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ABSTRACT: Exporments have been carried cut on the duration of farval develoymem of the spider
crab Hyas aranens L., in relation 12 temperature, foed quall'v, and individual variation. A graphical
model is preseared winch predicts luval occurrence and settlement in the field (Hclgoland waters,
‘\10 th Sm) Preliminary obsirvations. are reported on predater-prey interactions with larvae of the

pionid polychaete Polydera cifiatz. Cannibzlism and nﬁcrepha;,y during starvation cvpcnmmts with
zooplmkfou are considere: In larvae which are not kept in mdw'durd confinement, madmum
survival-rime doubles due ta feeding on living or dead sibling larvae. Analyses are presented revealing
clemental ané’ biochemical composition of starved and fed larvze as well as. energy equivalents
calculated from ihese data. During starvation, early larvae inse carbon, mivrogen, and hydrogen, Their
main metabolic substrate is protein; Jipid is utilized to 2'much lesser extent. Exoskeleton formadion is,
apoartntlv, independent of nutrition: Zoda-1 larvas starved for 8 days contain the same amount of
chitin 25 larvae fed well over this pedod of time. Energy calcufations suggest an extremely low
respiration rate and a very effective seconsiruction of body matenal in starved larvac.

Conribution to research pouject , Exp ‘mentelle Marine Okosysterna: dyse® sponsared by
Bund':‘:sministcrium fir Forschung wnd Technologie, Bonn (Grant No. MEFU - 0328/1)

INTRODUCTICN

Populaticn dynamics in pelagic communities is a major source of variation in the
production of ccunomically important mzjor predators such as fish or coelenterates {e.g.
Hempel, 1974; Greve, 1977; Greve & Parsons, 1977; Landry, 1977). In order to tackle the
difficu lt task of analyzing such processes in relation to environmental factors and biological
properties of the organims involved, a joint project was started in 1977 at the onloglschc
Anstalt Hexgofand {Biologische Ansizit Helgoland, Jahresbericht 1978). This progmmmv
comprises rearing and cultivation experiments with planktonic organisms typical for the
ecosystem of the German Bighs, experiments on intra- and interspecific interactions of
different populauons and, finally, the development of a simulation model describing 2ad
predicting’ changes in a simplified ctystem. To approach the latter goal, among utber
principal information, basic data on autecological, reproductive, physmiogka‘, and
bxochemlcal details characterizing the components of this system must be provided.
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The spider erab Hyas crasews is one of these components. Itis. ery common, rot only
around the island of Helgoland in the North 5es, but over a wide geographic range
" (Christiansen, 1971). Each mature . aranens female can release about 10 030 to 30 000
farvae per hatching season {Schriever, 1976). Thus, the meroplankronic developmental
stages are presumed to play a conspicuous role in the pélagic food web a5 predators, and

,probably also as prey for young tish, natant decapods, and other predatory or decomposer

organisms during late winter and spring, when they are liberated.

Nevertheless, very little is known about these larvae. Their morphology was first
described in detail by Christiansen (1973). Rearing of all larval stages was performed first
by Christiansen (19“’1) and Schoever (1976), ,

In the present study, the temperature Tange in rearing experiments was extended down
to2°C a.nd thus, for the first time, data have been obtained on early Jarval developmeat 21
temperatures comparable 1o those prevailing in the natural environment during } hutching,
Using the development-temperature relations found i in these expeniments, and descried i
the-above literature, a rough model has been derived to describe the presumptive time and
duration of larval occurrence in the field.

Somie preliminary observations on the influence of food quality and genetic variation
on duration of developmem are reported. These factors constitute potential sour:es of
error in estimations of the role of crab larvae within the system vnder consideration. A,
particular aspect of this role is the predation on spionid larvae which are a very frequent’
component in spring plankton. This was studied in preliminiry experiments in order 10
produce the basic information Recessary for turther emerimemal‘dcsign, and 10 ascerain
the order of magmtude of the predaton rate 1o be expecied in later studies.

. The energy gain due w© fecding, the survival rate under starvation, and the cncrgv
ransfer 1o predators are imporiant ecolegical aspects in natural ecosystems and, conse-
quently, in simulation models cescribing thems. Such aspects were investigated in particular
for the first freess w'mn'«mg larval stage {Zoea 1), and some preliminary dasa are also given
for th ot‘le* stages

MATERIALS AND METHORS
Obrsining a'nd handling of larvae

Most of the egg-carrying Hyas aranews females were dredged from a deep channel
southwest of Helgoland {..Helgolinder Ticfe Rinne“) from depths of ca. 30-50m during
December (1976, 1977) and January (1977, 1978). Some were wrapped in lobstcr baskets in

the shallower rocky subudal region around the island.

According 1o daily plankion obscrvations, hatching in Hyas araneus “begins near
Helgoland in early February, and lasts maml) from mid-February to mid-Maxzch. In the
E1% ratorv hatching eccurred dv.lrmg the same period, but was artificially prolonged by
temperature manipulations. In aquaria; at 12 °C jzrval liberation started in mid- January, at
27°C it lasted from early March to May. Hence, larvae coiild be made available for
 experiments over 4 months. Regqrdmg the release of their zoeae, egg~carrymg females

maintained over more than one year in flow-through culture responded in the same
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_ manner as those caught in nature just before narural oifspring liberation. Larvae obtained
under these conditions did not- differ in syrvivai rate, bocy wnéiu or clher eriteria
observed: from rbose rcleased under conditions of* naturai habitat tcmpem ure {-‘l °C) in-
chruaw. o S

The larvae were '(.ared in bcal'crs of d1ffcrcm sizes. Early sxa,,es were mamtamcd m

bcakers ranging form 9.5t 1] in Lap'lu: ', Jater developmental stages in beaKers of 5and

101 capacity. Notural seawater from Helgoland (29-30% S) was used sfter removing
particles > 0.25 zn with a Millipore membrane filter, Care wis taken that ]arval densities
did not exceed 50 individuals - ' (suggested by Schriever, 1976). Slight aeration was applied
in order to provide oxygen, 2nd to keep the larvae in suspension since these show only litde
swrmmmg activity as compared to other decapod -larvae- Antibiotics were not applied,
neither in standard cultures nor in expériments. The water was normally hanbcd three
times per week, in some experiments exactly every 2 days. -
Unless otherwise’ stated, a standard temperature of 12 °C and a standard fond mixture
of Bmcbwnus plicarilis and Artemia salina (ratio ca. 10:3; ca. 50~100 food urgasisms o))
were maintained throughout the experiments. The rotifers were taken from a mass iy
fed with yeast suspension. Rotifers were concentrated by using a nylon g gauze {53 pm),
washed, and resuspended in an algal culture (Dunadielia spo grown in F/Z mediom); the
rotifer-zlgal mixtures were incubated for one day before usmg therm as larval fcod in order
to enrich. B. plicatilis with algal vitamins. After each water change, the rotifers were drained
out and added into the beakers containing brachyuran larvae to a final concentration of
approximately 50-1C0 individuals m} . Freshly huiched A. salina nauphi »nd a small
quantivy of centrifuged Dunaliells sp: wers also added. Food concentrztion was controlled
only reughly by means of 1 ml samples tsken with a graded pipette and checked under a
dissecting microscope. The ration given was. found to be much higher than could be
" consumed until the next water and tood »han *c; and hence its exact amiount was considered
to be of minor importance,

«

Expe el ments

During prefiminary cxperiments designed w assess comp. -ative nutriticnal values of
differeat powential food organisme, excess rarions were provided in order to exclude
limitazion i prey-availability and to ensere food quality as crucial factor. The organisms
tested weser the flagellatte Oxyrrkis sp., the ciliate Fabraea salina, the rotifer Brachionus
plicasilis (without addition of Artemia saling), and larvae of the poiychaete Polydora ciliata. .
The lauer was isolated from natural plankron and maintained for 1-2 days in Dunaliella
culture before being offered as prey. The two protozoans were cultured in the laboratory, |
and also fed on the same green flagellate. During this cxpenment, water cbanges and
feeding were carried out regularly every 2 days.

The exact amo ount of food consumed was determmed n preliminary e:.penmcnts on
the predator-prey. interaction ‘with larvae of Polydora ciliata. These experiments were
conducted in order to ob'am basi¢ information on behaviour and food reqmrememc of
early larval stages of Hyas araneus. Beakers with 11 capacity were used. In the first series of
experiments prev CORCEntration varied, in the second it was kept constant, while predator«
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density varied. Both zocae and spionid larvae were counted again #fier 24 ki, and feeding
rates calculated from the differences observed m prey numbers.

In order to assess the potentia} importance of cannibalism among Zoea-1 farvae in
laboratory cuitures and maortality rates under starvation condittons, two further m{peri-
ments were set up. In the first one, beakers of 1 1 capacity each (eriplicates) wefe filled with
filtered sezwater and 20 freshly harched Hyas aranens Jarvae, They were aerated and

. maintzined without food. Every other day the water was changed, and all living individusls
were examined under a dissecting microscope, counted, and placed back into the beakers.
Dead animals or parts thereof were removed. For the second expenment, 100 larvae were
placed individually into ‘small beskers of 30-50 ml capacity without aeration, Again,’
‘filtered seawater without food organisms was used; the water was.changed every second
day, and mortality was recorded. ' . .

. The iabericws technique of maintaining single individuals in small beakers was akso
applied for further starvazion experiments performed in connection with biochemical and
clemental analyses. To obtain sufficient quantity of marterial for these investigations
several thousand larvae had to be maintained. ' :

All experiments were carried out in temperature-controlled rooms, The developares-
tal timie as a function of temperature was observed in tripli'qaces 202° 6% 16° and 13 °C.
Comparison of different food erganisms (in triplicates) were conducted a5 10 °C, ail other
experineats at 12 °C. T : o :

Elemental and biochemical analyses

For determination of wet weight, individual larvae were sorted alive under 2 dissecting
microscope, blotted for about 10 s on filter paper, and wransferred o pre-weighed silver
cartridges. Total weight was measured on™an Autobalance AD-2 {Perkin-Eimer) to the
nearest 0.1 g, '

In order to obiain dry weight, the larvae were deep-frozen and subsequently vacuum
dried within the cartridges ae < 10% mbar s 2 €7 2 (Leybold-Heracus) app -atus for
about 3 h. Rinsing of larvae in water from an fon exchanger prior Lo dr; ing was not applied
in our analyses, because this procedure creates a risk of osmotic damage with consequent
Jeacking of erganic matter, In small samples, adherent ssle is considered to be present i
such small amaunts tha it has no significan: infleence on further analyrical results; ihis
could indeed be demonstrated in test series: A comparison of rinsed and untreated larvae
revealed na significant diffesences in their dry weight, ash contenz, or clemental composi--
von. It 3 confirmed to some extent by the resulie of Platt et al. (1969) and by the
observations of Omort (1969}, and Theda (1971, 1974). The larer author 2lso did not rinse
sopplankton before carrying out elemental analyses. S : a

The minimum drying time was also determined in a-test. Afrer 2 h of drying, no
further decrease in‘wcigh_( was observed. For standard procedutes, drying time was
therefore fixed to 2 minimum of 3 h. This is about three rimes Jess than observed in oven
drying at 60 °C. Vacuum dryiny was preferred and used exclusively i this study, becausé it
takes less time and, due 1o the much Jower {emperature, dees not affect biochemical
composition, T8t measurements of dry weight and ash, however, did not differ signifi-
cantly in these two methods.- o



0 .\ K.;Aaae; P ,'-K,",‘K,’ C. Neir

Before analyses, the material was storej in a desucator dver silica’ gel in vacuum.
Carbon, nitrogen, and hydrogen contents of larvac were” determined by means of an
Elemental Analyzer Model 1104 (Carlo Erba Science) using cyclohexane-2,4-dinitrophe-
nyl- hydrazone as standard. The capacity of the analyzer for highest accuracy is 0.2 t0 2 mg
per sample. Thus, dependiug on developmental stage and individual dry weight, 110
larvae were analyzed in each samp‘e:, each analysis comprised 5, n seme cases 10 replicates.

"“The accuracy of the apparatus was tested by frequént controls repeatiug analyses of the
standard substance. Standard variation proved to be less than + 3 %/ of mean dispiay.

Before bivchemical analyses, vacuum dried matérial was theroughly homogenived.
Dilutions weie made wherever found necessary, and values later computed. The analyucal
procedures for determination of protein (biurer), carbobydrate {phenol, sulphuric acid),
fipid (chovotor, methanol), chitir (sodium hydrexide), and ash contents {muffle furnace
at 500 °C) followed the ﬂandard methods ‘described by Raymont et al (1964). The
accuracy of inest mwthods is estimated to be < #+ 10 */c. From the biochemical ana‘yses
performed, #ergy Lquzfmfem; were caleulated using thé conversion factors given by
Winberg (1971): 565 cal mg™ for protein, 4.10 for carbohydraté, and 9.45 for lipid. These
factors are very close to those already found by Rinke & Hertling (1937) for marine
crustseazns, The lower factor for protein {5.10) given by Cummins & Wuycheck (1971)
cotrespon d‘: mose o phyteplankion and seston (Hallegraef, 1978), while that of Winberg
is better applicable 1o animal biomass. This value had to be correcred for biologically
unavailable nitrogen oxidation calories according to Kersting (1972) by subtracting 5.9 cal
(rag N)7. N contents were estimared as 16 /4 {by weight) for protein, and 6 *: for chitin.
Since chitin is & substance practically indigestible by predatory zcoplankton and fish,
energy ecquivalents disregasding it were also calculated. Carbon-based calculations of
calaric values using the conversion factors of Platt et al. (1969), gave higher values than
were obtained by considering hochemical compesition. The N-correcied factor given by
Salenen et al. {1976) seems to be more applicable, because the results are much closer 1o the
estrates based on protin, carbohydrate, and fipid. All energy equivalents are expressed in
Jout= units (1 J £ 0.23% cal).

RESULTS AND DISCUSSION.

Influence of temperature on larval development

Developmental rates of Hyas araneus larvae were observed in studies by Christiansen
(1971), Schriever (1976), and in the present work over a tozal temperaturé range from 2 ° 1o
20°C ('T able 1). Christiansen had problems with disease and could only obrain resuits
Lomparabgc to those of Schriever and us whep antibiotics had been applied. At both.
extremely low and high temperatures developmens ceases before reaching the megalopa
stage. At 2°C the Jast Zoea-2 died 145 days after hatching. The opumum range for
development is apparently 10.°:15 °C. -

Mean duration of ali larval stages and the total larval development were caiculgted
from the values in Table 1 and are presenited graphically (Fig. 1). Idealized curves were.
drawn:1o express approximately the development-temperature relationships: Zoeal stages |
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Fig. 1: Hyas arerews: Durwtion of larval development in relation ta wmperature, Mean values
, ' ) calenlated from Table 3
.md seemingly have »a]rr'ost identical durations at identicai temperature, while the

egalopa stage iasts fora s:gmf:camly longer time, For all stages and thus also for the total
dcvc!op’ncnt temperature effects are pronuL,nced below 16 °C, but are very small above

this level.

Since i n.mperature s not t constant in nature, the assumed r"amonshrps summarized in
Figure 1 have been used to calculate approximate developme: tal durations in the licid

K
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(Fig. 2). Water temperature in Figure 2 is given as Jong-term average .—’u.ordmg 10 u'.am by
Weigel (1978). In the upper p.u" of the graph, the estimated durations of larval stages are”
-presenzed for a case were c'nbrvomc development is completed it mid- I'ebtuarv and
hatching of praezoeae akes plau at this time. This very first larval stage is not considered
here, because it lasts for only 2. few hours even av low temperature. The total development
to the first crab srage in this case tkes ahout 110 days, almost half of this penod as Zoex 1,
due to low temyperatares at the beginning of lasval life.
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Fig. 2: Hya aranens: Qccurrence of larval stages in Helgoland waters during spring season: Graphn.n‘
modl based on expenmcnml rr,ults as summamevi in Figure 1, 21, Z2: zecal stages; M: meg 32
. slaj_e

Suﬁh early havhmg anid consequently long du’auun of dev elopmmt is regarded as
rosinal in the VJLH‘!I[)‘ of Helgeland. In Norwegian water, however, Christiansen (1971,
1973} caught egg-carrving femalos as late as April and recorded hatrching of carly larvae
evenin mid-May. If such late farvae liberation is possible alss near Helgeland, it would be
rastier an exception than the ritle, 2id must be regarded as the absolute end f the batching
seascr (n the lower part of the graph (Fig. 2), the assumod dev dopment auration for the
last larvaz preduced in the year is shown. Due to increasingly high temperatuse, intermouit
peiicds ate much shorter in these larvae. Thus the first crab siag: is reached only 6 weeks
larer than in larvae which had harched 3 months before. '

This means that the pelagic phase in the development of Hyas araneus near Helgoland
lazis 2 mintum period of ca. 2 months, 2nd a maximum period of almost 4 months
{Fig. 1). Pigure 2 shows the presumed duration of ail stages as well as the total larval
development (left scale) in reluriont to hacching date (abszissa) and temperature (right seale).
Sin:e we regard a main hatching period from mid-February to mid-March as a rule for

ck;o}and waters, 2 . normal” duration of planktonic development of 2bout 84-110 days is
expected for this region. Ox,r grapmcal model also predicts that the majoritiy of larvae
which had been released dusing :ise first month (the principal) of the hatching season will
inetamorphose within a very xho:r period; in early to mid-June. -

Further analysis shows that only Zoea 1 is subject to high variation in intermoult © *

duration: in Zoea 2 variation is 1ruch less, and the megalopa has dn almost constant
duration, berau.,e it occurs at temperatuus of >10°C, which are of little influence on
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developmental rate (ck. Fig. 1) Extrapolation of these assumptions 1o orher areas with
sinilar temperature regimes seems 1o be possible as an approximation. For general
considerations in plank kon ecology these predictions niean an exclusive occurrence of Zoea
t during February and March, and anincreasing dominanee of Zoea 2 from mid-April to
mid-May, while the first stage disappezrs during that time. Subsequently, megalopae,
become dominant until mid-June, whenmost of them leave the pelagic environment after
metamorphosis to the first crab stage. According 16 this rough model, after this period,
only very few recruits are expected and they should disappear at the atest in mid-fuly.

These predictions asc based exciusively on the temperature factor. They canonly hea
reliable approximation to reality i nutrition cxens no significant insluence or if natural
nutrition is .omparable in its eHect to the food ¢ lered in the laboraiory.

nfluence of food on larval development
Individual variation

Food quality and quantity are key factors influencing not only the rate of survival and
metamorphosis in meroplanktonic larvae, but aiso the duration of development {e:g. Brick,
1974; Sulkin, 1975; Christiansen & Yang, 1976; Sulkin & Norman, 1976). Rate of develen-
ment. seems 0 be 2 pamwlany sensitive indicator for the nutritional value of food
‘organisms, ‘

In; Figure 3, the effect of food qualicy on farval development tn Hyas aranéus s shown
and Lompared for some organisms. Two protozoan species and one rotifer, which can be

easily-reared in laboratory' mass cultures, and one ,natural*“food organism (larvac of the
spnomd polv»hacte Polydom alzaza) ‘were offercd at high densities (ca. 1000 ind. 1) ) as ey
in E\pcnments.
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The flagellate Oxyrrhis sp. app‘arently could not be consumed because of its small size:
* The second zoeal stage was never reached, and the survival time of early zotae was dinost
identical with that observed in starved larvae (Fig. 6), if not maintained individuaily.
© The larger-sized ciliate Fabraea salina is eaten, but has only Jow food value for Hyus
aranexs larvae: Survival time in the first zoea stage was significantdy prolonged, and 2 fovr
individuals also reached the second stage. The Zoea 2 stage alsc could last fov a mixch
lopger dme than in standard cultures {Table 1), but no- further moulting occurres.
Probably in this focd organism predator-prey size rc!at:on is to0 nmsvoumble 10 allow
sufficient energy pain in predation. -

Bracirionss plicatilis is 2 commonly used food orgarmm in aqumuiture and scientific
research (for review sce Kinne, 1977). Many authors {e.g. Christiansen & Yang, 1976;
Schriever, 1976; Sulkin & Epifanio, 1975; Sulkin et al,, 1976, and earlier invesugators
referred 1o in Lhen papers regard it as suitable only for eacly developmenta] stages in
decapods. Thus, it was mostly used only in the beginning of rearing cxpenmenb and later
displaced by Artemiy salina nauplii or (as donc in our standard rcanng) given in 2 mixture
together with the brine shrimp. Pigure 3, however, reveals that complete larval develop-
ment of H. aranews is also possible when using exclusively the rotifer as food. Metamor-
phasis 1o the crab stage is enl" slightly delayed as compared to larvae feeding on spionid
larvaz or mixed foud, and appears 1o be guite normal in regatrd to timing.

This experiment reveals that toa small-sized prey is unsuitable as food even if offered
at high densities, and that ,,natura"' food organisms, which.occur in high densities in the
plankton together with it predator, are hxgniv suitable for rearing decapod larvae,

Christiansen (1971, 1973) found variation in larval size of Hyas araneus which had
been treated in the same way, and she sitributes it to gcographxc; environmental, and
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Fig. 4: Hyas araneus: Larval and postarval developmen( of two individuals. Svmoo' for *N SLagss as
in Figures 2 and 3. Numbers at vertical lines in che graph: percentape increments i carapa: !cngf
numbers at horizontal Lines: intermoult duranions (days) :
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genetic factors. This variation czn also be recognized in terms of viab" ity and devc‘opmm«
1l rate (e.g. the (,xpénmem,al resulrs summarized in Table 1), It has been followed over
penod of one year.in postlarval growsh of crabs reared in the experim: onts descrited above.
They were maintained under identical conditicns individualty at 12°Cin1 T beakers with
gravel as substratum, slight aeration, feedmg three times per week, and food airs sting of
mussel and shrimp meat: .
In Figure 4, larvai deveiopnmm (at 0 °C) aa poeth'a’ growth {at 12 °C)is shown
Afor the two individuals which exhibited the fastest and slowest x{mwxl" rates, respecuivaly,
The individual which required a longer sime to me tamorphose 10 the tirst bottam stage had!
mostly onger intermouit periods and emaller length § increments a]so in its postlarval lite, It
shied after ore year without zpparent cause. :
No final conclusions can be drawn from this observation; however, it seems hLeiy that
growih rates anid viability are nou only funciions of environmental factors, such as
temperatore and food supply, but 2iso 10 a rclat:velv high degree of genetic variation,

en Zoca 1 stage larvae.
larvae of Polydora c:[zat:z

, In spring plmntoe near Hel go.s.n:! boih {areac of the spionid Polydora ciliata and of
the - spider crab Hyas arancus are common, the former ones often occurring in high
numbers, Thus, predator-prey interzctions between shese two species are expected to occur
frequently in this region.

By keepmo constant predator density snd "qrymg the initial pr»v concéntration {Fig.
52}, an increasing feeding rate can be observed in rvelation to absolute (spionids 1" and
consequently also 1o relative pre\ density (spionmids: zoeze). In this relationship, a
saturagion density must be assumed, which dees not permit further increase in feeding rate
if exceeded. Indeed, 2 rendency of approaching a plateau can be observed in Figure 5a;
however, the exact vahue for this, upper thresh 'd has 1o be cxetcmuzed . fucther
experiments. :

The feeding rate decreased considersbly with increasing predater density (Fig, 5b).
This fact is presumably caused mainly by high predation rates at the begianing of the
experiments and the resulting lower average densitics in prey organisins during the entire
expenment. fn addition, a muteal interference mtw*en the crak larvae could have
diminished prcéat!oq rates. Since predator densities of 10 individuals "' or more certainly
do not occur in nature; this effect should be regarded as an experimental artefact. Thus,
further studies have 10 consider especially the range 1-10 zoeae 1 in order to obtain
natural maximum rates of predation. . ‘

This holds true also {or further experiments with varying prey concentrations. They
have to be carried out with a much lower zoeal density than in these pilet observations.
According 10 these initial observations, platesu concentrations in spionid larvac with
©_ maximum predation- rates must be expecied near an order of magnitude of >1000
individuals l ', i.c. above the highest densities ever reported in the literature for Polydora
ciliata (Daro & Polk, 1973). This finding, i confirmed, would mean that spionid larvac
alone normally cannot sufficiently support crab larvae in nature. If other zoplankton of
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suitz”le size and availability (only relat’ aly slow swimmers can b caught by Hyas
araness) at high density is also missing, nutritional deficiency must be regarded as a major
seurce of larval mortality in H. aranerms.

Starvation. and cannibalism

In boreal sea regions, variation in food production is high. Thus, suvival rates in
starved zooplankton are generally regarded as an ecologically important factor {for recent
discussion see Ikeda, 1971, 1974, 1977; Com)vez'1 1978). However, in starvation experi-
ments with zooplankton, many individuals have usually been kept together in the same
beaker or bottle (v.g. tkéda, loc. cit.; Mayzaud, 1973, 1976), so that cannibalism or feeding.
upon dead individuals could not be excluded. Hence, results obtained in this way do not
really apply ro starvation but rather to insufficient nutrition only.

In Figure 6, cumulative percentage-mortality rates observed by means of this mcthodA
are compared with those of individually kept zoeae (Z 1). Although dead individuals were
removed every other day, maximum suvival time doubled where cannibalism or necro-
phagy occusred. This indicates a well-déveloped ability for utilizing food s sources of minor
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quality (such as camon) in periods of poor prey availability (sec also Fabrea salina in Fig.
3). Hénce for experisnents on biochemical chanves under starvation, we applied exclusively
the elaborate but rehable m;thod of maintaining each individual separately.

Carbon, nitrogen, and hydrogen contents
in fed and starved larvae

Many data on elemental and biochemical composition or caloric equivalents of
planktonn, orgamsms have been published in the last decades (e.g. Vinogradov, 1953;
Beers, 1966; Omori, 1969; Cummms & Wuycheck, 1971; Thayer et al., 1972; Childress &
Nygaard, 1974; Tkeda, 1974) bur hardly any data on decapod larvae. This fact is a
comsequence- of low natural densities of decapod larvae in plankton communities. Hence,
rearing of larvae is necessary to obtain sufficient material for chemical analyses. However,
rearing expenmems have usually been carried out with different aims. Rearmg of mero-
planktomc larvae for biochemical analyses during growth and starvation is surprisingly
rare in the field of nutritional ecology of plankwon,

Table 2 summarizes the values measured for individual body wexght and clemental
composition in larvae of. Hyas aranens (as far as determined; starved animals not included),
The percentages of carbon (), nitrogen (N), and hydrogen (H) do not vary much within

_ and betwéen different stages, in contrast to the absolute amounts {ug per individual), which
increase considerably during the larval development. Since only relatively few analyses on
Zoea 2 and megalopa have been performed, our values do not cover the whole range
observable in these stages, but rather the order of magnitude only. :

For Zoea 1, the full range can be seen in Table 2, Gain in total body weight «n
‘prmupal elements amounts to more than 100 ¥%c within one intermoult. Thus, if esnmatmg
those items for a given stage found in a sample, at least the dry weight should be
determined. Even then there is considerable variati :n not only in'relation to age, but also to
the past numuon of the larvae as well. The percentage valves for C, N, and H, as well as

Table 2

Hyas araneus: Range of values for fresh weight (FW), dry weight (DW}, e rbOﬂ (Ch mlwi:ﬂ‘ (N}
hydrogen (H), C/N ratio, and ‘energy equivalents (joulr:i per individual found in farval stages.
Percentage values related to dry w%ht

Praczoca : Zoeal © Zoea2 Mc—g’a/lop; ‘
PV ey 252-390 318607 . 866-1022 1828-2241. -
'Dw((!ﬁé; T 4667 55-148 186-352 © 303-506
L ) : ) 39.5-38.7 33.0-39.3 30.9-32.4
¢ {ug) . 2150 ‘ 6191 - 140-154
N7 not 6.4~9.2 - 6.2—?.90 } 73;-;.54
: determine C5-12 14~ . -
((i‘g) . J'Ltur'mn.(d C 4460 0 45%0 0 A9
H {ng) I T 37 C9-12 21-22
CN ‘ 4049 . 4448 . 434S
Joule - - 0.68-099 . ¢ 0.87-207 . 252-377 - 5.80-638
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the C/N ratios are comparable to data found in gnany other zooplankton groups (see.e.g.
the reviews by Vinogradov, 1953; Omori, 1969; lkeda, 1974), though great variation
oceurs. o ‘

Tlse effect of starvation on the composition of Zoea 1 larvae was followed over 12 days
* (Table 3}, i.e. to a time already lethal for about 80 */: of the larvae (Fig. 6). Two days after
the beginning of the experiment, the surprising fact was observed that no change in dry
weight had occurred, but a reduction in C, N, and H, regardless of feeding or starving
conditions. [t is possible that, éxcépt for uptake of prezoeal exoskeleton material immedia-
tely after moulting, hardly any food was ingested during this time, while parts of the body
had to be reconstructed in the build-up of the new exoskeleton. Thereafter, all body
constituents observed and the toral body weight increased in fed individuals until the 8th
day. At this time, the maximum dry weight of this stage (in that particular case sbout 126
ug per individual) was reached. The maximum weight as well as the iniual weight of 2
given stage apparently depend much on genetic factors: Mean initial dry weights of Zoea 1
varied in different broods between 60 and 72 (total range in single determinations 55-75) ug
per individual, their mean maximum weights between 125 and 140 (total range 122-148) pg
per individual. Variation within a brood is very low (standard deviation mostly <+ 3 ug).

Both relative and absolute amounts of C, N, and H also increase after atraining the
maximum dry weight. Starved zoeae, however, lose about 14 */e of their initial dry weight,
-and 4347 /> of the elements considered here within 12 days. This loss in organic material
is significantly higher than the general upper limir estimated by. Ikeda (1974). He assumed
20 “/c loss as being lethal for starved zooplankton. During the same period, fed larvae gain
75 */z in dry weight, and 91-95 /. in the elements C, N and H. Four days later, in up ro
2 day-old Zoea 2 a striking increase in organic matter and total dry weight can again be
observed. This applies only to the total amounts, not the percentage values, which decrease
after moulting, The further development could not be followed duc to lack of material,

Calculating energy equivalents by means of the N-correctad formula of Salonen etal.
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Fig. 6: fyas aranews: Cumulative mortality rate in st Lrved zoea-1 Izrvae allowing {open un.]t.s) and
. excluding {closed circles) «aan balism and nccrophagy
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- (1976), values of 12.6 10 15.6 ] mg™ (i.e. 0.88'to 1.97 | per individual) are obtained in fed
Zoea 1 and 9.5 ] mg™’ (0.57] per individual) in starved ones after 12 days. These estimations
are based upon carbon contents, and this do not necéssarily express physiological values,
since tnorganic and chitin carbon are potential sources of error. However, as will be shown
in the following section, C-based and biochemnical based calculations of energy equivalents
correspond rather closely, if N and chitin corrections are made. '

- Starvation effects on biochemical composition
L of early stages : ;

Biochemical composition and energy equivalents of early larvae are given in Table 4
and in Figure 7. Differences in protein, carbohydrate, lipid, and ash contents of praézoeae
and freshly mouited Zoea 1 (Z1 Od) do:not exceed the confidence limits of the ainalytical
methods. More surprising is the relatively high amount of chitin in Z1 larvae found shortly
{maximum within 6 h) after moulting. This observation can only be explaired by very fast
chitin synthesis and uptake of praezocal éxoskeletons or parts of them. Also the C-H-N

Table 4
Hyas araneus: Biochemical composition and energy eguivalents in early larval stages under starvation
{¢) and feeding (f} conditions. Od, 8d = time (days) from harching as z6ea-1 stage (Z1). Mean (%) *
o "~ standard deviation. Percentage values related to dry weight ‘

3

Praezoea ZiOd Zt 8d(s) Z1 8d(f)
FW (pg) T 3380 ' 420.6 S14.7 © 5176
) * 14.6 ' 19.9 483 18.3
DV (1) % 543 et 727 134.4
: Y o7 22 9. 3.4
H,O (/) ¥ 23.9 85.6 " 85.9 74.0
) + TS 12" 17 L6
Protein” {ug) 244 273 133 . 41.5
o A 459 45.2 180 . 30.9
Carbohydrate (ig) 2.0 © 18 19 4.7
Y € 34 3.0 26 3.5
Lipid =~ - (u) 7.2 7.8 66 120
’ {r2) 133 13.0 9.2 .89
Ash ) 124 12.1 145 167
o oA - 229 200 7 . 200 124
Chitin - - ] (zg) T4 6.8 3T 29.6
- : (*/s) 8.3 . 112 , 42.2 220

Protein: lipid S ‘ 34 - 3.5 ’ 20 35 -
Energy - (Img ) 1602 . 1628 . . 1422 " 1364
equivalents: {J ind 0.88 0.96 ‘1.05 < 184
incl/excl. . - (Jmg) - 1477 - 1482 762 10.21
chitin U‘ing ') - i 079 ... . 088 - 0.54 1.38
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early larvai stages. PZ: praezoea stage; all other symbols as tn Table 4. Biochemical constituenss given
in ug individual * (left scale) and in *: dry weight (numbers besides Lars)

analyses (sce above) indicated a relatively high metabolisim in fed larvac during the first two
days which couid, in part, be caused by reconstruction processes i the larval body.

Eight days later (Z1 8d), much has changed in biochemical composition: starved zocae
(s} have lost 52.0 */: of their initiai protein, and 15.4 *% of their lipid, swhile carbohydrates
remain unchanged, and ash has increased by 19.8 /.. The most striking alerations are
found in the building-up of chitin and the catabolism of protein. Surpsisingly, the 2mount
of chitin is .most identical in fed and starved lan 2 afte 8§ davs. Its fraction (. . : of dry
weight in fed 20eae) is much higher than previously reco:zd data oa planktonic crustace-
zns (e.g. Raymont et 2L, 1969, 1971; Childress & Nygaard, 1974}, Thus, the formation of
the exoskeleton seems to be completely independent of nutrition. The main metabolic
substrate is profuin. In the same period, fed larvae {f) have gained 52 “/ protein, 53.8 %/
lipid, 161.1 /. carbohydrétes, and 38.0 % ash; as in stanved zoeae, chitn has increased by
more than 300 7: of the initial amournt.

Due 1o the relatively lower building-up of lipid and protein as compared to chitin,
energetic valies of larval bodies, expressed-as | mg™, are [awer after 8 days feeding thanin
the beginning of Jarval development. Encrgy equivalerts per individual, however, have
considerably increased. Thus, if using those decapod Ja-vae as food organisms, e.g. for fish_
or farger crustaceans, very early stages would be much more suitable than later ones, not:
only because of lowe: rearirig costs, but also because eac! milligramme of available organic
matter contains about 1.4 times more physiological ener 1+ than in fater zoeae.

. The average energy loss in starved zoeae (disregarc'ing chitin) is about - 0.4 J per
individual day™!, but almost ~ 5.9 ] mg™' day, while the g in in fed larvaeis ca. + 0.6 J per
individual day™'. If chitin is included, no energy los: cun be measured in starved larvae over
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8 days, 'I'h:s surprising fact mdxcam an euremely low res; ‘ration rate under starvation
conditions (c. f. Ikeda, 1977). Apparently, almost ali avmlablc energy has bcen zransformed o

1o chitin without measurable loss

The finding that protein can be unhzed as main energy sourge durm;, starvation
corresponds to some observations in zoop]ankton physiology (e.g. Tkeda, 1971, 1974;

- Miyzaud, 1976). Generally, lipid is the major metabolic substrate (Lawrerice, 1976), but

L

predatory plankton organisms often do not have enough reserves of it, and thus have touse

protein catabolism as energy producmg pracess (Ikeda, 1974), Also, under good feeding -
conditions, metabolism of protein is much higher than that of lipid (Table 4; cf. Tkeda, _
1977). Carbohydrates cannot be utilized to a noteworthy degree, since they constxtute onlv
2 very sma]l {ractmn in most planktonic animals.

Conclhding re}narks -

Larvae of the spider crab Hyas aranens occur frequemly in the p]ankton of the
German Bight over 2 period of more than 4 months during late winter and spring (Fig. 2).
If the populations of this decapod are fairly stable, larval mortality rate must be very high
in nature. According to our laboratory observations, mortality is highest in zoeal stages,
much: lower in megalopae, and very low in benthic juveniles. That means that the most
voracious stages in terms of large-particle feeding probably occur only in low numbers in
the plankton. Thus it is likely that total energy input into the pelagic system by early larval
stages of H. araneus s higher than the output due to plankton feeding by all larval stages.
Howevcr, comparing the values in Tables 2-10 + with those found for other plankion
organisms in the biochemical literature cited abovc, crab larvae certainly do not constituze
major energy source as do, for example; copepeds or other holoplankrers. On the other
hand, larvae of H. araneus are relatively large, slow swimmers. This fact might not only
influence their own nutrition and distribution in che water column, but also the reponses of .
highc. predators, which in part may depe 1 on such kind of prcv ’

Further experiments on interspecific interaction ~ consmermg also behawoura] traits,

. -starvation ability, and biochemical ccmposition comprising all larval stages ~ must be

carried out in order to obtain a more reliable estimate of the role which tl}ese larvae play -
within the pelagic system of the German Bight and of comparable sea regions.
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