williams 1999). 

There exists a tremendous amount of data and conceptual models for the complex pat-
terns and mechanisms of larval dispersal and subsequent reimmigration in coastal and es-
tuarine decapods, demonstrating considerable variation among taxa and geographic re-
gions. It must be cautioned, however, that the predictability of larval transport patterns is 
reduced by small-scale physical effects such as turbulent mixing, which cause patchiness 
and enhance the variability in larval distribution (Garrison 1999). Besides active migra-
tory responses to several physical factors, numerous passive mechanisms are involved in 
larval transport. Among these, surface slicks, internal waves, and several other oceano-
graphic processes have been shown to facilitate a directed onshore transport of decapodid 
stages (Shanks 1995a). This is frequently associated with regional circulation patterns in 
shelf areas. Off Delaware Bay (USA), for instance, gravitationally driven onshore flows 
are detectable at least 40 km from the mouths of the large estuaries (Epifanio 1995). In 
addition, there are wind-driven transport mechanism and interactions with tidal flows (Xie 
& Eggleston 1999), as well as interfering effects of the shore morphology, which may 
cause local variation in the subtidal sea level at the coast and consequent subtidal flow 
into estuaries (Epifanio 1995). When megalopae are recycled within regional gyres, their 
success of returning to coastal settlement areas depends largely on wind stress and the 
seasonal timing of the break-off of loop current eddies (Perry et al. 1998).  
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The return of megalopae from offshore waters into the estuary is facilitated by increas-
ed tidal flow at spring tides, while active, apparently directed swimming behavior is 
stimulated by gradients in physical and chemical cues such as temperature, salinity, and 
organic compounds of estuarine origin. In contrast to the zoea I larvae, which leave the es-
tuary most efficiently with nocturnal ebb tides, megalopae or equivalent stages utilize 
preferably spring flood tides for their ingress (e.g. Wenner et al. 1998). As an active be-
havioral mechanism, some crab species show an oriented swimming of megalopae, using 
the direction of the sun’s bearing as an orientation cue (Shanks 1995b). Furthermore, 
megalopa larvae show diurnally and tidally controlled vertical migrations aiding in coastal 
retention or onshore transport. 

In tropical estuaries, riding of shrimp and crab megalopae on floating mangrove leaves 
has repeatedly been observed during inflowing flood tides, indicating another interesting 
mechanism of reimmigration (Wehrtmann & Dittel 1990, Schwamborn & Bonecker 
1996). This behavior resembles the riding of Cancer magister megalopae on hydroid me-
dusae (Wickham 1979) or that of phyllosoma larvae on large scyphomedusae (Shojima 
1963, Thomas 1963, Herrnkind et al. 1976), suggesting that “hitch-hiking” might be a 
common means of larval transport. Within estuaries, patches of larvae may be maintained 
by tidal fronts, and several physical and chemical cues stimulate settlement behavior, 
metamorphosis, and eventually the recruitment to benthic populations (Epifanio 1987; see 
below, section 10.5). 

10.3.2 The retention strategy 
In estuarine species showing this life-history pattern, the larvae are not only released but 
also retained in or close to the parent habitat. As a major precondition for this strategy, 
physiological adaptations similar to those in the benthic juveniles and adults must have 
evolved in the planktonic larval stages, so that these can tolerate osmotic, thermal and 
other estuarine stress. Only a comparably low number of taxa shows this life-cycle strat-
egy, suggesting that its evolutionary attainment is limited by phylogenetic constraints. 

In field studies of larval distribution, the question which species follow a retention 
strategy and which others export their larvae can be solved most easily in relatively small 
and closed estuarine systems. In species with larval retention, all of the developmental 
stages occur typically together in the same area of the estuary, without significantly dif-
ferent horizontal distributions in early and late stages (see Cronin 1982, Lambert & Epi-
fanio 1982, Anger et al. 1994, Paula 1998, Chen et al. 1997). As in the export strategy, the 
distributional patterns of the retention strategy are based upon behavioral responses to 
numerous physical parameters such as gravity, light, pressure, salinity, and current speed 
(see section 10.1). 
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Figure 10.8. Conceptual model of the retention strategy. Larvae are released and retained within the 
estuary; seaward advection is reduced or inhibited by tidally induced vertical migrations in the water 
column: downward during ebb tides (avoidance of outflowing surface waters) and upward during 
flood tides (feeding in the highly productive surface-near zone, preferably at night); the megalopa 
migrates upstream using near-bottom tidal onshore currents. Eexamples: the mud crab Rhithropano-
peus harrisii, the grapsid crab Sesarma reticulatum (for references see text). 

 
 
The mechanisms preventing an unvoluntary export from the parent estuary have been 

investigated in particular detail in the mud crab, Rhithropanopeus harrisii, as a model 
species. These comprise endogenous, tidally entrained rhythms of larval release (see For-
ward et al. 1982, Forward & Lohmann 1983), behavioral responses of the larvae to eco-
logical key factors, and diurnal and tidal changes in the horizontal or vertical distribution 
(Cronin 1982, Lambert & Epifanio 1982, Cronin & Forward 1982, 1983, 1986). Based on 
those data, models of the principal retention mechanisms have been proposed, with par-
ticular consideration of passive hydrographical transport processes (Chen et al. 1997, 
Shen et al. 1999). 

Egg hatching rhythms are an especially important component of both the the export and 
the retention strategy. In the former, a fast downstream transport of freshly hatched larvae 
with outflowing ebb tides is essential to reduce the exposure to physiological stress and/or 
predation pressure, whereas the retention strategy implies preferential hatching during in-
coming flood tides. Nevertheless, also some species that are considered as typical exam-
ples of a retention pattern (for instance Rhithropanopeus harrisii) may initially show a 
downstream export of their larvae, although to a lesser extent than the typical exporting 
species. Adult mud crabs live commonly in oligohaline zones, at salinities below 5‰. Al-
though the larvae of this species are quite euryhaline, the osmotic conditions in the parent 
habitat are physiologically too stressful to allow for a successful development to meta-
morphosis (Costlow et al. 1966). As an evolutionary adaptation to this situation, the larval 
exposure to unfavourably low salinities is minimized by circatidal rhythms of egg hatch-
ing. Maximum rates of larval release were observed at high tide, ensuring a limited initial 
downstream transport of the zoea I (Forward et al. 1982). Later, this partial export is ter-
minated through vertical migrations of the larvae in the water column, which tend to cen-
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ter on depths of no net flow, reducing the horizontal transport during the period of plank-
tonic development. This mixed pattern of partial export and subsequent retention is note-
worthy, as it shows again that there are transitions between the principal strategies, which 
thus appear to represent extremes in a continuum rather than strictly dichotomous life-
history patterns. 

A simple conceptual model of larval retention in estuaries is shown in Figure 10.8. Re-
tained larvae show behavioral patterns of vertical migration that are opposed to those of 
exported species. In general terms, the vertical position is primarily controlled by tidal cy-
cles and associated factors. During ebb tide, the larvae tend to avoid the outflowing sur-
face layers, staying closer to the bottom where the currents are usually weaker. An ascend 
follows during flood tide when inflowing currents predominate, transporting the larvae in 
an upstream direction. These vertical and horizontal migration patterns are in phase with 
and appear to be reinforced by tidally induced vertical water movements. As a result of 
this combination of active and passive mechanisms, the zoeae are transported back and 
forth within the estuary, without leaving it. One might expect that, during the time of de-
velopment through successive stages, the planktonic larvae should gradually move to-
wards the mouth of the estuary. However, the retention mechanisms in Rhithropanopeus 
harrisii are actually so effective that its larvae are increasingly concentrated in upstream 
areas (Cronin 1982). Eventually, the megalopa switches to a semibenthic behavior, further 
enhancing the tendency of upstream transport with inflowing near-bottom currents. 

In addition to circatidal egg hatching rhythms, there are also circadian rhythms in larval 
release of Rhithropanopeus harrisii (Forward et al. 1982). Most larvae hatch at night, re-
ducing the immediate mortality by fish predation. However, this mechanism helps the 
freshly hatched zoeae to survive only during the first few hours of their pelagic life. Later, 
this problem must be resolved by means of diurnal vertical migrations, resulting in an 
avoidance of the surface layer during daylight. As an additional, morphological adaptation 
to intense predation pressure in estuarine environments, the larvae of R. harrisii and other 
species of the retention type have evolved long carapace spines, hindering small plank-
tivorous species and early developmental stages of fish to catch and swallow them (Mor-
gan 1990, 1995a; cf. section 10.1.6; Fig. 10.3). 

Palaemonid shrimps are another example of decapod crustaceans that commonly live in 
estuarine habitats. World-wide, numerous palaemonid species have invaded the upper 
parts of estuaries, rivers, and various other brackish and freshwater environments. Al-
though most of them follow an export strategy, some species retain their larvae in estua-
rine zones, and a few have fully adapted to freshwater. It appears that the retention strat-
egy is a transitional step in the life-history adaptation to non-marine conditions, and 
hence, in the evolutionary conquest of freshwater systems by originally marine decapods. 

In fully riverine species, a potentially irreversible advection of pelagic larvae and a low 
or unreliable plankton production are considered as important selection factors against a 
planktonic and planktotrophic mode of larval development (for review see Anger 1995a). 
Thus, limnic conditions have favoured the evolution of abbreviated types of larval devel-
opment, lecithotrophy, and eventually, direct development (see sections 2.4, 5.1). In pa-
laemonid shrimps of the Amazon basin, for instance, larval development occurs in fresh-
water, but it is generally abbreviated (or highly “advanced”; Gore 1985). The few 
remaining larval stages are lecithotrophic and show benthic (or demersal) rather than pe-
lagic behavior (see Magalhães & Medeiros 1998, and earlier papers cited therin). The 
same type of development was observed also in freshwater shrimps from several other 
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geographical regions including Australia (Fielder 1970), southeast Asia (Wong 1989), and 
Mexico (Villalobos & Álvarez 1999, Román et al. 2000, Signoret et al. 2000), which sug-
gests similar selective pressures. 

Palaemonetes argentinus is in this context a particularly interesting species. In a popu-
lation that lives in freshwater rivers and ditches adjacent to a brackish coastal lagoon (Mar 
Chiquita, Argentina; see Spivak 1997), as well as in an inland population from a fresh-
water lake, preliminary laboratory experiments (unpubl. data) have shown that the larvae 
develop successfully under brackish conditions ranging from 1 to 25‰ salinity, in both 
cases with an apparent optium at about 5-15‰. In seawater (32‰), both populations show 
complete mortality already in first zoeal stage. In freshwater (<0.5‰), the larvae from 
Mar Chiquita are able to survive for a few weeks and to develop through several stages, 
but without reaching the juvenile phase. These observations suggest that a limited export 
of the early zoeae out of the limnic or oligohaline parent habitat into Mar Chiquita logoon 
must take place, without reaching the adjacent sea (similarly as in Rhithropanopeus har-
risii). This is confirmed by field observations (Anger et al. 1994), which show that the 
larvae of P. argentinus are generally retained within the brackish zone (1-25‰). Larvae of 
the lake population, in contrast to those from Mar Chiquita, can survive and develop to 
metamorphosis in freshwater, although with an enhanced mortality and delayed develop-
ment as compared to brackish conditions. In freshwater lakes where no larval export is 
possible, there may thus be an incipient evolution of a truely limnic clade with freshwater-
tolerant larvae, similar as in some palaemonid species from Japan (see Mashiko & Nu-
machi 2000; cf. section 10.1.2). However, also the lake population of P. argentinus shows 
a conspicuous preference for larval development under brackish conditions, which sug-
gests that this shrimp species has only recently invaded freshwater. Thus, a possible proc-
ess of adaptive radiation is here, on an evolutionary scale, in a very early stage. 

10.4 Development in land-locked habitats 

We should recall here that about 1,000 among the approximately 10,000 known decapod 
species have conquered freshwater environments, and ca. 100 have adapted to life on firm 
land (Burggren & McMahon 1988, Hartnoll 1988a). However, many limnic and most of 
the terrestrial forms have not fully emancipated from the ancestral environment of the De-
capoda, the sea. Most of these species follow a typical export strategy, i.e. their recruit-
ment depends on a successful return of late larval or early juvenile stages from adjacent 
coastal marine regions and thus, on a recurrent conquest of the parental habitat by succes-
sive generations. This is in contrast to the alternative strategy evolved by most of the fully 
limnic decapods, including all crayfishes (Astacidae, Cambaridae, Parastacidae) and the 
true freshwater crabs (all 11 families of the Potamoidea). These develop within the attach-
ed eggs to juveniles, i.e. without passing through pelagic larval stages, remaining in the 
parental benthic habitat. 

In order to better understand, or at least to imagine, the possible course of life-history 
evolution in, by origin, marine decapod crustaceans that have conquered freshwater or 
land, it should be interesting to look at transitional developmental patterns rather than only 
at the extremes of marine planktonic vs. direct development. Intermediate life-history pat-
terns occur in several limnic shrimp species that have retained a larval phase in fresh-
water, although with a tendency towards an abbreviation. Examples of a complete emanci-
pation from the sea in combination with a conserved larval phase have been found also 
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among the terrestrial and semiterrestrial crabs (Hartnoll 1988a, Anger 1995a). Since this 
life style excludes a larval development in the adult habitat, i.e. on dry land, these species 
must have evolved special reproductive and developmental adaptations. As a typical trait, 
they may release their larvae in particular land-locked “breeding” habitats with small wa-
ter reservoirs. Unlike estuaries, those aquatic microhabitats are isolated from the sea and 
often characterized by physically and nutritionally extreme conditions. Since such unusual 
environments select for non-marine adaptations in the larval stages, the life histories of 
these species show traits of a retention strategy. On the other hand, the “breeding” habitats 
are not necessarily identical with those where the adults normally thrive in, and hence, this 
life-history pattern has also some characteristics in common with an export strategy. 
Hence, this particular type of life-history does not appear to fit into the classical scheme of 
export and retention. 

10.4.1 Supratidal rock pools 
Among the Decapoda, the brachyuran crabs show the greatest variability in life style, in-
cluding freely living and commensal as well as marine, estuarine, freshwater, and terres-
trial forms. The crab family Grapsidae (recently proposed to split in several new families 
comprising the taxon Grapsoidea; see Schubart et al. 2000) is a particularly good example 
of this biological diversity and adaptability. Being among the most successful invaders of 
non-marine habitats, the grapsids belong to the typical inhabitants of amphibious envi-
ronments such as the intertidal fringe of oceans and estuaries, salt marshes, and mangrove 
swamps (for refences see Anger 1995a). Many species in this taxon tend to follow a reten-
tion rather than an export strategy, i.e. to adapt their entire life cycle to stressful or vari-
able physical conditions. 

Among the grapsid crabs, the semiterrestrial species Armases miersii is an example of 
extreme adaptability in physiological and life-history traits. This species was morphologi-
cally described one century ago (Rathbun 1897), but its life history has remained widely 
unknown until recently. On the fissured limestone coast of northern Jamaica, the adult 
crabs live hidden in crevices, between mangrove roots, and in other cryptic habitats near 
the water edge. They occur also on subtidal rocks, i.e. submerged in oceanic water, as well 
as in coastal limestone caves with brackish or freshwater. A. miersii is active at night, for-
aging in rock pools that remain largely isolated from the sea, well above the high water 
mark. This type of habitat is characterized by unpredictable, sometimes extreme short-
term and small-scale local variability in salinity, temperature, oxygen concentration, pH, 
solar radiation, and productivity. These conditions depend primarily on the height above 
the water level (i.e. the frequency of seawater spray or intrusion), the local position (dura-
tion of shadow from mangrove trees or exposure to direct sunlight), and current meteoro-
logical conditions (evaporation, rainfall). Variations in temperature and salinity observed 
in one of these rock pools during a 10-days period are shown as an example in Figure 
10.9. Only recently, the ovigerous females of A. miersii were observed to release their lar-
vae not into the adjacent sea, as could be expected, but in those supratidal rock pools (An-
ger & Schultze 1995, Anger 1995b, c, Schuh & Diesel 1995a). 
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Figure 10.9. Physical conditions and in-situ larval development in the land-locked “breeding” habi-
tat of a grapsid crab, Armases miersii (supratidal rock pool, Discovery Bay, Jamaica; April 1993); 
[a] water temperature, [b] salinity, [c] larval development (molts indicated by arrows) and growth 
(carbon content per individual), with and without experimental addition of Artemia spec. nauplii 
(redrawn after Anger 1995c). 

Highly variable and often extreme physico-chemical conditions in this foraging and 
“breeding” habitat must have selected for physiological adapations in all life-cycle stages 
of this crab species. Recent investigations have shown that adult Armases miersii belong 
to the most efficient osmoregulators among the decapod crustaceans, being able to main-
tain an almost constant hemolymph osmolality at salinities ranging from at least 10 to 
33‰ (Charmantier et al. 1998, Schubart & Diesel 1998). The regulatory mechanisms de-
velop early in ontogeny: when the zoea I hatches from the egg, it is already a strong hy-
perregulator, and the adult pattern (hyper-hypo-osmoregulation) is acquired at the mega-
lopa stage (Charmantier et al. 1998; for details, see section 10.1.2). Consequently, the 
larvae and early juveniles of this species can develop within a wide range of salinities (5-
50‰; Anger 1995c, 1996a, Schuh & Diesel 1995b). Moreover, the larvae are tolerant of 
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low oxygen concentrations (down to 30% saturation) and high temperatures (up to 38°C; 
Schuh & Diesel 1995a). 

The bottom of the rock pools, where adult and juvenile crabs were observed foraging at 
night, is often overgrown by small, fast-growing filamentous algae and, in deeper parts 
and crevices, it is covered with a layer of detritus from decaying mangrove leaves, soil 
particles, dead insects, etc. However, the ephemeral character (i.e. short or variable dura-
tion) of such habitats and high variability in physico-chemical conditions preclude a pre-
dictable development of plankton communities. In the water column where the pelagic 
zoeae of Armases miersii are normally observed swimming, evenly distributed or concen-
trated near the surface (Schuh & Diesel 1995a), planktonic organisms that might serve as 
a potential food source for crab larvae were found only rarely. As an exception, shortly af-
ter rainfalls appeared occasionally dense populations of freshwater cladocerans in previ-
ously dry rock pools, most probably originating from resting eggs. However, A. miersii 
larvae have not been observed to occur in those recently rain-filled rock pools. 

These observations of generally severe planktonic food limitation and extreme nutriti-
onal and physical incertainty were confirmed in a study of ten Jamaican nursery rock 
pools (Schuh & Diesel 1995a). Although the authors drew quite surprising conclusions 
from their results (claiming “generally high food availability” and interpreting lecitho-
trophy as an adaptation to a variable salinity regime), their own data confirm clearly that 
the water column lacks in general potentially suitable and accessible food items for plank-
totrophic crab larvae. Among the potential food organisms observed, cladocerans showed 
a suitable size, but these were found only occasionally (in one out of ten rock pools stud-
ied), and they occurred not in the water column but exclusively in the detritus layer on the 
bottom, hardly accessible to the planktonic crab larvae. Moreover, cladocerans (presuma-
bly limnic species with resting eggs) were observed exclusively at extremely low salinities 
(ca. 2‰), which excludes a coexistence with developing A. miersii zoeae (see Anger 
1996a, Schuh & Diesel 1995b). Similarly, most of the other potential prey organisms oc-
curred, if at all, in the benthic detritus layer rather than in the water column (e.g. ostra-
codes), or they were too small and fast-swimming to be efficiently captured by relatively 
large and slow zoeae (e.g. benthic harpacticoids; for constraints of functional mouthpart 
morphology, prey size, and prey behavior, see section 5.2.2). 

It is generally accepted that such extremely patchy and, on average, poor nutritional 
conditions select for the production of fewer and larger offspring, and an enhanced mater-
nal investment in the energy reserves of eggs and larvae (see e.g. Gliwicz & Lampert 
1993, Winemiller & Rose 1993, Anger 1995a). Hence, it is not surprising that special re-
productive adaptations have evolved in this peculiar nursery habitat (Anger 1995b, c, 
Schuh & Diesel 1995b). Compared with its closest relatives, Armases miersii produces 
fewer but larger eggs with greater amounts of yolk (i.e. enhanced female energy invest-
ment per offspring), and the larvae pass rapidly through only three zoeal stages, whereas 
all other known Armases species have four (abbreviated larval development in terms of 
both the number of stages and duration of development (cf. Anger 1995a, Zimmermann-
Ruf 1997, Cuesta et al. 1999, Cuesta & Anger 2001). Thus, enhanced energy reserves re-
maining from the egg yolk reduce the dependence on planktonic food, while an abbrevi-
ated mode and a fast rate of development reduce the duration of exposure to nutritional 
and physical stress. By comparison, other crab species which co-occur as adults but do not 
reproduce in the same habitat lack comparable reproductive adaptations (e.g. Pachygrap-
sus spp., Grapsus grapsus, Cyclograpsus integer, Geograpsus lividus, Armases ricordi, 



The Biology of Decapod Crustacean Larvae  305 

Aratus pisonii). None of these species, which produce large numbers of small eggs, has 
been observed to release larvae in supratidal rock pools, not even in those with temporar-
ily suitable salinities (Schuh & Diesel 1995a). 

Laboratory experiments showed that the degree of nutritional independence in the first 
two zoeal stages of Armases miersii comes close to full lecithotrophy; under conditions of 
starvation, the larvae were able to develop from hatching to the zoea III stage, exclusively 
relying on their remaining yolk reserves (Anger 1995b). The zoea III and the megalopa, in 
contrast, depend increasingly on food. When some prey is available, at least for a short 
transitory period in one of the preceding instars, also the zoea III and the megalopa attain 
the capability to develop without further food supply through metamorphosis. With this 
high endotrophic potential, the larvae of A. miersii are well adapted to development in a 
“breeding” habitat with typically scarce and variable food production. 

Recent observations suggest that this far-reaching, yet limited reproductive adaptation 
to food limitation is complemented by further adaptative traits. Firstly, the megalopa is 
only during the initial phase of its molting cycle an active swimmer; it shows soon an in-
creasingly benthic behavior. Hence, the terminal larval stage has in its natural habitat ac-
cess to the detritus layer with its associated microfauna and microflora. Secondly, the zoea 
III stage and the megalopa show an increasing tendency of cannibalism, especially when 
earlier zoeae are available as prey (Anger 1995c). This occurs quite frequently in the natu-
ral “breeding” habitat, due to multiple and successive release of larvae from different fe-
males. During scarcity of other prey, younger larvae may thus be a common food source 
for older conspecifics, so that intraspecific predation becomes a nutritional buffer, compa-
rable with nurse eggs. A multiple utilization of a single rock pool as a breeding habitat for 
several females should occur more frequently when the density of the adult population ex-
ceeds a critical level. Thus, the intraspecific competition for rock pools and, consequently, 
larval cannibalism of older on younger stages should be density-dependent processes that 
may be important in the regulation of Armases miersii populations. 

As to the evolution of this peculiar life-history pattern, it can be speculated that adult 
foraging in supratidal rock pools may have played a key role during the initial phase. This 
semiterrestrial habitat offers a mixture of continually trapped and deposited detritus with 
an associated microfauna, benthic algae, and larger food items such as leaf fragments, 
dead insect bodies etc., representing a reliable and concentrated benthic food source that is 
normally unaccessible to marine species. The exploitation of this niche might thus have 
evolved in response to predation pressure and/or high competition for food among crabs 
in the upper intertidal zone. 

Larval release within this foraging habitat should have been the next step in the ter-
restrialization of this omnivorous and highly adaptable species. While the feeding condi-
tions in supratidal rock pools remained suitable for juvenile and adult crabs, the lack of a 
reliable plankton production selected for larger egg size (implying reduced fecundity), ab-
breviated and accelerated development, and an enhanced endotrophic potential in the early 
larval stages. The intermediate developmental mode of facultative lecithotrophy appears 
to be a finely tuned evolutionary adjustment to conditions of scarce and unreliable but in 
principle existing food sources. It provides the larvae with sufficient tolerance of nutri-
tional stress, without requiring the maximum female energy investment into offspring 
production. Full lecithotrophy would require a further enhanced energy investment into 
reproduction, and it would constrain larval growth (see section 6.3.2), probably without 
increasing the chance of survival. In a highly unpredictable habitat like supratidal rock 



306 Klaus Anger 

pools, facultative lecithotrophy gives the larvae the maximal nutritional flexibility, allow-
ing for successful development when food is scarce, but also for successful resource ex-
ploitation and maximal larval growth when food is transitorily or locally abundant. Facul-
tative lecithotrophy, intraspecific variability in starvation tolerance (Anger 1995b), as well 
as density- and resource-dependent cannibalism of older on younger larvae (Anger 1995c) 
represent traits of a bet-hedging strategy (see Philippi Seger 1989; for recent review see 
Schwartz & Jenkins 2000). I suggest that such highly flexible strategies are crucial in 
transitional steps of the evolution of non-marine decapod species. 

In addition to facultative lecithotrophy, euryhalinity, and eurythermality, the larvae of 
Armases miersii evolved, presumably as another adaptation to the physical conditions in 
their demanding land-locked “nursery” habitat, also an unusually strong pigmentation. 
This should protect the larvae against intense solar UV radiation (see section 10.1.3.3). 
While all these traits undoubtly aid to increase the survival of larvae in supratidal rock 
pools, they would severely decrease the chances of survival in the adjacent coastal plank-
ton. Most other crab species which live in the same habitat as A. miersii but release their 
larvae into the sea, produce high numbers of small, transparent, and fast-swimming larvae, 
most probably in response to selective pressure by continuously high abundance of plank-
tivorous fishes (Anger 1995a). It is thus likely that pelagic predation pressure in shallow 
coastal waters participated in the evolution of this particular reproductive mode. After the 
appearance of special larval adaptations to the conditions in supratidal rock pools (in par-
ticular after attaining large egg size and abbreviated larval development), this selective 
force should have precluded a return of this species to, or a simulaneous occurrence of, 
the marine planktotrophic mode of development. Concomitantly persisting selection pres-
sure from physically extreme and nutritionally unpredictable conditions in the “breeding” 
rock pools should have stabilized the direction of this evolutionary trajectory. 

Armases miersii has been used here as an example of transitional life-histories in crabs 
that reproduce in land-locked habitats, because numerous observations have recently be-
come available for this species. Similar traits have been found in another grapsid crab, 
Sesarma curacaoense, which lives and reproduces in mangrove swamps on Jamaica and 
other Caribbean islands (Anger 1995d, Anger & Schultze 1995, Schuh & Diesel 1995c). 
According to preliminary observations, this applies also to another closely related species 
from coastal mangrove swamps of continental South America, S. rectum (see Table 5.1). 
Within the subfamily Sesarminae (or family Sesarmidae; Schubart et al. 2000), these spe-
cies are phylogenetically close to the ancestor that gave rise, about four million years ago, 
to the adaptive radiation of endemic crabs on Jamaica (Schubart et al. 1998). Hence, the 
reproductive and developmental adaptations found in A. miersii, Sesarma spp. and, possi-
bly, in other species reproducing in land-locked habitats may serve us here as a model of 
intermediate stages that may have been passed during the course of an evolutionary proc-
ess which produced various fully limnic and terrestrial species. Their unusual life histories 
will be discussed in the following section. 

10.4.2 Adaptive radiation: the Jamaican case 
There are at least two geographical regions world-wide where grapsid crabs have under-
gone a conspicuous adaptive radiation, one in the Indo-Pacific (Malaysia, Indonesia), the 
other on the island of Jamaica. In both regions, a number of endemic species live and 
breed in limnic or terrestrial habitats, entirely emancipated from the ancestral environ-
ment, the sea. While little is known about the biology of the endemic southeast Asian 
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crabs (for taxonomy, adult ecology, and distribution see Sèrene & Soh 1970, Ng 1988, 
1992), the Jamaican grapsids have been studied in more detail since a few decades (e.g. 
Hartnoll 1964, 1971b, 1988a, Abele & Means 1977, Anger & Schuh 1992, Anger 1995a, 
Schubart et al. 1998, 2000). Their special life-history adaptations may serve us here as an 
illustrative model of at least one possible, or maybe typical, trajectory in the evolution of 
non-marine decapods in general. 

According to morphological analyses, all endemic Jamaican species of Sesarma as well 
as the genus Metopaulias (comprising a single species, M. depressus) originate from a 
common ancestor which was closely related to the extant species Sesarma curacaoense 
(Hartnoll 1964). This is corroborated by similarities in their life-history traits. S. curaca-
oense, M. depressus, as well as all endemic Sesarma species have, as far as this is known, 
an abbreviated mode of larval development with only two zoeal stages, while all other 
West Atlantic Sesarma species have three (Rabalais & Gore 1985, Anger et al. 1995). 

The monophyly of this group of species is supported by recent evidence from molecu-
lar genetics. Since also regional geological events such as the closure of the Panama land-
bridge and the emergence of Jamaica are well documented and dated, the now available 
data of genetic distances allowed for calibrating a “molecular clock” (Schubart et al. 
1998). This technique suggests that the separation of the endemic Jamaican lineage from a 
marine ancestor occurred approximately 4.5 million years ago. The speciation process on 
the island began about 1.1 million years later, continuing throughout the Late Pliocene 
and Pleistocene epochs. At present, nine endemic Jamaican grapsid crab species are dis-
tinguished, eight of which are assigned to the genus Sesarma, one to Metopaulias. The lat-
ter, however, is so closely related with the other species in this group that it should proba-
bly better be included in the genus Sesarma (Hartnoll 1964, Schubart et al. 1998). The 
absence of similar adaptive radiations on comparable islands such as Cuba or Hispaniola 
and in continental South and Central America may be explained by competition or preda-
tion by potamid freshwater crabs, which are absent on Jamaica. 

Four of the endemic species have been found exclusively in streams (Sesarma dol-
phinum, S. fossarum,  S. bidentatum, one yet undescribed Sesarma species), one occurs in 
both streams and limestone caves (S. windsor), one is exclusively cavernicolous (S. ver-
leyi), and the others are largely terrestrial (Metopaulias depressus, S. jarvisi, S. cookei). 
Except for a brief description of larval morphology in S. bidentatum (Hartnoll 1964), next 
to nothing is kown about the life-histories of the limnic Sesarma species from Jamaica. It 
is likely that their larvae develop inside the maternal caves that are dug in river banks, but 
direct evidence is lacking. In future studies, the application of endoscopic techniques (see 
Walters et al. 1999) may virtually allow for deeper insights. 

Since Sesarma curacaoense is considered as the closest relative of the ancestor, from 
which the adaptive radiation on Jamaica took its origin, we should briefly review the sali-
ent traits of its life-history. This semiterrestrial species occurs on several islands in the 
Caribbean region, living mostly in coastal mangrove swamps with a limited exchange 
with the adjacent sea. As far as we know, its larvae are retained within the amphibious pa-
rental habitat, where ample variations in temperature and salinity occur and plankton pro-
duction is unpredictable (Schuh & Diesel 1995c). Hence, their typical habitat shows simi-
larities with that of Armases miersii and, in consequence, has selected for similar 
adaptatve traits. This includes large egg size, an abbreviated and rapid larval development, 
facultative lecithotrophy throughout the zoeal phase, and intraspecific variability in the 
quantity of yolk reserves (see Anger & Schultze 1995, Anger 1995d). Moreover, the on-
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togeny of osmoregulation is similar as in A. miersii, with a conspicuous capability of hy-
perregulation from hatching and the appearance of the adult hyper-hyporegulation pattern 
in the megalopa (Anger & Charmantier 2000). 

These flexible reproductive and developmental traits (consistent with bet-hedging 
strategies) should have been crucial in the evolution of the endemic Jamaican crab spe-
cies. As suggested for Armases miersii, the invasion of isolated terrestrial and limnic habi-
tats by the ancestral stock implied presumably a continued selection for successively en-
hanced female energy allocation per offspring (i.e. increasing size of eggs and larvae, 
increasing lecithotrophy), an early attainment of osmoregulatory capabilities, and dark 
larval pigmentation as a protection against UV-radiation in the very shallow aquatic habi-
tats of the mangrove zone. Once the larvae showed those non-marine adaptations, preda-
tion pressure from planktivorous coastal fish as well as other marine factors selected 
against an export strategy and thus, must have stabilized this evolutionary trajectory. 

 In the newly evolved species, the advanced adaptation of all life-cycle stages to non-
marine conditions reduced their dispersal capabilities and hence, their spread to other Car-
ibbean islands; as a consequence, they remained endemic on Jamaica. Interestingly, how-
ever, the coastal species Sesarma curacaoense and A. miersii show a wide geographic dis-
tribution, although the short duration of their pelagic larval phase as well as other 
reproductive traits should preclude a dispersal by means of oceanic larval transport. 
Hence, it is likely that the dispersal of these species depends on an occasional transport of 
juvenile or adult crabs clinging to floating mangrove branches, drifting algae or other de-
bris, rather than by freely swimming larvae (cf. observations by Wehrtmann & Dittel 
1990, Holmquist 1994, Schwamborn & Bonecker 1996). Also in other Caribbean species, 
including terrestrial forms, has “island-hopping” been a frequent mechanism of dispersal 
(Donelly 1989). 

Among the terrestrial species, the “bromeliad crab”, Metopaulias depressus, has been 
studied most intensively. It lives on forest-covered karst hills in the interior of Jamaica, 
normally associated with large bromeliad plants (Achmea paniculigera, occasionally 
Hohenbergia spp.; see Fig. 10.10). Its reproduction takes place during the rainy season 
(mainly February through April), when the leaf axils of the bromeliads are filled with wa-
ter. The larvae are released in these small natural “aquaria”, where they develop through 
two nonfeeding zoeal stages and a facultatively lecithotrophic megalopa (Anger & Schuh 
1992). Full lecithotrophy in the freely swimming zoeae is clearly an adaptation to practi-
cally complete lack of plankton production in the small water reservoirs that are temporar-
ily collected in leaf axils. The megalopa, in contrast, shows exclusively benthic behavior 
and thus, has access to sessile protozoans and decaying plant and animal debris. In addi-
tion, the mother animal has been reported to carry sometimes food items into the brood 
axils (Diesel 1992). Yet, an extremely high maternal energy investment into offspring 
production and, consequently, high amounts of yolk persisting throughout larval devel-
opment suggest that the availability of suitable food sources is generally unreliable in this 
“nursery” habitat. With its enhanced endotrophic potential, the megalopa can reach meta-
morphosis in complete absence of food, although with greatly reduced lipid reserves (An-
ger & Schuh 1992). Severe planktonic food limitation selected for additional bioenergetic 
adaptations. Compared with most other decapod larvae, the zoeae of M. depressus show 
an economical production (or an enhanced resorption) of cuticle material (Anger & Schuh 
1992). The megalopa, in contrast, which depends less on the saving of internal energy re-
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serves, as it can rely on some external benthic food sources, shows a higher energetic in-
vestment in its exoskeleton. 

As another adaptation to their physically harsh habitat, the larvae of Metopaulias de-
pressus have evolved a strong tolerance of low pH values (≤6); on the other hand, they 
became sensitive of slightly basic condidions (pH 8), which are typical of both seawater 
and the freshwater in karst regions, where the ancestors of this species should have lived 
successively (Anger & Schuh 1992, Diesel & Schuh 1993). This unusual response pattern 
reflects the physico-chemical conditions that the larvae typically encounter in rain water 
with decaying debris and large amounts of tannin and other acidic organic substances. As 
an additional (behavioral) adaptation to this chemically extreme milieu, the adult females 
were reported to carry empty snail shells into the leaf axils, presumably mitigating the 
conditions of low pH (Diesel & Schuh 1993, Diesel 1997). 

The evolution of maternal brood care is favoured, in general, in habitats where the 
early life-cycle stages are particularly endangered and where the competition for limited 
food resources is high (Wilson 1975, Grant 1983). Since these selective forces prevail also 
in land-locked habitats where the endemic grapsid crabs on Jamaica reproduce, this trait 
should be widespread within this group. This presumption is supported by observations on 
the terrestrial species Ssesarma jarvisi, which breeds in empty shells of the snail Pleuro-
donte spp. (Diesel & Horst 1995). The larvae develop in very small amounts (a few drops) 
of rain water that the females collect and carry into the shell. In occasional rearing ex-
periments, I observed two nonfeeding zoeal stages and a juvenile-like megalopa, which 
seems to eat decaying plant materials provided by the females. This suggests a similar de-
velopmental pattern as in Metopaulias depressus. 

In summary, the radiation of terrestrial and limnic grapsid crabs on the island of Ja-
maica, with an abbreviation but not a complete suppression of the larval phase, was possi-
ble with the evolution of various special life-history adaptations. These include modifica-
tions in both adult and larval behavior (including maternal brood care), an enhanced 
female energy investment in a reduced number of offspring (enlarged size of eggs and en-
hanced larval lipid reserves, allowing for various degrees of lecithotrophy), fully benthic 
megalopae (providing access to non-planktonic food sources), an early expression of os-
moregulatory mechanisms (salinity tolerance), and tolerance of unusual and extreme 
chemical conditions (low pH, low calcium and oxygen concentrations). These traits high-
light the great adaptability of decapod crustaceans, in particular of grapsid crabs, explain-
ing the great evolutionary success of this originally marine taxon in brackish, limnic, and 
terrestrial environments.  
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Figure 10.10. The bromeliad crab (Metopaulias depressus) in its typical habitat; top: large bottom-
living bromeliad plant in a dry forest-covered carst montain (Windsor, Jamaica); bottom: crab on a 
bromeliad leaf (photos: Anger). 

 

10.5 Settlement and metamorphosis 

Most of the presumably adaptive traits that we have identified in larval decapods appear to 
enhance the chance of survival in the plankton. However, there is another highly critical 
phase at the end of larval development, comprising the processes of settlement and meta-
morphosis. Only when the transition from the pelagic to the benthic environment has been 
passed successfully, can larvae contribute to recruitment and maintenance of adult popula-
tions. 

In most marine invertebrate larvae, the time of metamorphosis depends primarily on 
the duration of development from hatching to the onset of metamorphic competence, i.e. 
on the duration of the precompetent phase. This is principally controlled by genetic fac-
tors, but strongly influenced also by extrinsic variables such as temperature and food. The 
final developmental event, metamorphosis, is in many species induced by specific physi-
cal or chemical cues associated with the adult habitat. In the absence of such signals, set-
tling larvae may resume swimming and, within certain limits, delay their metamorphosis 
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to search for a more suitable substratum (e.g. Crisp 1974, 1976; Chia & Rice 1978, 
Pechenik 1990, 1999; Zimmer-Faust & Tamburri 1994).  

A settlement response to habitat-specific cues has been observed especially in compe-
tent larvae of sessile animals such as cirripedes, ascidians, or sessile polychaetes (for re-
cent references, see Lau & Qian 2001). After fixation to a substrate, these organisms can-
not possibly emigrate from a chosen site and, hence, their postsettlement survival depends 
crucially on the “right choice” of the time and place of metamorphosis. Although motile 
animals depend much less on a specific site of settlement, there is a rapidly growing body 
of evidence for a wide-spread occurrence of environmental cues that influence also their 
settlement and metamorphosis (McCormick 1999). In the following sections, I show ex-
amples of factors affecting the final phase of larval development in decapod crustaceans 
and discuss possible consequences for later (postsettlement) fitness of the benthic recruits. 

10.5.1 Settlement cues and timing of metamorphosis 
Behavioral and developmental responses to cues from potential sites of settlement have 
been studied relatively little in decapod crustacean larvae, probably because no such clear 
effects as in sessile marine invertebrates were expected. Recent investigations, however,  
have shown that also several species of larval decapods are able to delay their metamor-
phosis when specific stimuli are absent. For instance, some hermit crab species require a 
particular type and size of empty snail shell, otherwise they tend to postpone their meta-
morphosis and show an enhanced mortality (e.g. Harms 1992b, Harvey 1996, Brodie 
1999). The megalopae of Clibanarius longitarsus appear to represent an extreme case, be-
ing able to postpone their metamorphic molt for up to six weeks (Harvey 1992). In a por-
cellain crab, Petrolisthes cinctipes, metamorphosis may be delayed by about three weeks 
when stimulating cues are absent (in this case, chemical substances released by conspeci-
fic adults; Jensen 1991). 

Several physical and chemical properties of specific settlement substrates or of a type 
of environment (e.g. estuaries) have been identified as potential stimuli. In estuarine deca-
pod species such as the blue crab (Callinectes sapidus), low or decreasing salinity and 
several chemical cues associated with water of riverine origin, e.g. humic acids, were 
found to stimulate metamorphosis (Costlow 1967, Wolcott & de Vries 1994, Forward et 
al. 1997a, b, Fitzgerald et al. 1998). Also chemical cues from typical estuarine seagrasses, 
saltmarsh cordgrass and macroalgae had accelerating effects, while structural characteris-
tics of several other substrates (clean oyster shells, plastic rods or ribbons, glass rods) had 
no such influence (Brumbaugh & McConaugha 1995, Forward et al. 1996). In other spe-
cies, however, the structure of the substrate may be an important cue (Kenyon et al. 1999). 

In experiments with megalopae of mud crabs (Panopeus herbstii; Dittel et al. 1996, 
Weber & Epifanio 1996), fiddler crabs (Uca pugilator, U. pugnax; Christy 1989, 
O’Connor & Judge 1997), salt marsh crabs (Chasmagnathus granulata; Gebauer et al. 
1998), and mangrove crabs (Sesarma curacaoense; Walter 1993; Gebauer et al., submit-
ted), metamorphosis occurred earlier in the presence of the type of sediment that was typi-
cal of the adult habitat. When megalopae of a fiddler crab species, Illyoplax pusilla, were 
experimentally kept without the preferred substrate (sandy mud), the rate of mortality in-
creased and many of the resulting juvenile crabs showed malformations (Lim 1997). 

In an anomuran sand crab, Emerita talpoida, the settling stage is apparently not the 
megalopa but the last zoeal stage (Harvey 1993). When sandy substrates were lacking, it 
lengthened its molting cycle and showed reduced survival. Similar observations were 
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made in sand-dwelling thalassinid shrimps (Callichirus spp.; Strasser & Felder 1998, 
1999a, b). This suggests that, particularly in species living burried in sand of the shallow 
beach zone, the late zoeal phase might generally be more involved in the settlement proc-
ess than has been expected. 

Cues from the type of substrate that is preferred by adult conspecifics should, in gen-
eral, indicate favourable conditions for juvenile and adult life. In some cases, the decisive 
feature of the settlement substratum appears to be its suitability as a shelter from benthic 
or demersal predation, including cannibalism among newly recruited juveniles (Eggleston 
& Armstrong 1995, Hunt & Scheibling 1997). The first juvenile or “postlarva” (stage IV) 
of clawed lobsters (Homarus spp.), for instance, settles preferentially in dark crevices, es-
pecially on macroalgal-covered rocks (Botero & Atema 1982, Johns & Mann 1987, 
Boudreau et al. 1993a, Wahle & Incze 1997); unsuitable substrates cause a delay in set-
tlement and molting to instar V (Cobb 1968). Thereafter, burrows are used as a refuge 
from benthic predators (Lavalli & Barshaw 1986, Barshaw & Lavalli 1988). Another lob-
ster species, Nephrops norvegicus, settles preferentially on soft sediments, where it soon 
begins to dig in (Cobb & Wahle 1994). 

Similarly as in the settling stage of the clawed lobsters, the puerulus of spiny lobsters 
(e.g. Panulirus argus) settles preferentially at sites that are covered by macroalgae; these 
early juvenile habitats are in later juvenile instars exchanged for rock crevices (Butler et 
al. 1997). Also in the blue crab (Callinectes sapidus), the megalopa and the earliest juve-
nile stages prefer benthic macroalgae as an effective shelter; only later stages were found 
on vegetation free sediments where the adults live (Pile et al. 1996). In the absence of ref-
uges, the megalopae and early juveniles of this species were observed to suffer heavy 
mortality due to predation by caridean shrimps, older conspecifics, and other benthic 
predators (Olmi & Lipcius 1991, Moksnes et al. 1997). Likewise, the megalopae of a mud 
crab (Panopeus herbstii) were readily eaten by juvenile blue crabs, killifish, and grass 
shrimp when shelter was lacking, while they showed lower mortality after settlement in 
structurally complex habitats (Dittel et al. 1996). In the shore crab (Carcinus maenas), 
maximum settlement was observed on filamentous algae and in crevices of mussel 
clumps, where predation pressure was mitigated (Gottschalk 1994, Thiel & Dernedde 
1994, Moksnes et al. 1998). A protective effect of vegetation against fish predators was 
shown also in “postlarval” penaeid prawns (Penaeus esculentus; Kenyon et al. 1995). 

Predator avoidance is thus one of the principle aspects of substrate selection. This was 
shown also in field studies of substrate-specific recruitment and survival patterns in Dun-
geness crab (Cancer magister; Eggleston & Armstrong 1995, Banks & Dinnel 2000) and 
in a thalassinid shrimp (Neotrypaea californiensis; Feldman et al. 1997). Further evidence 
of predation as a key factor at settlement was provided in laboratory studies, where stage 
IV lobsters (Homarus americanus) responded with a delay of settlement to the presence of 
odors from predatory demersal fish (Boudreau et al. 1993a, b). 

While a negative response to the presence of predators is plausible as an evolutionary 
adaptation to predation pressure, also the opposite effect is conceivable. In a recent re-
view, Pechenik (1999) argued that the metamorphic response to particular chemical cues 
has the disadvantage that predators could adapt to this bevaviour and mimic such cues, so 
that competent larvae could be attracted as a potential prey. Some spiders, for example, 
can mimick sex pheromones of their insect prey (Stowe et al. 1987). Although comparable 
interactions with predators have not been found in decapod larvae or other marine inver-
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tebrates, similar examples of predator-prey coevolution might be discovered in future re-
search. 

As another important cue, chemical substances released by conspecific adult odors 
(pheromones) may stimulate metamorphosis (Jensen 1991, O’Connor 1991, Harvey 1996, 
O’Connor & Judge 1997, O’Connor & Gregg 1998, Fitzgerald et al. 1998, Gebauer et al. 
1998, Strasser & Felder 1998). In general, this mechanism should occur in species that 
prefer to settle near conspecific adults (gregarious settlement). Similar as in other, less 
specific odors originating from the adult habitat (e.g. from sediments or macroalgae), 
these signals indicate favourable conditions for growth and maturation. On the other hand, 
density-dependent cannibalism should select against this mechanism (Eggleston & Arm-
strong 1995, Hunt & Scheibling 1997, Moksnes et al. 1998), and thus, gregarious settle-
ment should not be expected to occur in highly aggressive and cannibalistic species such 
as the crab Chasmagnathus granulata. In this species, however, metamorphosis is stimu-
lated by contact with muddy sediments similar to those in the adult habitat, and this effect 
is further enhanced when it co-occurs with waterborne cues from adult conspecifics (Ge-
bauer et al. 1998). This response pattern reflects the ecology of this crab, which lives in 
dense aggregations in intertidal salt marshes with fine sediments (Spivak et al. 1994). The 
coexistence of early and late life-history stages, in spite of strong cannibalistic tendencies 
in this species, may be explained by fine-scale spatial segregation. Large juveniles and 
adult crabs live in deep burrows dug in muddy sediments, while the megalopae and early 
juveniles occur in shallow, usually wet depressions on the surface of the same habitat, 
usually near the adult burrows (Luppi 1999, Luppi et al., submitted). This segregation into 
ontogenetically changing microhabitats may reduce the chance of encounter and thus, the 
significance of intraspecific predation of adults and medium-sized juveniles on recruits. 
Intra-cohort cannibalism among recruits remains as a potential cause of mortality, but re-
cent experimental observations suggest that this is insignificant (Luppi 1999, Luppi et al., 
in press). 

The chemical nature of pheromones and other metamorphosis-stimulating cues has 
been studied for a long time in barnacles, molluscs, polychetes, decapods, and several 
other marine invertebrate taxa (Crisp 1974, 1976, Burke 1986, Rittschof & Buenaventura 
1986, Rittschof 1993, Boettcher & Tagett 1998). Only recently could, for the first time, 
the molecular structure of a water-borne invertebrate pheromone be elucidated in great de-
tail. “Attractin”, a cue involved in the reproduction of a marine gastropod, was chemically 
identified as a polypeptide with N-linked glycosylation, containing 21 % carbohydrates 
(Painter et al. 1998). Also recently, HPLC analyses revealed that the larvae of a sessile 
polychete species responded in the laboratory to dissolved free amino acids which had 
been identified in crude samples of conspecific colonies (Harder & Qian 1999). In barna-
cles, the neurotransmitters serotonin and dopamin, as well as certain peptides were shown 
to participate in the regulation of cyprid settlement (Yamamoto et al. 1999, Browne & 
Zimmer 2001). In decapods, to my knowledge only some substances involved in the 
chemical communication between the females and embryos at hatching were roughly 
characterized (see Rittschof 1992, Saigusa & Iwasaki 1999), while very little is known 
about pheromones that may stimulate settlement and metamorphosis. 

In a recent study with larvae of the mangrove crab Sesarma curacaoense (Gebauer et 
al., submitted), the duration of megalopa development was compared between experi-
mental treatments, in which the water was previously conditioned either with adult con-
specific (S. curacaoense), congeneric (S. rectum), or other related crabs belonging to the 
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same family (Grapsidae) but to different genera (Armases miersii, Chasmagnathus granu-
lata). Metamorphosis to the first juvenile crab occurred fastest in the megalopae that were 
exposed to conspecific adult-conditioned water, while it was delayed in the other treat-
ments, increasing in an order from S. curacaoense to S. rectum, A. miersii, C. granulata, 
and untreated control water. This pattern of decreasing response to metamorphosis-
stimulating adult odors is congruent with an increasing phylogenetic distance between 
these species (for phylogenetic relationships among the American grapsids, see Schubart 
et al. 2000). Thus, our observations suggest that chemically similar attracting factors 
(pheromones) are produced by closely related species, so that the chemical structure and 
the effectiveness of these cues may reflect the phylogenetical relationships within a clade. 

The capability of delaying metamorphosis in crustacean larvae is remarkable, as it im-
plies a modulation of the molting cycle. In laboratory experiments with several decapod 
species, the response to stimulating substrates was studied during differential periods 
within the molting cycle of the megalopa (Harms 1992b, Walter 1993, Wolcott & de Vries 
1994). In general, the megalopa responded to the cue already during the postmolt or in-
termolt stages, i.e. when it was still in the precompetent phase, showing an acceleration of 
the molting cycle. In most other marine invertebrate larvae, habitat-specific stimuli can be 
perceived only when the larvae have become competent and can react with an immediate 
initiation of metamorphosis (Pechenik 1990). Similarly as in previously described effects 
of nutrition and other extrinsic factors (e.g. temperature, salinity), molt-stage D0 might be 
a critical point also in the response of decapod larvae to metamorphosis-stimulating cues 
(see Wolcott & de Vries 1994). 

10.5.2 Delayed metamorphosis and postmetamorphic fitness 
In benthic species with particular habitat requirements, a flexibility in the timing of larval 
metamorphosis has primarily been considered as an advantageous selective trait, because 
it enhances the probability of locating a favourable settlement site (Thorson 1950, Crisp 
1974, Obrebski 1979). However, these potential benefits might be reduced or outweighed, 
when a delay of metamorphosis has also negative consequences for the postmetamorphic 
fitness, for example a reduction of juvenile survival or growth, or a delay in the onset of 
sexual maturity (Pechenik 1990, 1999). 

Effects of delayed metamorphosis have been experimentally studied in several marine 
invertebrate species, although very little in decapod crustaceans. Not surprisingly, nega-
tive consequences were observed in species with lecitotrophic larvae, for instance in bryo-
zoans, where a delay of larval metamorphosis implies a continued degradation of energy 
reserves and thus, causes retarded postsettlement development (Woollacott et al. 1989, 
Wendt 1996). Reduced survival and growth were observed also in juvenile polychaetes 
(Pechenik & Cerulli 1991) and barnacles (Pechenik et al. 1993). In species with feeding 
larvae, in contrast, a prolonged premetamorphic period does not necessarily affect the sur-
vival and growth of juveniles, because the settling stage may continue to take up food. 
This is corroborated by studies of metamorphosis in several marine vertebrate and inver-
tebrate species with planktivorous larvae (Victor 1986, Pechenik & Eyster 1989, Miller & 
Hadfield 1990, Cowen 1991). In a spionid polychaete, however, a reduction of juvenile 
growth after delayed metamorphosis indicated that postmetamorphic effects may occur 
also in species with planktivorous larvae (Qian et al. 1990). 
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Figure 10.11. Late effects of delayed metamorphosis, due to the absence of stimulating chemical 
cues during the megalopa stage, on juvenile growth in a grapsid crab, Chasmagnathus granulata; [a] 
carapace width (CW) in relation to the time of development after reaching the megalopa stage; [b] 
CW in successive juvenile crab instars; asteriscs: statistically significant differences in mean CW of 
crab instars I and II (*= P<0.05; **= P<0.01) (redrawn after Gebauer et al. 1999). 

 
 

Among the decapod crustaceans, a reduction of early juvenile growth was observed in 
a hermit crab species (Clibanarius longitarsus) reared in the absence of suitable snail 
shells (Harvey 1992). More recently, the costs of delayed metamorphosis were investigat-
ed in the crab Chasmagnathus granulata (Gebauer et al. 1999). In the absence of meta-
morphosis-stimulating signals, mortality and molt-cycle duration were significantly en-
hanced not only in the megalopa, but also in the first juvenile instar. In addition, the body 
size of early juvenile crabs was reduced after delayed metamorphosis, indicating that a 
prolongation of the larval phase represents a condition of physiological stress. Although 
the reduction of body size was only small, it was statistically significant in the first two 
instars, and it persisted consistently through the subsequent crab stages (Fig. 10.11). 
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Reduced postmetamorphic body size shows that the megalopa lost during the additional 
time of development significant amounts of energy, although it is a feeding stage. As a 
possible explanation, we must consider that the rates of both food uptake and growth de-
crease in most decapod larvae during the premolt phase of the molting cycle, even under 
constant and optimal conditions of food availability; these intrinsic patterns are presuma-
bly controlled by endocrine factors (see section 6.3.1). As a consequence, competent 
megalopae may fully “concentrate” on searching a suitable habitat rather than food. In ex-
treme cases, for instance in some hermit crabs and spiny lobsters, the settling stage (mega-
lopa, puerulus) is secondarily lecithotrophic, i.e. entirely nonfeeding. A prolonged pre-
metamorphic period with a reduced or ceasing feeding activity implies an increasing 
utilization of internally stored reserves and, in consequence, will reduce the postmeta-
morphic body size. Insofar, delayed metamorphosis may represent a condition of nutri-
tional stress in decapod crustacean larvae. 

In later juvenile instars of Chasmagnathus granulata, crabs with delayed metamor-
phosis were not able to catch up in development and growth with unstressed siblings, 
molting consistently later and with a slightly smaller body size. Laboratory observations 
have shown that juvenile C. granulata are highly cannibalistic, especially during ecdysis, 
and this behavior increases during growth through later instars (Luppi 1999, Luppi et al., 
in press). As an indirect consequence of delayed metamorphosis, delayed crabs are thus 
particularly vulnerable to intraspecific predation by earlier molted (i.e. already hardened) 
and larger-sized conspecifics (cf. Eggleston & Armstrong 1995, Hunt & Scheibling 1997, 
Moksnes et al. 1998). In addition, smaller juveniles are probably weaker competitors for 
food and refuges, which should further reduce their chances of survival and growth in the 
natural habitat (Hines 1986). Cannibalism among the “young-of-the-year”, especially of 
already settled juveniles on later settling megalopae, has recently been suggested as an 
important factor regulating recruitment in natural populations of commercially exploited 
Dungeness crab, Cancer magister (Fernández 1999). Also in more general terms, settling 
larvae and newly metamorphosed juveniles are at a particularly great risk during substrate 
exploration and immediately thereafter (Hines 1986, Morgan 1995a, Hunt & Scheibling 
1997), so that weakened individuals should be especially vulnerable to benthic predation. 
Thus, there are negative consequences of delayed metamorphosis which should select 
against it and, in consequence, constrain the limits of flexibility in the timing of metamor-
phosis. 
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11 CONCLUDING REMARKS 

In the concluding chapter of this volume, I will summarize open questions and prominent 
advances in our knowledge about the larval biology of the Decapoda. Traditional, exten-
sively studied aspects and recent discoveries in this wide, multidisciplinary field of life 
science will be contrasted with what I consider as major remaining gaps that deserve, or 
are likely, to become subjects of increasing efforts in future investigations. 

11.1 Morphology 

Within larval biology, the morphological study of developmental forms and pathways is 
the oldest line of research; it still continues to contribute significantly to our knowledge. 
Innumerable papers and several books have been published over the past two centuries, 
and new larval descriptions are added continually. Since improved cultivation techniques 
have become available in laboratories all over the world, we are now increasingly accu-
mulating morphological descriptions of the larvae of rare and “exotic” species from all 
climatic regions. This includes the tropical seas, where high species diversity has always 
been in contrast to relatively few data on larval biology; this gap has considerably de-
creased in recent years. Although larval descriptions are now available for numerous spe-
cies, especially from temperate regions of North America and Europe, we still need more 
studies of this kind, because many of the older papers lack details or do not comply with 
modern standards (Rice 1979, Clark et al. 1998). Standardization of larval descriptions 
becomes thus increasingly important, also in order to allow for including larval characters 
in taxonomic analyses of speciation, biogeography, and phylogenetic relationships (see 
e.g. Pohle & Marques 2000). 

As a remaining gap and as a challenge for future experimental researchers, the early 
postembryonic development of deep sea species is still little known. This is mainly due to 
logistic and technical difficulties in the experimental study of species that are adapted to 
enormous hydrostatic pressures. Recent success in rearing crab larvae from hydrothermal 
vent fields (Epifanio et al. 1999), however, shows that this problem may not generally be 
as great as we believed. This should encourage larval biologists who have access to such 
materials to try further experimental studies. We may expect to discover interesting new 
adaptive features in larval morphology, ecology and physiology of deep sea species. 

In the traditional research on larval morphology, developmental pathways and stage 
numbers have mostly been treated as constant, species-specific traits, although also devel-
opmental variability has frequently been reported, in particular for shrimps, prawns, and 
spiny lobsters. This had often been interpeted as an artifact of laboratory cultivation; 
meanwhile, however, we know that variability in the larval development of decapod crus-
taceans is much more widespread than previously acknowledged, both in the field and in 
the laboratory (see section 2.5). Arthur (2000) stessed the evolutionary significance of in-
traspecific variability in developmental characters “both within and between geographic 
populations”, saying that “this area is crucial, as all evolutionary novelties ultimately 
arise from intraspecific variation.” Naturally, this applies not only to morphological but 
also to physiological traits. They all underly selective pressures, and thus, are highly im-
portant in considerations of speciation and other evolutionary mechanisms. 
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Besides genetic variability among larvae originating from different females or popula-
tions, also environmental effects have been identified, indicating phenotypic plasticity. 
Hence, available larval descriptions must often be treated with caution, as in most cases 
we do not know the degree of intraspecific variability. In future research, it will thus be 
necessary to pay more attention to this potential source of error or premature generaliza-
tion, especially in caridean and penaeoid shrimp species, where the number and morpho-
logy of larval stages may vary greatly within a single species. Once we know more about 
morphogenetic effects of environmental factors such as temperature, salinity, and nutri-
tion, larval morphology might become another tool, in addition to physiological and bio-
chemical indices, for the evaluation of larval condition in the field. 

Variable and transitional patterns occur not only in developmental pathways of indi-
vidual taxa but also among modes of larval development, e.g. in the continuum between 
lecithotrophy and planktotrophy (see section 5.1). The occurrence of various degrees of 
facultative lecithotrophy (e.g. in some grapsid crab species), nonfeeding early larval 
stages (many palaemonid shrimps), and secondary lecithotrophy in late stages (some her-
mit crabs and spiny lobsters) shows that developmental patterns may be more complex 
and less constant than often believed. Also morphological transitions between zoeal and 
decapodid, or those between decapodid and juvenile stages, appear to be common in some 
taxa (especially in caridean shrimps), causing problems of definition of important terms 
such as “metamorphosis”. Such transitions are significant not only for our terminology, 
but also for considerations of life-history evolution and phylogenetic relationships. 

11.2 Anatomy, morphogenesis, molting cycle 

The anatomy of decapod larvae shows simpler features but is otherwise, in general, simi-
lar to that of the juvenile and adult life-history stages. An ontogenetically late appearance 
in advanced stages, or a gradual increase in complexity, is typical of all those traits which 
are not strictly necessary during the early planktonic phase of the life cycle, at least not 
with full functionality. This is obvious in the development of the reproductive system, but 
it applies to some extent also to gills, musculature and connective tissues, the circulatory 
system, parts of the digestive tract, and some cuticular and other integumentary structures. 
For various anatomical features such as the excretory organs, the organ of Bellonci, the 
mandibular organ, and the hemocytes, future studies should further elucidate the ontogeny 
of their structures, functions, and significance for larval life. 

The appearance of new tissues and organs is often associated either with the morphoge-
nesis of new appendages (e.g. new muscles and nerves in newly appearing pereiopods and 
pleopods), or with changes in the function of already existing appendages (e.g. tissue re-
organization in natatory cephalic or thoracopodal appendages that are becoming mouth-
parts), with new patterns of behavior (e.g. development of walking legs, concomitant with 
the semibenthic life style of the megalopa), or with the availability of new food sources 
(e.g. access to hard benthic food items, appearance of chelae and the gastric mill in mega-
lopae or juveniles). In all those developmental processes, neurogenesis and the expression 
of genes coding for ontogenetically new features are becoming increasingly important 
subjects in the anatomical research on larvae (see Harzsch et al. 1998, 1999b; Chan et al. 
1998). 

Among the organ systems that, in most Decapoda, develop gradually or become func-
tional only in late larval or early juvenile stages, gills and associated structures should be 
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among the prime subjects of future research. These anatomical features bear ion-transport-
ing tissues and cells, and thus, are of utmost importance for the appearance of osmo-
regulatory functions. The study of their ontogeny is crucial for the understanding of life-
history adaptations to non-marine (brackish, freshwater, and terrestrial) environments, es-
pecially in estuarine, semiterrestrial, and terrestrial species (Morris 2001). Significant ad-
vances should be possible through the application of histology, electron microscopy, and 
immunolocalization of key enzymes such as Na+-K+-ATPase (see Bouaricha et al. 1994, 
Lignot et al. 1999, McNamara & Torres 1999). 

In spite of their comparably low anatomical complexity, larval decapods show numer-
ous special adaptations to the pelagic environment. This is most conspicuously in their lo-
comotory and sensory organs, which differ significantly from the corresponding features 
of benthic juveniles and adults. Other specific larval traits can be found in the feeding ap-
pendages and in the digestive tract. Small protozoeal stages of penaeoid shrimps, for in-
stance, are largely confined to small algal food, which has generally a low protein content. 
Unlike in most other decapod larvae, exclusively or predominantly herbivorous feeding is, 
in this case, energetically efficient. This is partly due to special features in the functional 
morphology of the protozoeal mouthparts which allow filter-feeding. In addition, the pro-
tozoeae possess anterior midgut caeca, where proteolytic (mostly trypsin-like) digestive 
enzymes are produced. Together, these special morphological, anatomical and physiologi-
cal features compensate for an incomplete development of the hepatopancreas, scarcity of 
dietary proteins, and short gut evacuation time (Jones 1997a, b). Similarly, in euryhaline 
larvae an initially poor development of the gills may be compensated by other osmoregu-
latory tissues, which are predominantly located in the branchiostegites (Charmantier et al. 
1998). 

Another example of special adaptations to the planktonic life style can be seen in the 
construction of the compound eyes of early larval stages. At hatching, decapod larvae 
have in general apposition eyes (see section 3.3.5, Fig. 3.9). At least in shrimp and ano-
muran larvae, these eyes appear to have a particularly high resolution in the dorsal and 
posterior parts. These are facing upwards in the normal swimming position, allowing to 
scan the water column above. The anterior and ventral parts, in contrast, have a lower 
resolution but an enhanced sensitivity (in some species using superposition optics), which 
allows planktonic larvae to perceive weaker light signals from the water column below. 
These features are believed to aid in larval depth control and in the avoidance of pelagic 
predators (see Fincham 1988, Gaten & Herring 1995). 

The functions of several other presumable larval sensory organs, for instance those of 
Laverack’s “sensory dorsal organ”, and even the existence of detectors for salinity, pres-
sure, and gravity have remained subjects of speculation. Further comparative studies of 
anatomical and neuronal adaptations in relation to larval behavior (feeding, vertical migra-
tions, escape reactions) would thus be worth-while. 

Anatomical and, more conspicuously, morphogenetic changes are closely associated 
with the occurrence of successive molting cycles. Although this phenomenon has only lit-
tle been studied in larval crustaceans, we may assume that both the sequence of integu-
mentary changes and its hormonal control are similar as in juveniles and adults. The 
available evidence suggests that an antagonistic balance of neuropeptides from the eye 
stalk system, ecdysteroids from the Y-organ and, very likely, juvenoid substances from 
the mandibular organs are present at hatching, controlling the molting cycle and associ-
ated developmental processes throughout the larval phase. This generalization, however, 
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requires further experimental scrutiny, in particular as to the role of juvenile-hormone like 
compounds in larval development and metamorphosis, and possibly, also in osmoregula-
tion (for recent evidence in adult crabs, see Lovett et al. 2001). Gene probes and other mo-
lecular biological techniques should soon play an important role in their investigation (see 
e.g. Chan et al. 1998). 

In addition to descriptive analyses of the larval molting cycle and its hormonal control, 
the interference with other aspects of larval biology requires further investigation. This is 
particularly important for molt-cycle related and environmentally induced variations in 
behavior or in the rates of feeding, growth, metabolism, and energy partitioning. Studies 
of interrelationships between those aspects will greatly enhance our understanding of 
critical points within the molting cycle, and they may allow to construct more realistic 
stage-based rather than time-based models of developmental changes in bioenergetic and 
other physiological parameters of larval life. 

11.3 Bioenergetics 

Nutrition, growth, chemical composition, and metabolism belong to the most extensively 
studied aspects of larval biology. However, they were mostly studied as isolated para-
meters rather than in the context of overall energy partitioning. Information on changes in 
larval energy budgets is scarce, especially as to the efficiencies of conversion, assimilation 
and growth in response to environmental variables. This is in contrast to a great amount of 
available data on juvenile and adult bioenergetics, in particular for species with a high 
economic value for fisheries or aquaculture. In “postlarval” penaeoid shrimps, for in-
stance, numerous experimental studies of the uptake and partitioning of energy have 
greatly increased our basic understanding of growth and reproduction in relation to diet 
and several other factors (see e.g. recent papers by Rosas, Palacios, and their respective 
collaborators). Hence, one of the principal gaps in the available data on larval bioener-
getics is the lack of integrated studies of interrelationships among the major budget pa-
rameters; this applies in particular to effects of interacting environmental factors such as 
temperature, salinity or food, on bioenergetic efficiencies. Since such relationships may 
vary greatly among taxa, comparative studies are in this context particularly important, in-
cluding those on species with little or no economic interest. 

As another major gap, very little is known about molt-cycle related and other develop-
mental changes in single bioenergetic parameters, and even less on intrinsic changes in 
bioenergetic efficiencies. The variation of these parameters within a single molting cycle 
may be greater than the differences between the average levels in successive stages or 
even among different species. Hence, more attention should be paid to short-term onto-
genetic changes which are overlaying – and occasionally overriding – the effects of envi-
ronmental factors such as temperature, salinity, pollution stress, etc. 

Furthermore, bioenergetic data obtained in the laboratory have hardly been compared 
with those measured under field conditions. The species- and stage-specific natural food 
spectrum, needs for micronutrients, shifts in selectivity, and possible ontogenetic changes 
in the conversion of different food sources are little known, even from laboratory studies. 
Especially the nutritional significance of detrital aggregates (“marine snow”), the capture 
of large prey items, and possibly ectoparasitic behavior of phyllosoma larvae “riding” on 
medusae or fish fry should be interesting questions in future research on the natural larval 
feeding habits. As another little known phenomenon, comparative studies of larval growth 
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and biochemical composition suggest that “domestication effects” may occur in laboratory 
cultures (see Harms et al. 1994, Palacios et al. 2000). Potential differences between wild-
caught and artificially reared larvae should thus be studied in more detail and considered 
when extrapolations of laboratory data to field conditions are attempted. 

The bioenergetics, feeding, and behavior of deep sea species represent further open, 
and hence, promising subjects for future research. There are indications of lecithotrophic 
development and of unusual patterns of lipid composition in the larvae of hydrothermal 
vent shrimps (e.g. storage of wax esters instead of triacylglycerides; Pond et al. 1997). 
These traits were tentatively interpreted as adaptations to the combination of food-limited 
conditions, enhanced hydrostatic pressure, and low temperatures prevailing in this envi-
ronment. In vent crabs (Bythograea thermydron), on the other hand, a significant increase 
in body size from hatching to the megalopa stage (Van Dover et al. 1984, 1985) and toler-
ance of low hydrostatic pressure (Epifanio et al. 1999) indicate that larval development 
takes place in the water column, probably through an extended sequence of feeding stages 
and implying the utilization of photosynthetically produced energy. The same appears to 
apply to the vent shrimp Mirocaris fortunata (Tylor & Dixon 2000). The application of 
stable isotope techniques and analyses of stomach contents and gut pigments (see 
Schwamborn et al. 1999, Schwamborn & Criales 2000, Dittel et al. 2000, Vereshchaka et 
al. 2000, Chong et al. 2001, Perissinotto et al. 2001), as well as feeding experiments may 
show whether deep sea larvae depend, directly or indirectly, on the consumption of phyto-
plankton produced near the ocean surface, or rather on chemoautotrophic microorganisms 
associated with hydrothermal vents. 

Among the most poorly studied aspects of larval nutrition, we still know little about the 
extent and the mechanisms of digestive enzyme regulation in relation to rates of ingestion, 
assimilation, and gut evacuation. Also, the potential role of endosymbiontic microorganis 
in the larval digestive tract remains unknown. Newly developed immunological and other 
molecular techniques (see Bilodeau et al. 1999, MaKinster et al. 1999, Makridis et al. 
2000; for discussion of methodological limitations and failures see Mayfield et al. 2000) 
will facilitate the identification of prey items in larval stomachs or that of decapod larvae 
in the guts of higher predators, and they may show the presence of symbiontic bacteria in 
the gut or hepatopancreas tubules of larval decapods. As in deep sea species, the trophic 
role of decapod larvae and other meroplankton within pelagic communities, in general, 
may further be clarified using stable isotope techniques. 

As to larval growth, more comparative biochemical studies of the accumulation or loss 
of energy reserves are needed. Such investigations will show stage- and species-specific 
variation of nutritional vulnerability (or flexibility), and they will aid to quantitative esti-
mates of the physiological condition of larvae both in cultures and in the natural plankton. 
Potential condition indices can be derived from elemental (C:N) or lipid class composition 
(e.g. neutral lipids in relation to polar or total lipids), from concentrations and proportions 
of adenylate nucleotides (ATP, energy charge), nucleic acids (RNA:DNA ratio), or from 
measurements of the electron-transport system activity (ETSA) in relation to oxygen con-
sumption (“respiratory efficiency”). Metabolic quotients such as the O:N ratio and the Q10 
provide information on metabolic substrates or temperature dependence of metabolic 
processes, respectively. So far, most of these indices have been applied to holoplanktonic 
and benthic organisms, but hardly to meroplankton. Their experimental evaluation in lar-
val decapods represents thus another open and promising field for future ecophysiological 
investigations. 
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As in morphology, larval growth and biochemistry vary intraspecifically. Besides ge-
netic variability within and among hatches, there are maternal effects associated with the 
previous feeding history, age, size, or reproductive condition of the female, or with envi-
ronmental conditions prevailing during vitellogenesis (see Cahu et al. 1995, Palacios et al. 
1998, 1999). Also the environmental conditions experienced during embryogenesis are 
known to cause late effects on larval condition, for instance acclimatization to a particular 
level of temperature or salinity (Kinne 1970, 1971). Recent observations have shown that 
the initial larval size and biomass at hatching and, in consequence, later chances of devel-
opment through metamorphosis are significantly influenced by the salinity conditions pre-
vailing during the preceding egg development (Giménez 2000, Giménez & Anger 2001). 
Since such effects persist through successive developmental phases, they are potentially 
confounding with other intrinsic or extrinsic effects, and thus, should be considered as an 
important aspect of larval physiology. 

11.4 Ecology and behavior 

Besides in larval morphology and taxonomy, most progress has been achieved in the re-
search on larval ecology and behavior. This is reflected in several recent review papers, 
book chapters, and in an increasing number of predictive models of larval hatching, dis-
persal, settlement, and recruitment (for recent references, see Epifanio & Garvine 2001). 
Most of this information deals with estuarine and coastal species, while less is known 
about the larval ecology of fully marine, freshwater, and deep-sea species. While we may 
recently notice an increasing interest in freshwater decapods (see papers by Moreira & 
Odinetz Collart 1993, Fièvet 1998, March et al. 1998, Benstead et al. 1999), the study of 
deep sea species has remained logistically and technically difficult (Epifanio et al. 1999). 
New insights in larval ecology and behavior, including fine-scale transport, may be ex-
pected from an inceasing application of molecular techniques such as PCR amplification 
of highly repetitive DNA sequences (see Bilodeau et al. 1999), or methods of chemical 
fingerprinting (trace element composition; see DiBacco & Levin 2000). 

An enormous number of publications deals with effects of single or combined physical 
and chemical key variables such as temperature, salinity, light, or toxic pollutants. Less, 
however, is known about the role of biotic factors, e.g. predation, food limitation, larval 
disease, and chemical communication, including the perception of and the response to 
pheromones and kairomones. Advances have recently been made in studies of behavioral, 
morphological, and chemical responses to pelagic predation (see Morgan & Christy 1997, 
and earlier papers cited therein), as well as in pheromone research (see Rittschof 1992, 
Hallberg et al. 1997, Rittschof et al. 1998, Fitzgerald et al. 1998, Strasser & Felder 1999). 
Kairomones, on the other hand, have been studied almost exclusively in non-decapod 
freshwater zooplankton. Only recently could experimental evidence be shown for a behav-
ioral response of larval decapods to chemical factors associated with predators (Forward 
& Rittschof 2000). Hence, the significance of kairomones for larval behavior and, in con-
sequence, for dispersal and recruitment patterns remain rewarding new fields of research. 
This includes the study of coevolution in predator-prey and parasite-host systems, for in-
stance the possible mimicking of attracting pheromones by predators or parasites, or that 
of reppelling kairomones by potential prey species. 

As in the case of regional intraspecific variability of reproductive traits, seasonal varia-
bility has only little been studied in larval traits. In species living in temperate regions 
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with strong seasonal variation in physical factors and productivity, the reproductive sea-
son may be extended with bet-hedging strategies. In the brown shrimp, Crangon crangon, 
for instance, seasonal variation in egg size and larval provisioning with energy reserves 
has been observed, allowing the species to reproduce successfully not only in summer, but 
also in late winter and early spring (see section 10.2.3); recent observations suggest that a 
similar phenomenon may occur also in the crab Chasmagnathus granulata (Spivak, pers. 
comm.). Further studies of this phenomenon should thus be scientifically interesting and, 
in exploited species, relevant for considerations of population dynamics and fisheries 
management. 

Through several decades and in numerous species, estuarine life-cycle adaptations have 
extensively been studied and described in much detail, including the behavioral patterns 
aiding to larval retention or export, respectively, ontogenetic patterns of osmoregulation, 
and special morphological traits that may reduce mortality by estuarine predation. On the 
other hand, traits of larval development in land-locked limnic habitats are far less known. 
This applies also to the reproduction of species which “breed” in small ephemeral water 
bodies such as supratidal rock pools (e.g. Armases miersii), in mangrove swamps 
(Sesarma curacaoense, S. rectum), or in bremeliad leaf axils temporarily filled with rain 
water (Metopaulias depressus). The conditions in such unusual non-marine habitats are 
known to be highly variable and physically extreme, selecting for special adaptations in 
the earliest freely living life-history stages, for instance an early appearance of osmo-
regulatory functions, lecithotrophy, or abbreviated development. Since such adaptations 
should have appeared also during the early evolutionary steps towards the invasion of 
freshwater and land, their comparative study will increase our understanding of the evolu-
tion of limnic and terrestrial species, in general. As rewarding new subjects for such life-
cycle studies, there are little known endemic grapsid crab species in Southeast Asia, other 
sesarminid crabs in the Central American and Caribbean regions, and palaemonid shrimps 
in the Amazon and Orinoco basins or in Central America (see sections 10.3.2, 10.4). Stud-
ies of their larval biology may provide significant contributions to phylogeny, biogeogra-
phy, and evolutionary theory. 

As another remaining frontier for studies in larval biology, there are “historical” effects 
of previous conditions persisting through two or more phases of the life cycle. For in-
stance, maternal nutrition and reproductive condition have been shown to affect the “qual-
ity” (i.e. the physiological condition) of embryos and larvae (Palacios et al. 1998, 1999; 
Cavalli et al. 1999), and the physico-chemical conditions prevailing during the period of 
egg development may either cause effects of cumulative physiological stress, or contrar-
ily, may lead to acclimatization and thus, to an enhanced stress tolerance of the larvae (see 
Kinne 1964a, 1967, 1970, 1971). Likewise, larval condition may subsequently exert an in-
fluence on the chances of benthic juvenile survival, growth, and maturation (e.g. Lim 
1997, Gebauer et al. 1999, Pechenik 1990, 1999). Future research should thus strive for an 
increasingly holistic approach of integrated life-cycle studies, considering that larval biol-
ogy addreses only one out of several successive but interacting phases within a complex 
life history. 
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efficiency) 248 
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54, 65, 203, 288, 
289, 303, 307, 308, 
309, 325 

abdomen (see pleon) 16 
absorption 76, 77, 246, 

279 
absorption efficiency

 146, 248 
acanthosoma 23 
acclimatization 

(=acclimation) 228, 
229, 266 

Achelata 27 
adaptive radiation 308, 

309, 310 
adenylate nucleotides

 213, 214, 247, 323 
advanced development

 25, 27, 33, 54, 303 
advection281, 298, 299, 

301, 303 
Aeglidae 54 
aesthetascs 49, 51 
age pigments (see 

lipofuscin) 148 
Alpheus leptodactylus

 67 
Amazon 34, 298, 303, 

325 
amino acids 201 

as chemoattractants
 123, 126 

as energy source 201 
as settlement cue 315 
molting cycle 201 
nutritional 

requirements 115 
osmoregulation 268, 

269 

ammonia 94, 238, 239, 
240, 241, 242, 246, 
250, 272 

ammoniotelism 238 
anamorphic 19, 23, 24, 

28, 87, 251 
anatomy concept 11, 41 
ancestral 16, 20, 21, 22, 

29, 31, 32, 37, 44, 
52, 54, 60, 193, 309, 
310 

androgenic gland70, 78, 
79 

androgenic hormone 79 
angiotensins 276 
Antarctic 148, 188, 264, 

288 
antennal glands 56, 58, 

94, 103 
antioxidant enzymes
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apoptosis (see 

programmed cell 
death) 90 

apparent heat increment 
(see specific dynamic 
action) 223 

apposition eye 53, 54, 
55, 321 

aquaculture 3, 9, 22, 
110, 113, 115, 117, 
127, 148, 178, 181, 
248, 249, 284, 285, 
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Aratus pisonii 120, 307 
Archaeobrachyura 31 
Arctic 288 
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ricordi 111, 112, 307 
roberti 111, 112 

Arndt-Schulz law (see 
hormesis) 174 

Arrhenius equation 229 
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arthrodial membrane 
cells 43, 87 

ash content 118, 183, 
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background plankton
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Baltic Sea 38 
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gravity 274 
hydrostatic pressure

 274 
light132, 273, 275, 

276, 280 
metabolism 218, 226 
metamorphosis 16, 
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320 
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302 

molting cycle 81 
nervous system 41, 

321 
predator avoidance 

(see predation) 281 
riding on medusae
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salinity 272 
settlement24, 133, 
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temperature 231 
Belehrádek’s equation
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bet-hedging strategies
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biomass concept 183 
bladder 59 
body plan 16 
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bromeliad crab (see 
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depressus) 310 

brood care 118, 289, 
310, 311 
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C/DNA ratio (see 
nucleic acids) 179 

C/N ratio 191 
inorganic C 192 
lecithotrophy 112, 

193 
lipid/protein ratio
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starvation 192 

calcium 44, 66, 85, 117, 
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Callinectes sapidus 3, 7, 
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anthonyi 58, 95, 97 
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irroratus220, 232, 

242, 260, 261, 
269, 270, 299 

magister39, 266, 
299, 300, 318 

pagurus 81 
cannibalism 123, 132, 

284, 307, 308, 314, 
315 

carbohydrates 193 
chemical energy 249 
digestion139, 140, 

141 
metabolism198, 202, 

223, 240, 242, 
243, 244, 250, 259 

nutritional 
requirements 114, 
115 

carbon 153, 183, 189, 
198, 249 

carbon budgets 245, 250 

Carcinus maenas 42, 
53, 55, 62, 67, 94, 
98, 99, 104, 107, 
136, 141, 142, 152, 
155, 163, 165, 169, 
170, 177, 181, 190, 
192, 199, 214, 215, 
219, 221, 223, 232, 
233, 239, 244, 260, 
261, 264, 265, 272, 
284, 290, 299, 314 

Cardisoma guanhumi
 202 

Caribbean 170, 308, 
310, 325 

carnitin 116 
carnivorous 109, 113, 

120, 122, 123, 125, 
139, 141, 143, 144, 
206, 221, 244, 258, 
259 

carotenoids 117 
Carpilius corallinus 125 
Charocaris chacei 66 
Charybdis feriatus 65, 

99 
Chasmagnathus 

granulata 40, 122, 
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157, 168, 189, 190, 
220, 227, 228, 229, 
230, 235, 266, 271, 
278, 279, 295, 296, 
297, 313, 315, 317, 
318 

chela 21, 100 
chemoattractants 123 
chemoreceptors 48, 50, 

51 
CHH 66 
Chionoecetes 3, 269 

bairdi 120, 123 
opilio 120, 287 

chitin 42, 44, 85, 98, 
115, 117, 191, 193, 
198 
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Chorismus antarcticus
 264, 288 

chromatophores 7, 60, 
66, 276 

chromium 137, 172, 278 
circulatory system 55 

arteries 55, 56, 60, 62 
heart 42, 43, 55, 66 
sinuses 55, 74 

clearance rate 123, 129 
Clibanarius longitarsus

 313, 318 
coelomosac 58 
Coenobitidae 298 
collagen 60, 117 
competition 281, 307, 

309, 311 
compound eyes 20, 49, 

52, 60 
condition indices 204, 

207, 285, 323 
connective tissues 60 
copper 56, 137, 172, 

174, 278 
cornea 43, 52 
Crangon 

allmanni150, 152, 
155 

crangon5, 37, 38, 39, 
150, 152, 153, 
154, 155, 157, 
203, 211, 292, 293 

septemspinosa 282 
Crangonidae 3 
crayfish 5, 24, 32, 46, 

54, 65, 82, 95, 97, 
100, 110, 148, 194, 
214, 267, 284, 289 

critical points 81, 98, 
101, 104, 165, 166, 
316, 322 

crystalline cone 52, 53, 
55 

cuticle 41 
endocuticle44, 83, 

85, 225, 272 
epicuticle 44, 58 

exocuticle 44 
molting cycle82, 83, 

85 
sklerotisation85, 87, 

186, 191, 267 
starvation 198 

Cyclograpsus integer
 307 

Cyrtograpsus angulatus
 296 

cytochrome P-450 238, 
277 

D0 threshold 100, 105, 
106, 107, 165, 215, 
225 

decapodid 16, 19, 20, 
22, 23, 25, 27, 31, 
33, 34, 37, 113, 118, 
151, 186, 221, 226, 
300, 320 

deep sea 29, 34, 60, 66, 
110, 203, 266, 274, 
289, 319, 323, 324 

depth regulation 273, 
274, 275 

dermal glands 42, 56 
detoxification 75, 238, 

277 
detritus 113, 119, 306, 

307 
development concept 11 
diacylglycerides 202 
digestive enzymes 137, 

139, 144, 145 
amylase140, 141, 

144 
carbohydrase 139, 

140, 141 
chitinase 139 
developmental 

changes78, 140, 
142, 143 

feeding level144, 145 
gut evacuation time

 137 
hepatopancreas 72, 

75, 76 

laminarinase 140, 141 
molting cycle 143, 

144 
protease140, 141, 

143, 144, 221 
regulation 138 
trophic position 141 
trypsin140, 141, 143, 

144, 321 
Diogenidae 298 
direct development 5, 

25, 32, 36, 65, 289, 
303, 304 

diseases 77, 281, 284, 
324 

dispersal 203, 263, 273, 
274, 277, 280, 281, 
283, 290, 294, 299, 
310, 324 

dissolved organic 
matter (DOM) 118 

diverticulae (see midgut 
caeca) 77 

DNA (see nucleic 
acids) 178 

domestication effects
 199, 285, 323 

dorsal organs 49, 51, 
276, 321 

Dromiacea 31 
dry mass 153, 183 
Ebalia tuberosa 119 
ecdysteroids 67, 95, 97, 

98, 99, 100, 106, 
107, 116 

ecotoxins 284 
eddies 299, 300 
elaphocaris 23 
electron transfer system

 213, 216, 238 
Emerita talpoida 296, 

314 
endemic 308, 309, 310, 

311, 325 
endosymbiontic 

microorganisms 77, 
119, 140, 323 
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endotrophy (see 
lecithotrophy) 110 

energy budgets 245, 
249, 252, 255, 259, 
322 

energy charge (see 
adenylate 
nucleotides) 213, 214 

energy equivalents 245 
energy partitioning 9, 

81, 218, 250, 251, 
253, 255, 260, 322 

epidermis42, 43, 44, 56, 
68, 81, 83, 85, 87, 
88, 90, 92, 97 

Eriocheir sinensis 40, 
47, 48, 106, 152, 
153, 154, 156, 157, 
232, 265, 272, 282, 
295, 296, 298 

eryoneicus 29 
estuarine 41, 59, 112, 

150, 170, 172, 230, 
233, 236, 237, 266, 
267, 268, 269, 270, 
272, 273, 281, 282, 
283, 286, 293, 294, 
295, 296, 297, 298, 
299, 300, 302, 313, 
321, 324, 325 

euryhaline 170, 202, 
231, 232, 233, 235, 
236, 237, 238, 242, 
265, 270, 293, 302, 
308, 321 

eurythermal 264 
eurythermia (see 

thermal 
compensation) 229 

excretion 213 
body size 239 
caloric equivalent250 
feeding 240, 243 
gills 45 
glands 58 
ions 58, 268 

metabolic energy 
loss245, 246, 249, 
250, 251, 252, 
255, 256, 257, 258 

molting cycle 93, 
240, 241 

nitrogen 238, 239 
phosphorus 238, 239 
pollution 242 
salinity 242 
starvation 241 
temperature 241 

export strategies 236, 
270, 281, 283, 293, 
294, 295, 296, 298, 
303, 310 

exuvial loss 180, 181, 
248, 255, 257, 258 

exuviation threshold
 102, 107, 165, 227 

eyestalk ablation 70, 78, 
95, 96, 98, 202, 203 

eyestalk system 63, 64, 
65, 66, 67 

faecal pallets 119 
faeces 119, 120, 137, 

245, 246, 248, 259 
Farfantepenaeus 

brasiliensis 17, 18, 21 
paulensis 118, 184 

farnesoic acid 69, 70 
fatty acids 202, 209 

HUFA115, 116, 122, 
210, 211, 259 

metabolism 116, 211 
nutritional 

requirements 115, 
116, 122 

feeding rate (see 
ingestion rate) 127 

Fenneropenaeus 
chinensis 272 
indicus 134, 142, 244 

filter-feeding 20, 120, 
122, 123, 129, 275, 
321 

fisheries 3, 9, 22, 96, 
263, 266, 285, 322, 
325 

food concentration 129, 
131, 132, 134, 144, 
145, 146, 164 

food limitation 109, 
110, 111, 113, 164, 
203, 204, 207, 209, 
281, 290, 291, 293, 
298, 324 

foregut 71, 72 
cuticle 83 
esophagus43, 62, 65, 

66, 71, 78 
internal 

chemoreceptors 50 
musculature 71 
tegumental glands 58 

forms (see intraspecific 
variability) 15, 184 

fossil record 3, 23, 24, 
27, 29, 31 

freshwater 5, 25, 32, 34, 
36, 47, 65, 85, 95, 
110, 112, 117, 131, 
132, 232, 234, 235, 
236, 237, 242, 267, 
269, 270, 273, 281, 
283, 293, 296, 298, 
302, 303, 304, 306, 
309, 311, 321, 324, 
325 

frontal organs 52 
functional morphology 

digestive tract72, 73, 
113 

feeding appendages
13, 20, 26, 41, 61, 
71, 113, 120, 125, 
321 

larval types 13 
locomotory 

appendages13, 26, 
61 

Galathea intermedia 30 
Gecarcinidae 298 



The Biology of Decapod Crustacean Larvae  409 

general epidermal cells
 43 

Geograpsus lividus 307 
geotaxis 274, 275 
Geryon quinquedens

 266 
GIH 66 
gills 43, 45, 271 
glaucothoe 4, 31 
glycogen 76, 93, 102, 

115, 193 
glycolysis 217 
Grapsidae 111, 298, 

304, 320 
Grapsus grapsus 307 
gravity 273, 274 
gross growth efficiency

 248, 253, 254 
growth 

arithmetic 153 
concept 11, 147 
feeding level 164 
in bioenergetic 

budgets 246 
instantaneous rate159 
light 172 
mass increment after 

ecdysis 153 
models 148 
molting frequency

 149 
nucleic acids 178, 

179, 206 
pollution 172 
progressive 

geometric 153 
retrogressive 

geometric 153 
salinity 170, 176 
size increment after 

ecdysis 151 
temperature 166 

gut evacuation time 
(GET) 137, 143, 145, 
259, 321 

gut pigment analyses
 120, 125, 323 

gyres 300 
Haeckel’s biogenetic 

law 13 
hatching rhythms (see 

rhythms) 294 
head 16 
hematopoiesis 94 
hematopoietic tissues

 56, 94 
Hemigrapsus 232 

oregonensis 119 
sanguineus 272 

hemocyanin 56, 75 
hemocytes 56, 94, 320 
hemolymph 55, 56 

cyclic changes 93, 94 
diseases 284 
immunological 

function 56, 285 
osmolality94, 233, 

268, 269, 272, 306 
respiratory pigments 

(see hemocyanin)
 201 

transport function 45, 
48, 56, 63, 69, 77, 
94, 95, 97, 98, 
115, 117, 201, 204 

ultrafiltration 58 
hepatopancreas 42, 43, 

71, 73, 75 
B-cells 76, 94 
calcium storage 85 
cyclic changes93, 94, 

102, 240 
detoxification 

enzymes 75, 118 
development72, 78, 

142, 143, 144, 321 
digestive enzymes

137, 140, 141, 
142, 143, 144, 146 

diseases 284 
ecdysteroid 

metabolism 97 
E-cells 75, 94 

endosymbiontic 
bacteria 323 

F-cells 76, 77 
glandular tubuli 74 
hemocyanin 

production 56, 75 
internal 

chemoreceptors 50 
R-cells77, 93, 94, 

202 
starvation76, 103, 

165 
storage function 111, 

115, 116, 197, 
202, 206, 226, 
240, 283 

herbivorous 77, 113, 
125, 134, 137, 139, 
140, 141, 142, 206, 
221, 258, 281, 321 

Hiatt plot 152, 153, 154 
hindgut 42, 43, 71, 78 

cuticle 78 
tegumental glands 58 

Hippolyte inermis 132 
history of larval biology

 4 
holoeuryhaline 232 
Homarus 27, 288, 314 

americanus26, 58, 
59, 61, 64, 69, 78, 
97, 98, 102, 114, 
123, 134, 144, 
164, 167, 172, 
178, 180, 188, 
199, 203, 204, 
209, 210, 211, 
219, 223, 238, 
239, 240, 242, 
243, 244, 261, 
269, 279, 282, 284 

gammarus65, 67, 78, 
123, 126, 139, 
142, 180, 268, 
272, 278 

hormesis 174, 175, 177 
HPLC 9, 97, 120 
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Hyas 269 
araneus42, 53, 55, 

57, 58, 61, 65, 72, 
74, 76, 82, 85, 87, 
88, 90, 96, 97, 
101, 102, 104, 
106, 122, 130, 
133, 134, 136, 
139, 141, 143, 
144, 148, 156, 
158, 161, 162, 
163, 164, 165, 
168, 169, 174, 
176, 179, 180, 
184, 185, 187, 
190, 192, 193, 
194, 195, 196, 
197, 198, 199, 
204, 206, 207, 
209, 211, 214, 
215, 221, 222, 
224, 226, 228, 
232, 233, 239, 
240, 241, 242, 
243, 251, 252, 
253, 254, 255, 
256, 257, 258, 
259, 264, 287, 
288, 290, 291 

coarctatus 221 
hybridization 31 
hybridization 

techniques 65 
hydrogen 153, 189 
hydrostatic pressure

 273, 274, 275, 323 
hydrothermal vents 54, 

203, 266, 274, 319, 
323 

Hymenosomatidae 31 
hyperplasia 179, 206 
hypersaline 137, 170, 

232, 237, 268, 269, 
271 

hypertrophy 95, 179, 
206 

hypodermis 42, 56 

hypoxia 227, 244, 277 
Ibacus ciliatus 73 
Illyoplax pusilla 314 
immunocompetence 284 
immunocytochemistry

 63, 65, 66, 321, 323 
immunohistochemistry

 63, 285 
immunostimulants 285 
ingestion rate 127, 129, 

130, 131, 132, 133, 
134, 135, 136, 137, 
144, 226, 240, 254, 
260 

inorganic matter (see 
ash content) 186 

instar concept 14 
intermolt 

C/N ratio 191 
carbon 189 
concept 14, 81 
digestive enzyme 

activities 144 
feeding rate135, 251, 

254 
hepatopancreas 93 
metabolism223, 240, 

243 
mineral content 187 
osmoregulation 94, 

272 
starvation 106, 107 
water content 185 

internal waves 300 
intraspecific variability

 319 
morphology23, 36, 

38, 39, 40 
nutritional 

vulnerability 308, 
310 

ionic regulation 66, 267, 
268, 278 

ionocytes 46 
island-hopping 310 
isochronal development

 149 

isoenzymes 138 
Jamaica 164, 304, 305, 

308, 309, 310, 311, 
312 

Jasus 
edwardsii49, 125, 

164, 172 
lalandii 96 

juvenile hormones 69, 
70, 99, 280 

K1 (see gross growth 
efficiency) 248 

K2 (see net growth 
efficiency) 249 

kairomones50, 283, 324 
Lagenidium 285 
lamina ganglionaris 62, 

63, 65 
larval epidermal cells

 43, 85 
leaching 128, 129, 246 
lead 244 
leakage 128 
lecithin 115 
lecithotrophy 

deep sea 323 
energy stores 193, 

197, 203, 243 
facultative33, 34, 

105, 106, 110, 
111, 112, 162, 
164, 254, 307, 
308, 310, 320 

freshwater 297, 303 
high latitudes 287 
in initial stages 35, 

71, 203, 243, 297, 
310 

metabolism 221, 226 
obligatory34, 110, 

111, 112, 134, 
162, 163, 298, 310 

pattern of biomass 
loss 164 

primary 111 
secondary112, 133, 

197, 221, 320 
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Lepidophthalmus 
louisianensis 203 

Libinia 269 
emarginata69, 220, 

232 
ferreirae188, 222, 

256 
light 

behavior273, 275, 
280, 283, 321 

feeding 132, 172 
growth 172 
hatching 294 
molting cycle 81 
perception52, 275, 

321 
UV radiation60, 117, 

277, 308 
limnic 

(see freshwater) 112 
Liocarcinus holsatus

 152, 154, 155, 157, 
181, 190 

lipids 115, 153, 193, 
198, 202 
chemical energy 249 
digestion 139 
lecithotrophy 193, 

197, 198 
metabolism198, 202, 

204, 211, 215, 226 
molting cycle 194 
nutritional 

requirements 115, 
116, 117, 194 

starvation115, 194, 
197 

storage60, 94, 193, 
194, 195, 196, 
202, 203, 204, 
206, 207, 208, 
209, 214, 216, 
226, 240, 280, 
283, 289 

lipofuscin 148 
Listonella (= Vibrio) 

anguillarum 284 

Lithodes 287 
aequispinus 288 
maja35, 163, 193, 

221, 264, 288 
santolla 

(=antarcticus) 288 
Lithodidae 3, 73, 288 
Litopenaeus 

setiferus 74, 232 
stylirostris 164 
vannamei117, 199, 

203, 238, 285 
long-distance larvae 29 
Macrobrachium 

acanthurus 296 
amazonicum 231, 

234, 265 
carcinus 296 
heterochirus 298 
holthuisi 231, 237 
nipponense221, 235, 

237, 240, 254, 
256, 273, 298 

olfersii 235, 296, 297 
petersi 235, 236 
rosenbergii24, 66, 

70, 115, 117, 126, 
142, 143, 225, 
234, 235, 239, 
242, 243, 244, 
256, 298 

tenellum 232 
vollenhovenii 152, 

298 
macroplankton (>2 

mm) 124 
magnesium 58, 59, 117, 

188 
Maja squinado 278 
Majidae 36, 232 
mandibles 16, 18, 20, 

69, 71, 72, 113, 124 
mandibular organ-

inhibiting hormone 
(MO-IH) 70 

mandibular organs 36, 
69, 70, 81, 95, 99, 
320, 321 

mangroves 117, 119, 
120, 269, 271, 300, 
304, 306, 308, 310, 
313, 325 

marine snow 119, 322 
Marsupenaeus 

japonicus 115, 117, 
142, 269, 272, 280 

mastigopus 23 
maternal effects 116, 

324, 325 
maxillae 16, 18, 20, 45, 

71 
maxillipeds 17, 18, 20, 

24, 30, 31, 43, 48, 
49, 51, 61, 71, 125 

maxillules16, 18, 20, 71 
mechano-

chemoreceptors 48 
mechanoreceptors 18, 

48, 49 
median eye complex 52 
medulla externa 62, 63, 

65 
medulla interna 62, 63, 

65, 67 
medulla terminalis 62, 

63, 65, 66, 67 
megalopa (see 

decapodid) 4, 22 
melanin 44 
Melicertus kerathurus

 134, 209 
membranous layer 42, 

44, 87 
Menippe 

adina 203, 211 
mercenaria 79, 202 

mercury 37, 174, 217, 
237, 238, 278 

meroplankton concept 3 
mesoplankton (0.2-2 

mm) 123, 287 
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metabolism (see 
excretion, 
respiration) 213 

metabolizable energy of 
food 247 

metamorphosis 
behavior16, 31, 133, 

270, 276, 282 
chemical cues 50, 

284, 300, 313, 315 
concept 5, 16, 320 
cuticle structure 44 
delay 313, 314, 316 
feeding28, 73, 111, 

113, 133, 161, 
164, 317 

functional 
morphology27, 28, 
31, 32, 73 

juvenile hormones69, 
70, 322 

metabolism 221, 226 
musculature 60 
nervous system 67 
osmoregulation 269 
programmed cell 

death 180, 206 
sensory organs 50 

metanauplius 17 
Metapenaeus 

ensis 131, 134, 243 
monoceros 232 

metazoea 18, 20 
methyl farnesoate (MF)

 36, 69, 99 
Metopaulias depressus

 111, 112, 118, 186, 
227, 309, 312, 325 

microencapsulation 114 
microplankton (20-200 

µm) 120, 122 
Microprosthema 

semilaeve 23 
midgut 42, 43, 71, 77 

caeca71, 77, 78, 122, 
137, 143, 145, 321 

development 77 

endosymbiontic 
bacteria 77, 323 

internal 
chemoreceptors 50 

starvation 103 
midgut gland (see 

hepatopancreas) 71 
MIH 66, 95, 98, 99, 100 
mineral content (see ash 

content) 186 
Mirocaris fortunata

 266, 323, 399 
Mithrax spinosissimus

 35 
molecular clock 309 
molting cycle 11, 81 

adenylate nucleotides
 214 

apolysis85, 87, 88, 
92, 96, 97, 100, 
106 

ash content 188, 190 
C, N, H 189 
Drach’s classification 

system 14 
ecdysis82, 85, 92, 93, 

94, 95, 100, 101, 
102, 107, 136, 
149, 161, 180, 
185, 187, 188, 
201, 206, 216, 
223, 227, 272, 318 

energy partitioning
 251 

feeding rate 135 
hormonal control 66, 

95, 98 
inorganic C 190 
integumentary cycle

 85, 88 
invagination43, 87, 

88, 90 
metabolism 243 
molt death syndrome

 227 
molting glands (see 

Y-organs) 95 

molt-stages 14, 16, 82 
O/N ratio 243 
respiration 221 
setagenesis 43, 90 

monoacylglycerides 202 
morphogenesis 40, 66, 

70, 81, 87, 88, 90, 
97, 98, 99, 100, 101, 
197, 218, 320 

morphology concept 11, 
13 

Munida gregaria 184 
muscles 43, 49, 56, 59, 

139, 141, 201, 226, 
240, 320 

mysis 4, 18, 20, 23, 25, 
27, 54, 71, 120, 142, 
143, 144, 201, 256 

Na+-K+-ATPase 268, 
271, 321 

N-acetylglucosamine 98 
nanoplankton (2-20 

µm) 118 
Nanosesarma 

(Beanium) batavicum
 174 

naphthalene 237, 272, 
279 

nauplius 16 
Dendrobranchiata 22, 

71, 203 
eyestalk system 65 
nauplius eye17, 49, 

52, 54 
organ of Bellonci 67 

Nauticaris magellanica
 24 

Necora puber 272, 284 
Neopanope sayi 266 
Neotrypaea 

californiensis 314 
nephridial canal 59 
Nephropidae 3 
nephropore 59 
Nephrops norvegicus

 78, 124, 142, 159, 
160, 180, 188, 314 
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net growth efficiency
 248, 253, 254, 259, 
260 

neuroendocrine control 
androgenic gland 70, 

78 
chromatophores 60, 

66 
excretion 240 
eyestalk system 63, 

65, 66, 95, 98, 99 
free amino acids 202 
intestine 77 
mandibular organs 70 
molting cycle95, 98, 

206 
nervous system 60 
neurohormones 36, 

63, 64, 65, 66, 95, 
99, 100, 276, 321 

osmoregulation 268 
pericardial organs 63 
water and ion 

balance 94 
neurogenesis 54, 61, 62, 

66, 320 
neurotransmitters 61 
neutral lipids 202, 204, 

283, 323 
nickel 137, 172, 278 
nisto 22, 27, 28, 73, 282 
nitrogen 153, 183, 189, 

198 
nitrogen budget 239, 

249 
non-genetic resistance 

adaptation (see 
acclimatization) 272 

North Sea 38, 150, 170, 
290, 291, 292 

Notocrangon 
antarcticus 264, 288 

nucleic acids 115, 178, 
179, 201, 206, 323 

nutritional vulnerability 
(or flexibility) 101, 
104, 105, 106, 112, 

116, 211, 288, 308, 
323 

O/N ratio 213, 242 
feeding 243 
molting cycle 243 
starvation 243 

Ocypode quadrata 232 
Ocypodidae 298 
ommatidium 52, 53, 54 
omnivorous 113, 127, 

134, 137, 139, 141, 
143, 144, 221, 259, 
308 

Oplophoridae 54 
organ of Bellonci 52, 

60, 66, 67, 320 
organogenesis 11, 12, 

41, 63, 66 
orientation 275 
osmoregulation 267 

developmental 
changes 269 

disease 272 
extracellular 268 
hyperregulation 171, 

232, 235, 237, 
242, 268, 271, 296 

hyper-regulation 297 
hyporegulation 172, 

232, 235, 237, 
268, 269, 271, 296 

intracellular 267 
ion transport46, 78, 

271 
molting cycle 272 
osmoconformers 171, 

233, 269, 270 
osmoregulatory 

capacity (OC) 233, 
268, 270, 272, 
296, 297 

respiration 232 
osmotic stress 116, 176, 

202, 231, 232, 236, 
238, 260, 272, 296, 
297 

overhunting 128 

ovigerous hair-stripping
 294 

oxyconformers 227 
oxygen concentration

 51, 226, 277, 306, 
311 

oxygen consumption 
(see respiration) 213 

oxygen sensors 51 
oxyregulators 226 
Pachygrapsus 307 
Pagurus 113 

bernhardus44, 45, 
74, 180, 190, 197, 
198, 221, 233, 
239, 242, 254, 256 

longicarpus 121, 126 
Palaemon 67, 151 

adspersus 297 
elegans142, 143, 

153, 297 
longirostris 297 
pandaliformis 296, 

297 
paucidens95, 100, 

234, 237, 273, 297 
serratus25, 66, 131, 

134, 140, 219, 
220, 221, 231, 
236, 256, 260, 
265, 278 

Palaemonetes 58, 67 
argentinus23, 154, 

157, 269, 270, 
297, 303 

pugio37, 172, 194, 
235, 236, 237, 
261, 278, 279, 
282, 283, 297 

varians 134, 232 
vulgaris 97, 277 

Palaemonidae 3, 34, 82, 
102, 110, 112, 117, 
134, 235, 236, 237, 
269, 281, 284, 296, 
297, 298, 302, 303, 
320, 325 
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Palaeopalaemon 
newberry 3 

Palinuridae 3, 27 
Palunirus cygnus 231 
Pandalidae 3 
Pandalus 

borealis122, 137, 
150, 152, 153, 
180, 216, 217, 
229, 230, 238, 264 

danae 125 
jordani 152, 153 
montagui78, 149, 

150, 151, 152, 
153, 154, 155, 
157, 167, 203, 290 

Panopeus herbstii 126, 
133, 164, 284, 313, 
314 

Panulirus 
argus 314 
interruptus 124, 227 
japonicus 27, 167 

Paralithodes 73, 287 
camtschaticus 102, 

113, 123, 132, 
133, 227, 287 

platypus 113, 287 
Paralomis granulosa

 35, 289 
Paranaxia serpulifera

 36 
parasites 45, 284, 324 
Parastacidae 303 
Paratya 

australiensis 150, 
152, 153 

tasmanensis 66 
patchiness 109, 130, 

131, 300 
PCR 65, 99, 324 
Penaeidae 3, 14, 284, 

299 
Penaeus 

duorarum (see 
Farfantepenaeus 
brasiliensis) 17, 18 

esculentus 19, 314 
monodon115, 118, 

119, 142, 201, 
229, 256 

semisulcatus75, 93, 
122 

pereiopods 21, 22, 24, 
31, 37, 38, 39, 43 

peritrophic membrane
 77, 246, 248 

Petrolisthes cinctipes
 313 

pH 172, 239, 273, 304, 
311 

Phaeocystis 244 
phaosomes 52, 67 
phase concept 13, 14 
pheromones 50, 294, 

315, 324 
phospholipids 115, 116, 

202, 203, 204, 283 
phototaxis 132 
phyllosoma 4, 18, 27, 

28, 29, 49, 73, 113, 
124, 125, 282, 300, 
322 

phylogeny 
eye anatomy 52 
gill morphology 45, 

46 
larval characters 5, 13 

physiological fuel value 
of food 247 

phytoplankton 120, 121, 
122, 127, 132, 134, 
136, 139, 141, 143, 
144, 164, 194, 196, 
206, 207, 211, 240, 
243, 244, 259, 281, 
287, 323 

picoplankton (<2 µm)
 118 

pigment-cup eyes 52 
Pinnotheres maculatus

 64 
Pisidia longicornis 67, 

78 

planktotrophy concept
 110 

plasticity 36, 37, 38, 39, 
40, 320 

plateau concentration 
(satiated feeding)
 129, 133 

pleon 16, 18, 26, 42, 43, 
62, 123 

pleopods 20, 21, 23, 27, 
31, 34, 37, 43, 58, 
61, 79, 82, 87, 320 

plesiomorphic 22, 31 
PNR101, 102, 103, 104, 

105, 106, 165, 194, 
292 

podocytes 58 
point of no return (see 

PNR) 165 
point of reserve 

saturation (see PRS)
 165 

polar lipids 202, 204 
pollution 

energy partitioning
 261 

feeding rate 136 
growth 172 
hydrocarbons 137, 

172, 237, 238, 
242, 261, 277, 
278, 279 

pesticides172, 237, 
279, 280 

respiration 237 
toxic metals137, 172, 

237, 238, 244, 278 
Polychelidae 29 
Porcellanidae 30 
pore canals 42, 44 
Portunus 122 

pelagicus 172, 278 
trituberculatus 96, 

119, 122, 216 
postcommissural organs

 66 
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postlarva concept 22, 
23, 26 

postmetamorphic 
fitness 316, 317, 318 

postmolt 
C/N ratio 191 
ecdysteroids 97 
feeding rate93, 102, 

135 
growth rate 159 
integumentary cycle

 83, 85 
lipids 203 
metabolism 223, 243 
mineral content 186 
osmoregulation 272 
size prediction (Hyatt 

plot) 153 
potassium 117, 188 
predation 281, 324 

behavioral defense
45, 127, 275, 276, 
277, 281, 282, 
283, 302 

benthic284, 314, 315, 
318 

chemical defense 127 
estuaries294, 301, 

325 
morphological 

defense45, 55, 
126, 282, 283 

pelagic99, 109, 147, 
260, 263, 280, 
281, 282, 288, 
290, 291, 293, 
294, 308, 310 

perception 50, 314 
see also cannibalism

 123 
premolt 

C/N ratio 191 
carbon 189 
cell replication 92 
ecdysteroids 97 
feeding rate135, 144, 

243, 318 

growth rate 161 
integumentary cycle

 82, 87 
lipids 194, 206 
metabolism223, 225, 

243 
PRS 104, 107 
water balance 94 

prezoea 5, 19, 58 
probiotic bacteria 285 
Procambarus clarkii

 100 
progenetic 

paedomorphosis 54 
programmed cell death

 90, 179, 180, 206 
proprioreceptors 49 
proteins 153, 193, 198 

chemical energy 249 
conversion114, 243, 

248 
cuticle 44, 94, 191 
digestion115, 119, 

139, 140, 141, 
143, 144, 223, 259 

hemocyanin 56 
hemolymph 94, 199 
lecithotrophy 193, 

197, 199 
metabolism116, 240, 

242, 243, 250, 259 
molting cycle 206, 

215 
nutritional 

requirements 114, 
115, 122, 321 

reabsorption 58 
starvation101, 194, 

195, 196, 214, 
215, 226, 240 

storage60, 114, 192, 
193, 194, 195, 
196, 214, 243, 292 

protocerebrum 52, 60, 
61, 63 

protozoea18, 20, 23, 54, 
73, 115, 118, 120, 

134, 137, 142, 201, 
256 

PRS 101, 104, 105, 106, 
165, 225, 292 

Pseudocarcinus gigas 3, 
132, 172 

Pseudopalaemon 
chryseus 34, 35 

puerulus 22, 27, 28, 73, 
113, 221, 231, 282, 
314, 318 

pumping behavior 294 
pylorointestinal valve73 
Q10 167, 168, 229, 230, 

231, 241, 290 
radiotracers 9, 75, 87, 

128, 202 
Ranina ranina 129, 130, 

132, 133, 137, 172, 
190 

raptorial feeding 20, 28, 
120, 129 

recruitment 7, 9, 109, 
170, 209, 263, 266, 
274, 280, 284, 286, 
288, 289, 290, 296, 
298, 299, 300, 312, 
314, 318, 324 

regeneration 7, 66, 100, 
101, 116, 218 

rejecta 245 
reproductive organs 78, 

79 
respiration 213, 216, 

218 
body size218, 219, 

220, 222 
carbon equivalent250 
feeding 223, 226 
gills 45 
lecithotrophy 226 
metabolic energy 

loss245, 246, 251, 
252, 255, 256, 
257, 258 

molting cycle 93, 
221, 222, 226 
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oxygen concentration
 226, 227 

pollution 237, 238 
salinity231, 232, 233, 

234, 235, 236, 
237, 260 

starvation 224, 225 
temperature167, 221, 

227, 228, 229, 
230, 231, 234, 237 

respiratory efficiency
 216, 217, 323 

respiratory quotient 
(RQ) 250 

retention strategies 282, 
300, 301, 302, 304 

retinular cells 52, 53 
rhabdom 52, 53, 55 
rhabdomeres 52 
Rhithropanopeus 

harrisii 79, 97, 100, 
132, 133, 172, 174, 
175, 203, 234, 237, 
266, 272, 273, 274, 
275, 279, 280, 282, 
283, 284, 301, 302, 
303 

rhythms 
feeding activity 132, 

136 
hatching 294, 301 
vertical migrations

 276 
RIA 68, 97 
Rimicaris exoculata 66 
RNA (see nucleic 

acids) 178 
RNA/DNA ratio (see 

nucleic acids) 178 
rock pools 117, 170, 

269, 271, 304, 306, 
307, 308, 325 

rosette glands 58 
rotifers 122, 126, 127, 

134 
routine metabolism 218 
salinity 

ash content 186 
behavior 272 
energy partitioning

 260 
feeding rate 136 
growth 170, 176 

Sclerocrangon boreas
 35 

Sclerocrangonidae 33, 
289 

Scyllaridae 3, 27, 73 
seasonality 286 

currents 300 
egg size 37 
light 286 
plankton production

 34, 109, 286 
reproduction 286 
temperature170, 230, 

286, 289 
tropics 286 

segments 16 
Segonacia mesatlantica

 66 
selective feeding 114, 

125, 126, 127, 128 
selenium 117 
semiterrestrial 112, 164, 

170, 232, 271, 304, 
307, 310, 321 

sensillae 
(mechanoreceptive 
setae) 49, 50, 125 

sensory pores 66, 67 
Sergestes similis 134 
Sesarma 

bidentatum 309 
cinereum 265, 295 
cookei 309 
curacaoense33, 34, 

111, 117, 164, 
271, 308, 309, 
310, 313, 325 

dolphinum 309 
fossarum 111, 309 
jarvisi 309, 311 
pictum 278 

rectum111, 112, 308, 
316 

reticulatum111, 112, 
283, 301 

verleyi 309 
windsor 112 

Sesarmidae 308 
setal organs 43 
settlement 7, 28, 113, 

133, 170, 209, 243, 
263, 266, 267, 276, 
279, 283, 284, 300, 
312, 313, 314, 315, 
324 

sex reversal 78 
sexual differentiation 78 
shadow response 52, 

276 
sinus gland 60, 63, 65, 

98, 99 
Skeletonema 136, 164, 

194, 196, 197, 204, 
206, 207, 209 

sodium 117, 188 
Solenocera atlantidis

 119 
somites 16, 17, 43, 59 
spawning migrations

 298, 299 
specific-dynamic action

 223, 239 
Spongicolidae 33 
stable isotopes 119, 323 
stage concept 14 
starvation 

C/N ratio 199 
carbon 199 
critical points77, 98, 

100, 101, 102, 
103, 104, 105, 
106, 107 

energy stores (see 
proteins, lipids, 
O/N ratio)194, 243 

excretion 241 
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in the plankton (see 
food limitation)
 109 

lipids 194, 199 
nitrogen 199 
proteins 194, 199 
respiration 224, 225 

statocysts 49, 58 
stenohaline 175, 186, 

232, 236, 269, 270 
stenothermal 230, 264 
sterols 115, 116, 202, 

204, 207, 209 
stomach 

cardiac chamber 71, 
72 

filter press 73, 74 
gastric mill71, 72, 

73, 77, 83, 121, 
125, 136, 137, 320 

gland filter 73, 74 
proventriculus 71, 73 
pyloric chamber 73, 

74 
stomatogastric nervous 

system 61 
substage concept 14, 15 
superposition eye 53, 54 
suspension feeding 118, 

123 
symplesiomorphic 54 
tagmata (body plan) 16 
tegumental glands 56, 

58, 71, 78 
teleplanic 28, 299 

temperature 264 
behavior 266 
energy partitioning

 260 
excretion 241 
feeding rate 136 
growth 166 
respiration 227 
tolerance 229, 264 

temperature coefficient 
(see Q10) 167, 229, 
241 

tendinal cells 43, 59 
terrestrial 32, 64, 85, 

112, 118, 119, 227, 
271, 298, 303, 304, 
309, 310, 311, 321, 
325 

Thalassiosira 136, 164, 
194, 195, 196, 197, 
204, 206, 207, 209, 
211 

Thenus orientalis 172, 
282 

thermal compensation
 229, 231 

thermal sensitivity 229 
thermal stress 229, 230, 

272, 294 
thermoclines 266 
thermokinesis 266 
thorax 16 
tides 

hatching294, 295, 
301 

migrations274, 295, 
300, 301 

triacylglycerides 115, 
243, 280, 283, 323 

turgor 186, 269 
Uca 232, 265 

minax 280, 282, 283 
pugilator123, 124, 

236, 237, 278, 313 
subcyclindrica34, 35, 

271 
thayeri 32 

urine 58, 94, 245, 246 
uropods 21, 26, 31, 82 
UV radiation (see light)

 277 
vaccination 285 
van’t Hoff’s equation

 167 
vitamins 77, 114, 117 
von Bertalanffy 

equation 152 
wasteful killing 128 
water content 184 
wax esters202, 203, 323 
wet mass 153, 183, 184 
X-organs 63, 64, 65, 66, 

67, 70, 81, 95, 98, 99 
yolk 77, 111, 112, 116 
Y-organs 67, 68, 69, 95, 

97, 98, 321 
zink 237 
zoea 18 
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