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Abstract. The endemic Jamaican freshwater crab Sesarma meridies lives in shady microhabitats on river banks, where
temperature and pH are lower and ion concentrations higher than in mid-stream water. Ovigerous females were found to
release up to 140 yolk-rich larvae (hatching period: 1 week; >90% at night). Larval development comprised two fully
lecithotrophic zoeal stages and a feeding megalopa, which was also able to develop without food (facultative lecithotrophy).
After metamorphosis in complete absence of food, juvenile crabs showed reduced body size, delayed moulting, and
enhanced mortality. Endotrophic development was fuelled by internal lipid reserves; proteins were conserved as structural
components of tissues and organs. Fed megalopae enhanced their protein content rather than re-stocking previously lost
lipid reserves. Ecdysial biomass (CHN) losses were very low (zoeal stages: 1-2%; megalopa: 3—7%), showing an energy-
saving production of thin exuviae. An extended hatching period may reduce intraspecific competition or cannibalism
among juveniles; nocturnal hatching should reduce the predation on larvae. Large egg size, enhanced yolk reserves,
an extended embryonic development (7 weeks at 24°C; implying a prolonged period of brood care), abbreviated and
partially food-independent larval development, and reduced exuvial losses are considered as life-history adaptations to
unpredictable planktonic food availability in the breeding habitat.

Marine and Freshwater Research, 2007, 58, 743755
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Introduction

In evolutionary biology, comparative studies attempt to dis-
tinguish similarity in character states owing to phylogenetic
descent (homology) from cases of independent origin (analogy),
in effect, convergent evolution as a result of similar selec-
tive pressures (Harvey and Pagel 1991). Among closely related
species, identical traits may provide evidence for common ances-
try, whereas differences may represent recent adaptations to
differential habitat conditions. However, phenotypic plasticity
(i.e. intraspecific variability in response to environmental vari-
ation) (see Piersma and Drent 2003), renders this distinction
sometimes difficult. This phenomenon occurs also in reproduc-
tive and developmental traits, which belong to the most important
character states in phylogenetic analyses (Gilbert 2001; Hossfeld
and Olsson 2003; Scholtz 2003). Comparative studies of both
inter- and intraspecific variation in closely related species are
therefore of utmost importance for the reconstruction of evo-
lutionary pathways and phylogenetic relationships within and
among clades. Processes of adaptive radiation are in this context
particularly suitable subjects for case studies.

Among the decapod crustaceans, one of the prime exam-
ples for an adaptive radiation occurs in sesarmid crabs on the
Caribbean island of Jamaica (Schubart et al. 1998; Graham
2003). During their transition from a coastal marine to limnic and
terrestrial life styles, which took ~4 million years (Schubart ez al.
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1998), these crabs evolved various morphological, behavioural,
reproductive and physiological adaptations to their new environ-
ments (Schubart and Diesel 1999; Diesel et al. 2000; Schubart
and Koller 2005). Most of these adaptations resemble those of
other Decapoda living in freshwater or on land (cf. Greenaway
1999; Adamczewska and Morris 2000; Holdich 2001).

In contrast to the evolutionarily much older crayfish and pota-
moid crabs, which reveal a direct development from the egg to an
adult-like juvenile stage, the life cycles of the endemic Jamaican
sesarmids comprise — at least in all species where this aspect has
been studied — free-living larval stages, which develop in fresh-
water (Anger and Schuh 1992; Anger 2005; Anger and Schubart
2005). Because this phase is by origin marine planktonic, the
larvae face both physical (namely osmotic) and nutritional
stress in environments with low ion concentrations and poor
or unpredictable plankton production. These conditions should
thus select for an early appearance of osmoregulatory functions
(Charmantier 1998) and larval independence from planktonic
food sources (Anger 2001).

The latter assumption was confirmed in recent life-history
studies on the endemic Jamaican crabs Sesarma windsor, S. dol-
phinum, S. fossarum, and Metopaulias depressus (Anger 2005;
Anger and Schubart 2005). All of these species show an abbrevi-
ated larval development in freshwater, consistently comprising
two non-feeding zoeal stages and a facultatively lecithotrophic
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megalopa. However, the early life histories of more than one half
of the endemic sesarmid species are still unknown, so that it has
remained uncertain if the same reproductive, developmental and
bioenergetic patterns occur in the whole clade. Further compar-
ative studies on more of these species are therefore necessary
to allow for generalisations. Corresponding traits should indi-
cate common ancestral (homologous) character states, whereas
interspecific variation may reflect derived characters that have
evolved as a result of reproductive isolation and differential
selection pressures (Schubart ef al. 1998).

The present study provides the first comparative life-history
data for a limnic and semiterrestrial crab from Jamaica, Sesarma
meridies, which has only recently been described as a new
species (Schubart and Koller 2005). Ecological, reproductive
and developmental traits as well as ontogenetic changes in
biomass and chemical composition of embryonic, larval and
early juvenile life-history stages are compared with the avail-
able data from other species belonging to the endemic clade.
Although similarities in several of these traits show common
adaptations to fully limnic life styles, our data show also
interspecific variation in some reproductive patterns.

Materials and methods

Collection and maintenance of crabs, collection
of egg samples

About 40 adult Sesarma meridies (Fig. le), including three
ovigerous females (body size ranging from 19.8 to 21.2 mm
carapace width), were collected on 16 March 2004 from
the Crooked River, Clarendon, southern central Jamaica
(18°7.946'N, 77°18.329'W). Additional material (10 individ-
uals) was collected from a second site in the same river,
~1km upstream (18°7.807'N, 77°17.741"W). Water character-
istics (temperature, conductivity, pH; Table 1) were measured at
~1300-1400 hours using a portable ‘Combo pH and EC’ appara-
tus (Hanna Instruments, Kehl, Germany). Concentrations of total
ions (in ppt) can be estimated from conductivity (in mS cm™1)
using a conversion factor of 0.5 (manufacturer manual).

The crabs were transported to the Discovery Bay Marine
Laboratory and subsequently maintained in freshwater kept at
24 + 2°Cand anatural light cycle. Plant materials collected from
the river were given as natural food sources. Within one day
after collection, five eggs were removed from each of the three
ovigerous females (A, B, C) and stored frozen at —18°C for later
determinations of biomass and elemental composition. The crabs
were then transported to the Helgoland Marine Biological Lab-
oratory (Germany), where they were maintained in aquaria with
aerated tap water and limestones, which were added as a calcium
source and as a substrate allowing the crabs to hide or to climb
emersed in the air. Isopods (/dothea sp.) and grated carrots were
provided as food. Conditions of temperature (24 4+ 0.5°C) and
light (12 : 12 h light : dark cycle) were kept similar to those at the
collection site on Jamaica. The ovigerous females were checked
at least twice daily for the occurrence of freshly hatched larvae.

Larval and juvenile rearing, feeding experiments,
sampling protocol

Newly hatched larvae were pipetted to individual 100 mL Nunc
plastic bowls filled with unaerated tap water (average pH 8.00;
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conductivity 0.41 mScm™!). Temperature and light were the
same as in the maintenance of adult crabs. Cultures were checked
every 12 h for moults or mortality, water was changed every 24 h.

Behavioural observations (see below) consistently showed
that the zoeal stages were non-feeding, while the megalopa
accepted food (Artemia sp. nauplii). No food was thus given
throughout the zoeal phase, while megalopae were routinely
fed with freshly hatched brine shrimp nauplii (density ~10-
15ind mL~") that were previously rinsed with freshwater.

In the larvae from females A and B, we tested if the presence
or absence of food during the megalopa stage affected the rates
of survival and development through metamorphosis, changes in
megalopal body mass, chemical composition at metamorphosis,
or body size in the first juvenile crab stage. Near the end of the
megalopa stage (immediately after the onset of metamorphosis),
samples of both fed and unfed individuals were taken for later
determinations of biomass and chemical composition. Juvenile
crabs from hatches A and B were individually reared (the same
conditions as in fed megalopae), and the duration of successive
moulting cycles was recorded through the first five instars. Fur-
ther samples of larvae and juveniles were taken for a study of
morphology (to be published elsewhere).

Measurements of body size, dry mass, and elemental
composition

Body size (carapace width, CW) of adult crabs was measured to
the nearest 0.1 mm with a Vernier calliper, the size of eggs and
first-stage juveniles to the nearest 0.01 mm using a Leica MZ8
stereomicroscope equipped with a calibrated eyepiece micro-
meter. CW was measured between the tips of the posterior lateral
carapace spines (Fig. le).

Embryonic and larval biomass was measured as dry mass
(W) and contents of carbon, hydrogen and nitrogen (following
the common use in the published reports, collectively referred
to as CHN) per individual, as well as elemental composi-
tion (CHN in % of W; C:N, C:H mass ratios). Ontogenetic
changes in biomass and chemical composition were studied
during complete endotrophic development (i.e. from the egg
to metamorphosis in continual absence of food, as well as in
fed megalopae) (Tables 2—4). Samples of eggs or larvae were
taken (/) within a few hours after collection of the females (early
egg biomass); (2) immediately after larval hatching; (3) at the
end of zoeal development; and (4) at the end of the megalopa
stage (i.e. at metamorphosis) to the first juvenile crab stage (for
development durations, see Fig. 2). Each set of W and CHN
measurements in eggs or larvae comprised n = 5 replicate deter-
minations with one individual each. Biomass and CHN of shed
larval exuviae could be measured in only n = 2 replicate samples
from each of the two zoeal stages and in n =3 replicates with
megalopal exuviae. Each of these replicate samples comprised
25 (zoeal stages) or 10 (megalopa) pooled exuviae.

Measurement of W and CHN followed standard techniques:
samples of eggs, larvae or exuviae were briefly rinsed in distilled
water, blotted on fluff-free Kleenex paper, and subsequently
frozen for storage at —20°C in pre-weighed tin cartridges.
Later, the samples were freeze-dried in a Lyovac GT-2E vacuum
apparatus, weighed to the nearest 0.1 g on a Mettler UM-3
microbalance, and analysed for CHN with a Fisons (Carlo
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Fig. 1.

Erba, Milano, Italy) model EA 1108 Elemental Analyser using
acetanilid as a standard.

Measurements of proximate biochemical composition
(total lipids, proteins)

Sufficient material for comparative measurements of proximate
biochemical composition (contents of total protein and lipid) of

Sesarma meridies, life-history stages; (a—c) larval stages (zoea I, II, megalopa); (d) first juvenile; (e) adult female.

successive larval stages was available only from hatch A. The
samples were gently rinsed for 10s in distilled water, subse-
quently blotted on filter paper, and stored frozen at —80°C in
Eppendorfvials. After freeze-drying for 48 h, W was determined
on a Sartorius MC1 RC 210S balance (precision 0.01 mg).
Thereafter, the samples were homogenised by sonication in dis-
tilled water (Branson, Sonifier, Cell Disruptor B 15; 5 strokes
of 5s on ice). Each homogenate was divided in two aliquots



746 Marine and Freshwater Research K. Anger et al.

Table 1. Sesarma meridies: water characteristics at various habitats in the Crooked River, Jamaica
‘River’, mid-stream water at site shown in Fig. 3a; ‘Shaded puddles’, same location, water in shallow puddles on densely vegetated,
shady river banks (see Fig. 3b); ‘Exposed pools’, same location (Fig. 3a), but without vegetation, exposed to bright sunlight;
‘Upstream site’, shady river section in forest, ~1km upstream from the other locations; n» =5 measurements each in the three
former habitats, n = 2 at the upstream site

Variable Habitats
River Shaded puddles Exposed pools Upstream site
Temperature (°C) Mean +s.d. 29.6£04 260£1.1 32.1+1.0 23.0£0.2
Range 29.2-30.2 25.0-27.7 30.3-33.1 23.1-22.8
pH Mean + s.d. 8.36+0.08 7.12£0.09 8.31+0.42 7.88+£0.03
Range 8.21-8.42 7.03-7.25 7.58-8.60 7.86-7.90
Conductivity (mS cm™!) Mean + s.d. 0.24 +0.00 0.5240.10 0.28 +0.09 0.34+0.01
Range 0.24-0.25 0.34-0.62 0.24-0.45 0.34-0.35

Table 2. Sesarma meridies: embryonic development, hatch C
Losses of dry mass (W), carbon (C), nitrogen (N), hydrogen (H) (collectively CHN), all in g ind~! and changes
in elemental composition (CHN in % of W, C : N and C : H mass ratios) during the period (49 days) of development
from an early embryonic stage (day of crab collection) to the day of larval hatching; embryonic biomass losses in
% of initial egg W and CHN; P, level of significance for comparisons of mean values (n.s., not significant); note:
the duration of 49 days, as well as the values of ‘initial” embryonic biomass and of the biomass decrease from an
early embryonic stage until hatching represent minimal estimates, because the eggs might have been laid several
days before the collection of the crabs

Variable Stage (time in days) Embryonic loss (%) P
Embryo (—49) Zoea I (0)

W (ngind™") 734427 636+ 60 13.4 <0.02
C (ngind™") 458 +20 378 £35 17.4 <0.01
N (ngind—1) 56.8+1.8 50.1+4.7 11.8 <0.05
H (ngind™!) 69.5+32 58.0+6.1 16.5 <0.01
C (%W) 62.3+0.9 594402 <0.01
N (%W) 7.7+0.1 7.94+0.1 ns.
H (%W) 9.5+£0.1 9.1£0.1 <0.01
C:N ratio 8.06+0.11 7.544+0.06 <0.0001
C: H ratio 6.59+0.02 6.52+0.08 ns.

Table 3. Sesarma meridies, hatch A
Changes in dry mass (W), carbon (C), nitrogen (N), hydrogen (H) (all in g ind~! and in % of W), C : N and C : H mass ratios, protein and
lipid contents, and lipid : protein ratio during larval development (time, days before or after hatching); zoeae always reared without food,
megalopae without (—) or with (+) Artemia nauplii; P, level of significance for comparisons of mean values — versus + (n.s., not significant)

Variable Stage (time in days)
Egg (—13) Zoea I (0%) Zoea I (0B) Zoea I1 (5) Meg (=) (13)  Meg(+)(13) P(—v +)

W (ngind=1) 589422 551422 507 +43 504 £ 13 478 439 685+ 14 <0.0001
C (ngind=!) 35346 317411 294 £ 27 28011 227426 33647 <0.0001
N (ngind~!) 424409 39.440.8 38.043.2 375408 355427 535+ 1.4 <0.0001
H (ngind™}) 5264 1.1 46.8+£1.9 459447 433+£19 340443 503+1.1 <0.0001
C (%W) 59.941.7 57.641.5 58.040.9 55.640.9 474417 49.14+0.6 n.s.
N (%W) 7240.1 72402 7540.1 7440.1 7440.1 7.840.1 <0.001
H (%W) 8.940.2 85402 9.040.2 8.6402 71404 7340.1 n.s.
C:N ratio 8324012  806£0.16  7.74£0.10  748+0.18  637£026 6.2940.18 ns.
C:H ratio 6704003 6784003 6424007  647£0.05  6.6940.11 6.6840.01 n.s.
Lipid (ugind~!) 103 £21 7547 46+7 6747 <0.001
Protein (ugind 1) 1745 16748 15346 21449 <0.0001
Lipid : Protein 0594013 0452006  0.3040.04 0.3140.02 n.s.

AFirst day of hatching period.
BDay 5 of hatching period.
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Table 4. Sesarma meridies, hatch B
Changes in dry mass (W), carbon (C), nitrogen (N), hydrogen (H) (all in wgind~' and in % of W), C:N and C:H mass ratios
during larval development (time, days before or after hatching); zoeae always reared without food, megalopae without (—) or with (4)
Artemia nauplii; P, level of significance for comparisons of mean values — versus + (n.s., not significant)

Variable Stage (time in days)
Egg (—11) ZoeaI(0) ZoeaII (5) Meg (—) (13) Meg (+) (13) P(—v.+)
W (ngind~!) 768 £ 60 775 £67 723 £65 694 + 86 937+£63 <0.001
C (ngind=1) 460 + 45 460 + 44 415+ 44 349 453 479 +38 <0.001
N (ugind~!) 57.5+£4.2 58.2+4.38 53.7+43 513+54 69.6+4.3 <0.001
H (ngind~1) 70.1£7.2 71.0£7.0 63.2+7.1 52.2+£8.5 71.5+6.1 <0.002
C (%W) 59.8+1.4 59.3+£0.7 573+14 502+1.5 51.1+0.8 n.s.
N (% W) 7.5+£0.3 7.5%0.1 74+£0.2 74+£02 74+0.2 n.s.
H (%W) 9.1£0.3 92402 8.7+£0.3 7.5+0.3 7.6+0.1 n.s.
C:N ratio 8.00+0.39 7.90+£0.20 7.71+£041 6.78 £0.37 6.87+0.21 n.s.
C: H ratio 6.56 £ 0.05 6.48 +0.04 6.56 +0.04 6.70 £0.09 6.70 £ 0.06 n.s.
T Hatch A Feeding transformed before statisFical analysis. Juvenile body size was
7 a8 - compared between two different hatches (A, B) and treatments
o5 | (megalopae with or without food) using a two-way ANOVA.
T T
g 2 | Results
= z . i
o s Habitat characteristics
S 15 o Facultati ] - . . .
° |9Cﬁ;t?o';§y £ Both collection sites were close to the type locality of
S 1o < > 3 B Sesarma meridies (see Schubart and Koller 2005) and may thus
Non-feeding § be? considgred as typical ha‘pitats of this_ species. The Crookc?d
5 - £ - River, a tributary to the Minho River, is a shallow mountain
§ stream (Fig. 3a). At the river banks, there were isolated puddles
R M(—) M(+) Ci(-) Ci(+) CI cli _cNv cov and larger pools with no or only weak water flow. Numerous
Stage small fishes were observed in both the stream proper and in pools
connected to it, but never in small and isolated puddles. Crabs
Fig. 2. Sesarma meridies, hatches A and B. Duration of development were exclusively found under stones and boulders in or next to

(mean % s.d.) through successive larval (zoea I, II, megalopa) and early
juvenile crab stages (C I-V); megalopa reared without (—) or with food
(+); juvenile crabs always fed, but originating from fed or unfed mega-
lopae respectively (no data for the — treatment in hatch A owing to complete
mortality in C-I instar).

for measurements of the lipid and protein contents. The lipid
content of the homogenate was determined with the sulphophos-
phovanillin method (Z6llner and Kirsch 1962) modified for
microplates (Torres et al. 2007b). The protein content of the
homogenate was determined using a BioRad (Miinchen, Ger-
many) DC Protein Assay kit (based on the method of Lowry
et al. 1951), which was also modified for microplates (Torres
et al. 2007a).

Statistical methods

The statistical analyses followed standard techniques (Sokal
and Rohlf 1995), using a JMP (version 5.1.2; SAS Institute
Inc., Cary, NC) software package. Data are presented as mean
values + 1 s.d. The data were checked for normal distribu-
tion (Kolmogorov—Smirnov test) and homogeneity of variances
(Levene’s median test). When no significant deviations were
found, Student’s t-tests were used for comparisons of mean val-
ues, otherwise non-parametric Kruskal-Wallis tests. Percentage
values (CHN in % of W) and ratios (C: N, C: H) were arc-sin

shallow puddles, in densely vegetated and shaded sections of
the river banks (Fig. 3b). These microhabitats were considerably
cooler (on average by 3.6°C) compared with the water in the
sun-exposed stream proper (Table 1). The stagnant water in the
puddles had consistently a much lower pH (on average 7.12 v.
8.36), while total ion concentrations (measured as conductivity)
were more than twice as high.

When vegetated puddles were compared with unvegetated,
mostly larger and deeper pools exposed to bright sunlight, even
stronger temperature differences were noted (6.1°C higher in
exposed pools; Table 1). The conductivity values were similar
between these two microhabitats, but the pH values were consis-
tently higher in exposed pools, being similar to those measured in
the stream proper. The second collection site was located within
an area with dense natural forest and agricultural plantations,
so that the stream was almost everywhere in the shade. Here
its water was on average cooler by 3°C compared with the sun-
exposed downstream site (Table 1). Both the pH and conductivity
values were intermediate between those in vegetated puddles and
in the stream proper at the downstream site.

Duration of embryonic development, egg size

The duration of embryonic development could only be estimated
for eggs from female C, which were completely undifferentiated
(i.e. in an early stage of development). Hatching began 49 days
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Fig. 3.  Sesarma meridies, habitat: (a) Crooked River, Clarendon, Jamaica; (b) typical microhabitat under vegetation on river bank.
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Table S. Sesarma meridies: effects of (1) absence (=) or presence (+) of
food during the megalopa stage, (2) of the hatch (A, B) on body size of
first-stage juvenile crabs (carapace width, mm; mean £ s.d.)
Two-way ANOVA indicates highly significant effects of both food availabil-
ity (F =59.2998; P <0.0001) and hatch (F =56.0782; P <0.0001); the
interaction term is also significant (F =8.7009; P < 0.01)

Food Hatch A Hatch B

Mean =+ s.d. n Mean = s.d. n
— 1.81+£0.06 13 2.03+£0.09 8
+ 2.04+£0.06 7 2.134+0.03 6

later. Also, because these eggs might have been laid a few days
before the collection of the crabs, the embryonic duration of 49
days, as well as our values of initial egg biomass (Table 2) rep-
resents minimum estimates. Egg size was on average 1.70 mm
(measured in dropped eggs in a late developmental stage before
hatching; female C).

Patterns of hatching

Larval hatching occurred throughout a period of 5-8 days,
almost exclusively at night (194 v. 16 zoeae, or 92% night v.
8% day-time). The total number of zoeae produced per female
varied greatly (140, 56, and 14 in hatches A, B and C). However,
actual fecundity was higher, as five eggs per female had been
removed on the day of crab collection, and several others were
later lost during the period of embryonic development.

Patterns of larval and early juvenile development

The larval development of S. meridies comprised invariably two
large (>1 mm) zoeal stages and a megalopa, all with conspicuous
amounts of yolk remaining in the carapace region (Fig. 1). All
larval stages as well as the early juveniles showed a bright red
coloration, which became darker in later juveniles and adults.
The latter were described as having ‘a more or less homoge-
neous dark orange to rusty colour’ (Schubart and Koller 2005).
Behavioural observations showed that the zoeae never attempted
to catch and ingest food (4rtemia nauplii), and morphologi-
cal inspections of the zoeal mouth parts indicated that these
appendages were non-functional (for criteria, see McLaughlin
et al. 2001). In conclusion, both zoeal stages were completely
non-feeding (fully lecithotrophic), relying exclusively on inter-
nal yolk reserves. The megalopa, by contrast, responded to
additions of food, capturing and ingesting prey. However, this
stage also showed great amounts of remaining yolk (Fig. 1¢),
suggesting a reduced dependence on external food sources. The
degree of its nutritional dependence or independence was there-
fore experimentally tested in treatments with or without food,
comparing larvae from two females (A, B).

The duration of the zoeal stages was generally short, ranging
between 2 and 3 days (Fig. 2; hatch C not included, because too
few data were obtained from it). The megalopa stage lasted for
another 7-9 days. Larval mortality was generally low (<5%),
and the duration of development was in all stages (including
the megalopa) independent of the presence or absence of food
(Fig. 2). The female of origin, by contrast, did play a role: Hatch
B showed consistently a slightly faster larval development than
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hatch A. However, this difference was not any longer apparent in
the subsequent juvenile stages (Fig. 2). In both hatches, moult-
cycle durations increased in successive juvenile instars, doubling
from ~10-13 days in the crab I (fed treatments) to ~20-23 days
in the crab V.

Although the duration of development through the megalopa
stage was not affected by availability or lack of food, late effects
became visible after metamorphosis. In hatch A, all crabs origi-
nating from unfed megalopae died soon after metamorphosis. In
hatch B, juvenile mortality was not influenced by previous con-
ditions of megalopal feeding or starvation, but the duration of
the first crab instar showed a significant delay and an enhanced
variability after megalopal development in the complete absence
of food (17.8 6.3 v. 10.6 & 1.1 days). These effects, however,
were no longer observed in instars [I-V, so that their development
data could be pooled for the two treatments (Fig. 2).

Besides survival and moult-cycle duration, also the body size
of first-stage juveniles showed in both hatches significant effects
of megalopal feeding or starvation (Table 5). Moreover, the
female of origin (hatch) had a strong influence on early juvenile
size, and these two factors showed a significant interaction. In
crabs from hatch A obtained from fed megalopae, body size was
not significantly different from that of hatch B crabs after mega-
lopal starvation (2.04 £ 0.06 v. 2.03 £ 0.09 mm). Crabs obtained
from fed megalopae of hatch B, by contrast, reached an average
carapace width of 2.13 mm, while those from unfed megalopae
of hatch A revealed only 1.81 mm (i.e. 15% smaller body size).
These comparisons show a high degree of intraspecific variabil-
ity in the size of early juveniles, depending on both the female
of origin and the feeding conditions during the megalopa stage.
The smallest crabs, however, were not viable and died soon after
metamorphosis.

In conclusion, the megalopa stage was capable of
food-independent development to metamorphosis (facultative
lecithotrophy), but an absence of food had negative effects on
juvenile fitness. Also, our data indicate a great deal of intraspe-
cific variability in the degree of megalopal food-independence,
ranging from a transitory developmental delay (hatch B) to
complete mortality soon after metamorphosis (hatch A).

Changes of biomass and elemental composition
during embryonic and larval development

Tables 2—4 summarise our data of changes in biomass (W, CHN
per individual) and relative elemental composition (CHN in % of
W; C:N and C: H ratios) during embryonic and larval develop-
ment, in the megalopa stage also in relation to lack or availability
of food. Hatches A and B provided comparative data for the
late embryonic phase (final 11-13 days) and for complete larval
development (Tables 3, 4). Additionally, changes in proximate
biochemical composition (total lipids, proteins) are shown in
Table 3 (hatch A only). Developmental and food-related changes
in hatches A and B are illustrated in Fig. 4. In hatch C, the
available materials allowed us to study only the embryonic phase
(Table 2).

Embryonic development

Egg biomass varied greatly among females and in relation to the
stage of embryonic development. W and CHN values in early
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during larval development from hatching to metamorphosis (zoeae non-feeding; megalopa reared with and without food).

embryos of female C (49 days before hatching; Table 2) were
similar to those in female B, although the latter were in a much
later stage of embryonic development (11 days before hatching;
Table 4). Eggs from female A (13 days before hatching) had the
lowest biomass (Table 3).

During the 49 days of embryonic development in hatch C, sig-
nificant amounts of biomass were metabolised (Table 2). Losses
were consistently greater in the fractions of C and H as compared
with total W and N (16—17% v. 12—13% of initial egg biomass).
As a consequence, the percentage C and H values as well as the
C: N ratio decreased significantly (all P < 0.01), while the per-
centage values of N and the C: N ratio showed no significant
changes (Table 2).

In late embryos from hatch A, the patterns of change in the
elemental composition were similar as in hatch C (Table 3). In
hatch B, by contrast, significant losses occurred only in the abso-
lute amounts of biomass but not in the relative composition
(Table 4), indicating approximately equal rates of degradation
in the major biochemical constituents.

Larval biomass and chemical composition at hatching

The initial larval biomass varied greatly among the three females.
Corresponding to the patterns of variation in egg biomass, larval
W and CHN were generally highest in hatch B, lowest in hatch A,
and intermediate in hatch C. The relative elemental composition
varied much less among the three hatches (Tables 2—4).
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In hatch A, we took two samples of freshly hatched larvae
to check if the time within the extended hatching period (about
1 week) had an influence on biomass at hatching. Comparison
of values measured on the first and the fifth day of the hatching
period (Table 3; Zoea I, day 0* v. 0B) showed consistently lower
values per larva on day 5 (although statistically not significant;
P > 0.05). The fractions of N and H (% of W) increased signif-
icantly (t-tests: P=0.01 and P < 0.001 respectively), while the
percentage of C remained stable. As a consequence, the C: N
and C: H mass ratios decreased significantly between day 1 and
day 5 of the hatching period (P < 0.01 and P < 0.0001). As most
larvae hatched on day 5, these data (OB in Table 3) were used for
all further comparisons of developmental changes in biomass
and chemical composition.

Zoeal development

During the non-feeding development from hatching to the
end of the zoeal phase, significant amounts of biomass were
metabolised (Tables 3, 4; Fig. 4). Similar to the patterns found
during embryonic development, the losses were consistently
higher in the fractions of C and H v. total W and N. They differed
also between hatches, being smaller in A than in B. The larvae
from hatch A, which showed the lowest biomass at hatching, lost
only 5-6% of their initially available C and H, and only insignif-
icant amounts of N (1%). By comparison, the zoeae from hatch
B (highest biomass at hatching) lost 10-11% of their initial C
and H, and 8% of N (Fig. 4).

As a consequence of the patterns of loss in CHN per larva,
the composition of biomass changed also proportionally. C and
H (in % of W) as well as the C : N mass ratio decreased substan-
tially, while the percentage of N and the C : H ratio changed only
a little (Tables 3, 4). These patterns, in particular the decreasing
C: Nratio, indicated a preferential use of lipid reserves, while the
protein fraction appeared to remain stable. This indirect evidence
from CHN data was confirmed by biochemical determinations
in hatch A (Table 3). The lipid content decreased from hatching
to the end of the zoeal phase by 27% (as a percentage of W,
from 20 to 15%). The protein content, by comparison, decreased
only insignificantly (from 34 to 33% of W). As a consequence,
the lipid : protein ratio declined within only 5 days from 0.59 at
hatching to 0.45 at the end of the zoea-II stage.

Megalopal development

Similar to the embryos and non-feeding zoeae, unfed megalopae
showed a preferential use of C and H v. W and N, or of lipids
v. proteins (Tables 3, 4; Fig. 4). Compared with the biomass at
the end of the zoeal phase, megalopae lost 16-22% of C and H,
but only 2—4% of N (Fig. 4). This caused similar changes in the
relative chemical composition of biomass as in the embryonic
and zoeal stages (Tables 3, 4): while the lipid fraction decreased
by 39%, the protein content was reduced by only 8%, so that the
lipid : protein ratio decreased from 0.45 to 0.30.

When the complete period of larval development from
hatching to metamorphosis (~2 weeks) occurred in permanent
absence of food, the larvae from the two hatches lost 6-12% of
W and N, 23-26% of C and H, 12% of protein, and 55% of the
lipid content present at hatching (Tables 3, 4). Interestingly, the
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losses measured during the short zoeal phase (~5 days) were
slightly higher than those during the megalopa stage (7-9 days).

In treatments where megalopae were fed, biomass increased
substantially (Fig. 4; both hatches and all measures of biomass,
P <0.002). This gain was proportionally more than twice as
high in W and N than in the C and H fractions (Fig. 4). When
metamorphosis was approached, fed megalopae showed higher
W and N contents than at hatching (Tables 3, 4). The gains in
C and H were much weaker, but they sufficed to compensate
preceding losses in these fractions, reaching similar values as on
the day of hatching (Fig. 4).

As a result of these patterns, the C: N ratio decreased in fed
megalopae, similar to in unfed treatments (Tables 3, 4). However,
the underlying causes were quite different: continued starva-
tion caused a preferential degradation of internally stored lipids,
with little change in the protein fraction. In fed megalopae, by
contrast, food was preferentially used for the synthesis and accu-
mulation of proteins rather than for a replenishment of previously
lost lipids. This is consistently indicated by changes in both the
C : N quotient and biochemical composition. While the lipid con-
tent of fed megalopae remained constant from the end of the
zoea II to metamorphosis, the protein fraction increased con-
comitantly by 40% (Table 3). This lead to the surprising result
that the lipid : protein ratio decreased in both fed and starved
megalopae to identical final values of 0.3.

Exuvial biomass losses during larval development

As a result of low biomass of larval exuviae, we obtained only
two to three replicate samples per stage, although we pooled
materials from two females and two treatments. Thus, our data
(Table 6) show variation among larval stages, but not among
hatches or feeding conditions.

All percentage CHN values within exuvial W decreased
significantly in successive stages (Table 6), indicating an onto-
genetic change in the composition of the exoskeleton. The
C fraction, for instance, decreased from 45% in the zoea I to
22% in the megalopa, and the sum of CHN, which is a proxy
of total organic matter, decreased from 61% to 28%. This indi-
cates an increasing proportion of inorganic matter within total
exuvial W. Increasing C: N and C: H ratios suggest that there
are also ontogenetic changes in the biochemical composition of
the organic matter lost with larval exuviae.

When losses of exuvial biomass (per individual) are com-
pared between successive stages, a clear ontogenetic increase
can be seen (Table 6). Ecdysial losses expressed as a percentage
of'larval premoult biomass were highest in W (1-3% in the zoeal
stages, 10—15% in the megalopa), while losses of CHN amounted
to only 1-2% in each of the zoeal stages and to ~3—7% in the
megalopa (Table 6).

Discussion
Ecology and reproduction

Sesarma meridies is the only known endemic sesarmid crab
species that occurs in rivers draining to the south of the island of
Jamaica (Schubart and Koller 2005). This suggests an early evo-
lutionary separation from the congeners S. windsor, S. fossarum,
S. dolphinum, S. bidentatum, and S. ayatum, which live exclu-
sively in the northern drainage system. Three of these ‘stream
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Table 6. Sesarma meridies, hatch A
Dry mass (W) and elemental composition (carbon (C), nitrogen (N), hydrogen (H) in j1g ind~! and in % of W), C: N and C : H mass
ratios of larval exuviae; biomass losses in each stage (in % of larval premoult biomass); megalopa: losses related to larvae reared
without (—) or with food (4)

Variable Stage

Zoeal Loss (%) Zoea Il Loss (%) Megalopa (—) Loss (%) (+) Loss (%)
W (ngind~!) 6.07+0.01 1.2 17.7£2.00 3.5 70.5+3.40 14.8 10.3
C (ngind) 2.74 +0.00 0.9 4.85+0.41 1.7 158+ 1.10 7.0 4.7
N (ugind~!) 0.60 £ 0.00 1.6 0.89+£0.07 2.4 2.54+0.20 7.1 4.7
H (ngind~1) 0.35+£0.01 0.8 0.55+0.05 1.3 1.7+0.10 5.0 34
C (%W) 45.1£0.00 27.5+£0.70 22.5+0.50
N (%W) 9.9+ 0.00 5.1+£0.20 3.6+0.10
H (%W) 5.7+0.00 3.1+0.10 24+0.10
>~ CHN (%W) 60.70 35.70 28.40
C: N ratio 4.58 £0.00 5.4340.03 6.251+0.03
C: H ratio 7.93+0.06 8.87+0.01 9.37+£0.02

ecotypes’ (in contrast to terrestrial and cavernicolous ecotypes:
Schubart and Koller 2005) construct burrows in river banks,
namely S. fossarum, S. dolphinum and S. bidentatum; the remain-
ing species do not show this behaviour. If burrows are used not
only as a shelter for adult crabs but also as breeding habitats
(Anger 2005), this raises the question of where the larvae of
S. meridies and other non-burrowing species develop.

Our observations show that S. meridies prefers shady semiter-
restrial microhabitats under vegetation on river banks, where it
hides under boulders. These habitats are cooler, reveal lower
pH values, and higher total ion concentrations compared with
the water in the stream proper, where no crabs could be found.
Ovigerous females were exclusively observed near shallow and
stagnant puddles under dense vegetation. It is therefore likely
that also the larvae develop in such small isolated water bodies
on the river banks. In the rapidly flowing water of the stream
proper, the larvae would rapidly be flushed out of the habitat.
Moreover, the stream, as well as larger pools connected to it, is
inhabited by numerous small fish, which may prey on crab lar-
vae. Hence, the choice of ephemeral puddles on river banks as a
breeding habitat should protect the larvae from both irreversible
advection and pelagic predation. In addition, buffered pH and
enhanced ion concentrations may represent more favourable
chemical conditions for larval development, as already shown for
another endemic Jamaican crab, the bromeliad crab Metopau-
lias depressus (Anger and Schuh 1992; Diesel and Schuh 1993;
Diesel 1997).

Breeding in isolated microhabitats such as puddles or bur-
rows may greatly reduce larval mortality in limnic and terrrestrial
sesarmids, allowing for a dramatic reduction of fecundity. On
the other hand, this reproductive strategy imposes narrow lim-
its on larval dispersal, restricting the genetic exchange among
populations, and hence, favouring speciation (Palumbi 1994;
Havenhand 1995).

Egg size, duration of embryonic development,
hatching pattern

As in all other endemic Jamaican sesarmid crabs, for which data
of egg size have become available, S. meridies produces few large

eggs with diameters well above 1 mm (cf. Hartnoll 1964; Reimer
et al. 1998; Diesel et al. 2000; Anger 2005; Anger and Schubart
2005). This is several times larger than the egg size commonly
known from estuarine and coastal marine species of grapsoid
crabs, and it is typically associated with an abbreviated and
at least partially food-independent mode of larval development
(Rabalais and Gore 1985; Anger 1995, 2001). This reproductive
trait is generally considered as an adaptation to conditions with
low or unpredictable production of planktonic food.

As far as this is known, the larvae of the endemic Jamaican
sesarmids hatch in a morphologically advanced stage of devel-
opment (Hartnoll 1964; Anger et al. 1995). This may explain the
prolonged duration of the embryonic phase (at least 7 weeks). By
comparison, tropical sesarmids with a coastal lifestyle (including
Sesarma curacaoense and Armases spp. from Jamaica) require
at similar temperatures only ~2-3 weeks (Seiple and Salmon
1987; K. Anger, unpubl. data). An extended embryonic period
(at least 6 weeks) was observed also in another tropical sesarmid
with large eggs and an abbreviated mode of larval development,
Geosesarma perracae (Soh 1969). This reproductive trait is
most probably a prerequisite for hatching in a developmentally
advanced state, implying an extension of the period of maternal
brood care and a shortening of the vulnerable free-living larval
phase.

As another peculiar trait, S. meridies exhibits an extended
period of hatching from the same egg clutch (throughout ~1
week), with highly variable numbers of larvae released per day.
As later hatching larvae pass through a longer period of embry-
onic development, they also use larger amounts of egg biomass,
hatching with slightly reduced biomass than earlier hatching
siblings (Table 3). Although this effect was weak, it may have
contributed to intraspecific variability in initial larval biomass.

Extended hatching patterns have been observed not only in
other endemic Jamaican sesarmids (S. windsor, S. fossarum:
Anger 2005; Anger and Schubart 2005), but also in various
further Decapoda with large eggs and an abbreviated larval
development, for example, lithodid crabs and campylonotid
shrimps (Thatje et al. 2003, 2004). In marine species, such pat-
terns were interpreted as an adaptive trait that may reduce pelagic
predation on unusually large and visible larvae drifting in the
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water column. In Jamaican stream crabs, successive hatching
may reduce intraspecific predation between cohorts of juve-
niles, as well as cannibalism and competition for food and
space among siblings. In the terrestrial bromeliad crab, Metopau-
lias depressus, by contrast, the larvae hatch within one or two
nights (Anger and Schuh 1992; Anger and Schubart 2005). This
may be explained by female brood-care behaviour occurring in
this species, including the introduction of food items into the
breeding habitat (Diesel 1997).

Although the stream crabs S. meridies, S. windsor and S. fos-
sarum are similar in their extended periods of larval hatching
(1-2 weeks: Anger 2005; Anger and Schubart 2005), they differ
greatly in their day-night patterns. While larvae of S. meridies
hatch almost exclusively at night, no preference for daytime
or night-time has been observed in the other two species. This
striking difference appears plausible when S. meridies and S. fos-
sarum are compared. The latter species presumably breeds in
narrow and dark burrows dug in river banks, where predation by
visually oriented predators is unlikely to occur. Open puddles
on river banks, by contrast, may expose the larvae of S. meridies
to a higher predation risk. In S. windsor, the breeding habitat is
unknown. This species occurs in and near limestone caves and
subterranean streams (Schubart et al. 1997), suggesting that its
larval development could take place in cryptic water-filled karst
habitats. Comparable to burrowing species, darkness and lack
of visually oriented predators in the breeding habitat may thus
not have selected for a pronounced hatching rhythm avoiding
daylight.

Patterns of larval and early juvenile development

Consistent with previous findings in other Jamaican sesarmid
crab species (Hartnoll 1964; Anger and Schuh 1992; Diesel
et al. 2000; Anger 2005; Anger and Schubart 2005), the larval
development of S. meridies is abbreviated and partially inde-
pendent of food, comprising two non-feeding zoeal stages and
a facultatively lecithotrophic megalopa. This developmental
sequence may thus be a common ancestral trait of the entire clade
(Hartnoll 1964; Anger et al. 1995). However, the life cycle has
not yet been studied in two of the terrestrial species (S. jarvisi,
S. cookei), in the cavernicolous crab S. verleyi, and in the stream
crab S. ayatum. While it is likely that all riverine species show
identical patterns, it cannot be ruled out that other developmen-
tal modes could have evolved in some of the other species, for
example, a further reduction of the larval phase towards a direct
development as in freshwater-dwelling hymonosomatid crabs
(Johnston and Robson 2005).

Similar developmental patterns as in the endemic Jamaican
sesarmids may occur also in limnic and terrestrial relatives that
have radiated in South-east Asia (see Sérene and Soh 1970).
This is suggested by large egg size (e.g. Soh 1969; Ng and
Lim 1987) and brood-care behaviour (Ng and Tan 1995). For
one of these species, Geosesarma peraccae, Soh (1969) also
described a sequence of two zoeal stages and a megalopa, with
successful development from hatching to metamorphosis in the
complete absence of food. However, the degree of lecithotrophy
(facultative v. obligatory) has remained unknown. Comparative
investigations of reproductive and developmental strategies in
the Jamaican and South-east Asian sesarmid clades may show
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similarities, indicating similar selection pressures in limnic and
terrestrial invasions.

In addition to independence from planktonic food sources,
the larval stages of freshwater-breeding crabs must also reveal
an early appearance of osmoregulatory structures and func-
tions (Charmantier 1998; Cieluch et al. 2007). While these
adaptive traits have been investigated in some of the endemic
Jamaican stream crabs (Schubart and Diesel 1999), no such
studies have become available for their early life-history stages.
Future investigations of the ontogeny of osmoregulation will
enhance our understanding of evolutionary transitions from the
sea to freshwater and land.

The patterns of early juvenile growth in S. meridies, with
gradually increasing durations of successive instars, are sim-
ilar to those in marine crabs (e.g. Hartnoll 1985, 2001). In
Jamaican stream crabs, early juvenile fitness is also under a
strong influence of previous feeding conditions and the female
of origin. Food limitation during the megalopa stage causes
enhanced post-metamorphic mortality, delayed development,
and reduced body size of young crabs, which may affect also
the subsequent development to maturity. Phenotypic plasticity
in late larval and early juvenile bioenergetics make the endemic
Jamaican sesarmid crabs suitable models for studies of carry-
over effects (or ‘trait-mediated effects’: Giménez 2004), which
persist through successive phases of complex life cycles (see
Giménez et al. 2004).

Developmental changes in larval biomass, chemical
composition, and exuvial loss

Our elemental and biochemical data showed that the embryos
and non-feeding zoeal stages of S. meridies used predomi-
nantly lipid stores from remaining egg yolk as an energy source,
while proteins were conserved as structural components. The
same pattern was observed also in megalopae kept in continued
absence of food. During completely endotrophic development
from hatching to metamorphosis, the larvae lost up to 55% of
their initial lipid stores, while only 12% of the initial protein
content was degraded. Future biochemical investigations should
elucidate if particular lipid classes or fatty acids are preferen-
tially mobilised for the production of chemical energy, and which
are conserved as indispensable components of cells and tissues.
Such comparative information will help to distinguish homolo-
gous (ancestral) from ubiquitous patterns that are found also in
other clades with lecithotrophic larvae.

Interestingly, fed megalopae maintained a low lipid con-
centration, while their protein content increased substantially.
Similar patterns had been observed also in other species from
the same clade (Anger 2005; Anger and Schubart 2005), sug-
gesting that the megalopae use nutritional energy primarily
for the synthesis of proteinaceous structural components of
newly developing tissues and organs rather than for replacing
preciously lost lipid reserves.

Besides through metabolic processes, energy losses occur
also in ecdyses. Our CHN data indicate that successive larval
stages produce increasingly mineralised exuviae. When exu-
vial losses are compared with larval biomass before ecdysis,
we can see that the zoeal stages of S. meridies lose only 1-2% of
their organic matter with the cast exoskeleton. The production
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of extremely thin exuviae may thus represent an energy-saving
(i.e. adaptive) trait, as in other decapod species with non-feeding
larvae (Lovrich et al. 2003; Thatje et al. 2004). Losses in the
megalopa stage were much higher (3—7% of premoult CHN),
but still low compared with those commonly observed in plank-
totrophic marine decapod larvae (for review, see Anger 2001).
As the megalopa stage is able to capture and ingest prey, showing
benthic behaviour, it may eat small benthic food items including
detritus particles (cf. Anger and Schuh 1992; Anger 2005; Anger
and Schubart 2005). Hence, this stage depends less on internal
energy reserves, so that it can afford to produce a thicker cuticle,
which may protect it against small benthic predators.

Our study has shown a considerable degree of intraspecific
variability in the biomass at hatching, which coincided with vari-
ability in egg biomass. When hatches A and B are compared, one
can see that larger egg size in hatch B translated to larger zoeal
biomass at hatching, reduced dependence on food in the mega-
lopa, and eventually, enhanced survival and larger body size in
the first crab stage. Our data indicate that larvae equipped with
smaller amounts of lipids can partially compensate for their weak
energy reserves by reducing the rate of catabolism (cf. hatches
Av. B; Fig. 4).

Although egg size might be influenced by the nutritional
condition of the female, this reproductive trait may also have
a genetic basis. Food limitation in the breeding habitat should
then select for an enhanced energy investment per offspring,
large egg size, and an increasing degree of larval lecithotrophy.
This mechanism may have been one of the driving forces in the
radiations of sesarmids both on Jamaica and in South-east Asia.

Concluding remarks

The patterns of larval development in S. meridies show great sim-
ilarity with those in other endemic Jamaican sesarmids living
in freshwater or terrestrial habitats. Large egg size associated
with great lipid reserves from egg yolk, non-feeding zoeal
development, and a facultatively lecithtrophic megalopa stage
appear to belong to the common traits of this clade, probably
originating from the common ancestor. However, similar repro-
ductive and developmental traits have evolved independently in
another sesarmid clade that has radiated in South-east Asia. This
suggests that evolutionary invasions of limnic and terrestrial
environments are associated with similar selection pressures.
Planktonic food limitation in breeding habitats may favour sim-
ilar evolutionary pathways towards an abbreviated larval phase,
enhanced female energy investments per offspring, and possibly,
female brood care.

In contrast to the mode of larval development, the patterns
of hatching show divergent evolution. In Metopaulias depres-
sus, hatching occurs within 1-2 days, as in most coastal marine
species, while larvae of Sesarma spp. hatch through extended
periods of 1-2 weeks. Among the latter, also the day-night
rhythm varies, suggesting differential selection pressures by
visually oriented predators. This reproductive trait may thus
have evolved more recently, depending on ecological niche
differentiation and interspecific interactions.

The patterns of energy storage and use appear to be similar
among endemic Jamaican sesarmids. However, different mech-
anisms (see Dalsgaard et al. 2003) might also occur within or
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between the clades on Jamaica and in South-east Asia. Further
comparative life-history studies of non-marine crabs, preferably
those combining laboratory and field observations, will enhance
our general understanding of evolutionary processes associated
with limnic and terrestrial invasions.
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