Vol. 16: 253-264, 2012
doi: 10.3354/ab00457

AQUATIC BIOLOGY
Aquat Biol

Published September 5

Nutritional vulnerability of early zoea larvae oi the
crab Maja brachydactyla (Brachyura, Majidae)

G. Guerao'*, C. G. Simeé', K. Anger?, A. Urzia??, G. Rotllant!

1IRTA, Unitat Operativa de Cultius Experimentals. Ctra. Poble Nou, Km 5.5, 43540 Sant Carles de la Rapita, Tarragona, Spain

ZBiologische Anstalt Helgoland, Meeresstation, Alired-Wegener-Institut fiir Polar- und Meeresforschung, 27498 Helgoland,

Germany
3Mathematisch-Naturwissenschaftliche Fakultit, Christian-Albrechts-Universitit zu Kiel, 24118 Kiel, Germany

ABSTRACT: We investigated the nutritional vulnerability of Zoeae I of the spider crab Maja
brachydactyla in experimental treatments with differential periods of starvation. As response vari-
ables, the moulting and survival rates, the point-of-reserve-saturation (PRS), the point-of-no-
return (PNR), dry mass, elemental composition (carbon, hydrogen, nitrogen; CHN), hepatopan-
creas lipid vacuoles and activities of digestive enzymes were measured. Average median time
spans when 50 % of the larvae reached PNR or PRS (PNR;, and PRSs,) values were 2.8 and 1.9 d,
respectively. In PNR treatments, complete mortality occurred only after extended initial starvation
periods of 25 d, and in PRS treatments, Zoeae I were capable of completing the moulting cycle
after a short initial feeding period (1 d). In continuously starved control larvae, the moulting cycle
was arrested at the onset of apolysis. Concomitantly, considerable amounts of biomass were lost
and the C:N ratio decreased, indicating lipid degradation during starvation. This effect was also
microscopically visible as a decline of lipid vacuoles in the hepatopancreas. Feeding after previ-
ous starvation periods of <7 d resulted in a re-establishment of the lipid vacuoles, indicating suc-
cessful capture and ingestion of food, but this did not necessarily allow for completing the moult-
ing cycle. In fed Zoea I larvae, digestive enzyme activities increased during the moulting cycle,
while a significant decrease of enzyme activities occurred under starvation conditions. In newly
moulted Zoeae II, biomass values and enzyme activities were linearly correlated with the duration
of the feeding periods in Zoeae I. This study shows that biomass, elemental composition, the
occurrence of lipid vacuoles in the hepatopancreas and activities of digestive enzymes are
suitable indicators of the nutritional condition of early zoeal stages of M. brachydactyla.
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INTRODUCTION

One of the key factors affecting the survival of lar-
vae in the plankton is the patchy and unpredictable
nature of food abundance (Yin & Blaxter 1987, Mor-
gan 1995, Pechenik et al. 1996). The capacity of the
decapod malacostracan larval stages to tolerate tem-
porary periods of starvation is therefore believed to
be essential for their survival in the pelagic environ-
ment, particularly in nutritionally unstable habitats
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(Anger 2001). In newly hatched larvae, fitness is
largely determined by initially available yolk re-
sources, which may vary intra- and interspecifically,
depending e.g. on seasonal, genetic or maternal fac-
tors, and the conditions prevailing during the preced-
ing period of embryonic development (Anger 1995,
Giménez et al. 2004, Paschke et al. 2004, Giménez &
Anger 2005).

As the initially available yolk reserves may rapidly
be catabolized in the absence of food, decapod larvae
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must start feeding soon after hatching to avoid dele-
terious effects caused by starvation. In previous stud-
ies, the effects of food limitation at a scale of 1 or a
few days were mostly evaluated by means of ‘point-
of-no-return’ (PNR) and 'point-of-reserve-saturation’
(PRS) experiments, which yield indices of critical
points that can be used to compare the degree of
nutritional vulnerability in different species or devel-
opmental stages (Anger 2001, Gebauer et al. 2010).
The PNR is defined as the threshold time at which
initially starved larvae have lost the capability to
recover from nutritional stress and to moult during
subsequent feeding periods, whereas the PRS is the
minimum time of initial feeding at which sufficient
reserves are accumulated to subsequently complete
a larval stage in principle independent of further
food supply (Anger & Dawirs 1981).

Knowledge of such critical points in the early larval
stages may provide valuable tools for the assessment
of the physiological condition of larvae in the field, or
for the establishment of successful rearing protocols
for aquaculture of commercially valuable decapod
crustacean species, helping to enhance larval sur-
vival to metamorphosis (Rotllant et al. 2010). Varia-
tions in the proportions of various chemical fractions
of biomass, e.g. the contents of carbon, nitrogen and
hydrogen (collectively referred to as CHN), have
frequently been used as indicators of larval condition
(e.g. Dawirs 1986, Thatje et al. 2004) or ‘quality’
(Andrés et al. 2010a). Digestive enzyme activities
have also recently been applied to evaluate the nutri-
tional condition of larvae (Rotllant et al. 2008, 2010,
Andrés et al. 2010b). Furthermore, changes in biomass
during individual moult cycles may be used to quan-
titatively describe and compare the basic patterns of
development and growth in decapod larvae (Anger
2001, Rotllant et al. 2012).

The spider crab Maja brachydactyla Balss, 1922
(Brachyura, Majoidea) is potentially interesting for
aquaculture and has therefore been intensively stud-
ied in recent years (e.g. Andrés et al. 2007, Guerao et
al. 2008). The larval development of this species
comprises 2 zoeal stages and a megalopa, which can
successfully be reared under intensive and semi-
extensive cultivation conditions, allowing for satis-
factory growth and survival (Andrés et al. 2007). The
nutritional vulnerability of its larval stages may have
practical applications for maximizing feeding effi-
ciency and enhancing rates of growth and survival.
Effects of food deprivation were previously studied in
mass culture (Rotllant et al. 2010), showing that all
3 larval stages of this species are planktotrophic and
that a decrease in food supply causes increased

development duration and decreased growth and
survival.

The aim of the present study was to quantify the
nutritional vulnerability of first-stage zoeae of Maja
brachydactyla in terms of survival, development
time, PNR and PRS indices, changes in dry mass and
elemental composition (CHN), effects on the dura-
tion of stages within the moulting cycle (Guerao et al.
2010), the appearance of microscopically visible lipid
droplets in the digestive gland and activities of diges-
tive enzymes (amylase and protease), testing these
response variables as potential indicators of larval
condition. Moreover, we considered the variability
among individually tested larvae, enhancing the
accuracy of all results compared to previous experi-
ments using mass culture techniques.

MATERIALS AND METHODS
Maintenance of broodstock and collection of larvae

Adult Maja brachydactyla were captured in Janu-
ary 2010 off the coast of Galicia, Spain, northeastern
Atlantic), and transported in cooling containers (ca.
8°C) to the Institut de Recerai Tecnologica Agroale-
mentaries (IRTA; Sant Carles de la Rapita). Oviger-
ous females were kept in 1500 1 broodstock tanks
connected to a recirculation unit maintaining a con-
stant salinity of 36 and a temperature of 18 to 19°C. In
September and October 2010, larvae were released
from 2 different females. Immediately after hatching,
actively swimming Zoea I larvae were collected from
the broodstock tanks and transferred to individual
experimental beakers with 50 ml seawater kept at
a salinity of 36, constant temperature of 18°C and a
12:12 h light:dark photoperiod. A total of 960 Zoeae I
were used to study survival and duration of the
Zoea I moulting cycle, and 4000 larvae were used for
biochemical and histological analyses.

PNR and PRS experiments

PNR experiments included a series of 4 treatments
with differential periods of initial starvation followed
by continuous feeding (Fig. 1A), as well as a continu-
ously starved (SC) and a continuously fed control
(FC) group (80 Zoeae I in each treatment and con-
trol). In PRS experiments, there were 4 treatments
with differential periods of initial feeding followed
by starvation (Fig. 1B). Where applicable, freshly
hatched Artemia franciscana (Kellog 1906) nauplii
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Fig. 1. Maja brachydactyla. Experimental design. (A) Point-
of-no-return (PNR) experiments, with initial starvation peri-
ods followed by feeding (SC = continuously starved control;
treatments: S1 =1 d, S3 =3 d of starvation, etc.); (B) point-of-
reserve-saturation (PRS) treatments, with initial periods of
feeding followed by starvation (FC = continuously fed con-
trol; treatments: F1 = 1 d of feeding, etc.); time of develop-
ment (d) through the Zoea I moulting cycle

(Great Salt Lake strain, Utah) were used as food.
Nutritional vulnerability was expressed as the
median time span when 50 % of the larvae reached
the PNR or PRS, respectively (PNR5,, PRS5), and as a
PRS;0:PNR;, quotient (nutritional vulnerability index,
NVI; Gebauer et al. 2010). PNRs, and PRS5, values
were calculated adjusting the sigmoidal Boltzmann
model with the least-squares method to the data
(Gebauer et al. 2010).

Biochemical analyses

Analyses of dry mass (DM) and CHN were carried
out at the Marine Biological Station Helgoland
(Alfred Wegener Institute for Polar and Marine
Research, BAH/AWI, Germany) following standard
techniques (Anger & Harms 1990; for more and

updated details, see Andrés et al. 2008). For each
mean value, 5 replicate analyses with 3 (Zoea I) or
2 (Zoea II) larvae per replicate measurement were
carried out. A fluorometric technique was chosen to
measure digestive enzyme activities in individual
larvae (total activity, IU ind.™"). Individual variability
was evaluated from replicates of 15 larvae (for details
see Rotllant et al. 2008, 2010, 2012). In n = 5 replicate
samples of larvae, larval moulting stages were deter-
mined using the same techniques and classification
criteria as described by Guerao et al. (2010).

Histological observations

For histological inspection of the digestive gland, 5
larvae from each treatment were fixed in Davison's
solution (glacial acetic acid, 100 ml; 95 % ethyl alco-
hol, 300 ml; 10 % neutral buffered formalin, 200 ml;
distilled water, 300 ml) for 24 h and embedded in
paraffin (Humason 1979). Sections of 3 pm were
stained with haematoxylin-eosin solution. Measure-
ments of lipid vacuoles in the digestive gland were
made using a Leica DM LB microscope equipped
with an Olympus DP 70 digital camera and an image
analysing system (AnalySIS, SIS). The accumulation
of lipids was estimated from histological sections
(40x) as a percentage of the total area occupied by
vacuoles (vacuole index, VI, in %).

Statistical analyses

Statistical analyses followed standard techniques
as described by Sokal & Rohlf (1995). The response
variables biomass (DM, CHN) and digestive enzyme
activities were analysed using 1-way analysis of vari-
ance (ANOVA), considering the number of days of
feeding or starvation (PNR, PRS) as experimental fac-
tors or explanatory variables, with separate analyses
for each zoeal stage. Subsequent to ANOVA, a pos-
teriori comparisons were made among treatments
using the Student-Newman-Keuls (SNK) test for
parametric data or the non-parametric Dunn's test for
data sets of unequal size. Homogeneity of variance
and normality were checked with Levene and Kol-
mogorov—-Smirnov tests, respectively. When the data
did not meet the assumptions, the non-parametric
Kruskal-Wallis test was applied. Additionally, rela-
tionships between the C:N ratio and digestive enzy-
matic activities of Zoeae II, and feeding periods of
Zoeae I were tested by linear regression analyses
using the equation y = ax + b.
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Fig. 2. Maja brachydactyla. Survival and developmental du-

ration of the Zoea I stage. (A) point-of-no-return (PNR) treat-

ments; (B) point-of-reserve-saturation (PRS) treatments; dif-

ferent lowercase letters indicate significant differences among
days (SNK or Dunn's test)

RESULTS
PNR experiment

The number of days of initial lack of food supply
significantly affected larval survival. In all treatments
with starvation periods of =5 d followed by feeding,
no larva was able to recover from initial starvation
stress, and complete mortality occurred after a maxi-
mum of 10 d and without moulting to Zoeae II
(Fig. 2A). PNR;, was 2.8 d. Starvation also affected
development duration (Fig. 2A), which was signifi-
cantly longer in Treatment S3 (see Fig. 1 for a com-
plete description of the treatments) compared to
S1 and to the FC group (Fig. 2A).

In the FC group, biomass (DM and CHN values per
larva) and the C:N ratio increased during the time
from hatching to moulting to the Zoea II stage
(Fig. 3A, Table 1). In larvae kept under continuous
starvation (SC group), by comparison, biomass
decreased significantly (Table 1); the C:N ratio de-
creased initially, but after Day 4 it increased tem-

porarily (Fig. 3A). In Treatments S1, S3 and S5, bio-
mass and C:N values increased after the end of the
starvation period, but reached similar values as in the
FC group only in Treatment S1 (Table 1, Fig. 3B). A
comparison of biomass in newly moulted Zoea II
larvae from FC, S1 and S3 showed significant dif-
ferences, with lower values in S3 than in the other
treatments.

The occurrence of successive larval moulting
stages is shown in Table 2. In SC larvae, the moulting
cycle was consistently arrested at the onset of the
apolysis process (beginning of Stage D). The delay
in moulting described above for the S3 treatment is
reflected here in the duration of the individual moult-
ing stages, especially early premoult (Dy). In the S5
treatment, some individuals showed signs of an in-
cipient morphogenesis (Stage D), but none of these
reached ecdysis.

Food limitation also affected the lipid reserves
stored in the digestive gland (Table 3). In the FC
group, the lipid content remained high (VI 230 %)
throughout the experiment (Fig. 4B). In SC larvae,
by contrast, the lipid content decreased from Day 2
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Fig. 3. Maja brachydactyla. Point-of-no-return experiment.

C:Nratio in (A) continuously starved or continuously fed con-

trol groups (SC, FC); (B) Treatments S1, S3, S5 (see Fig. 1);

different lowercase letters indicate significant differences
among days (SNK or Dunn's test)
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Table 1. Maja brachydactyla. Point-of-no-return experiment. Dry mass (DM), con-

tents of carbon (C), nitrogen (N) and hydrogen (H) (all in ng ind.™?) of Zoeae I and

Zoeae II (the latter in bold). Treatments as in Fig. 1. Data are + SE. Different low-

ercase letters indicate significant differences among days (SNK or Dunn's test).
Res. var.: response variable; gaps indicate not applicable

rapidly to VI values <10 %, and to
5% after Day 4 (Fig. 4A,B). Feed-
ing after periods of initial starva-
tion of 1 to 5 d (S1 to S5) always
resulted in a reestablishment of the

Res. Day Treatment llpld contents (Flg 4C,D) In the S7
var. FC S1 S3 S5 SC treatment, the lipid content in-
DM 0 110+155* 110+15.5° 110+ 155* 110+ 155 110+ 15.52 creased only slightly, without
2 129+4.90° 123 +6.90°° 99.3 + 6.157 99.3 + 6.15° 99.3 + 6.15° reaching the level of the other
4 142 = 8.60*: 135 + 8.7012 121 + 4.40:b 96.4 + 3.43: 96.4 + 3.433) treatments (Table 3).
g 161 +7.80° 170 +20.9 ﬁg i gggb 183 i }18(2)3 gég i %}éb Another effect of food limitation
138 + 13.1¢ was observed in the activities of
C 0 355+0.85% 35.5+0.85 355085 355085 355z=0.85 digestive enzymes (Table 4). In
2 46.0 £ 1.50;b 40.6 + 3.12§b 29.3 + 1.63‘; 29.3 + 1,63‘: 29.3 + 1.633 the FC group, protease and amyl-
6 380+388 012080° 3502304 208s124" 24550470 | aseactivity increased significantly
8 39.5+2.88" 30.7 +2.64°> 21.7 + 0.394 throughout the Zoea I moult cycle.
48.3 + 4.74° In larvae kept under SC condi-
N 0t 050% 1001 0.50% B0 s 040> 8101 040> 8a9sosg | Gons by comparison, the enzy-
4 12.0+1.40° 11.6+0.66° 8.90+ 0.28% 7.43 +0.18° 7.43 + 0.18° matic activities decreased within
6 13.3+0.58" 13.4%1.50° 9.12+0.60° 7.20+0.16° 6.47 + 0.16¢ the first 8 d. A comparison of en-
8 9.20 +0.39* 7.57 +0.55° 5.88 +0.18¢ zyme activities among Zoeae II
11.0 = 0.80° obtained from FC, S1 and S3
H 0 6.33+0.31* 6.33+0.31* 6.33+0.31° 6.33+0.31° 6.33+0.31° treatments indicated sianificant
2 8.0+0.22" 7.20+0.46% 5.65+0.19% 565+ 0.19% 5.65 + 0.19%" g
4 7.05+8.70° 8.90+0.54" 7.30+0.21> 538+0.112> 5.38 £0.11%" differences with a lower value for
6 9.96 = 0.50° 10.2 =1.35° 6.90 = 0.373 578 £ 0,172 512 + 0.10: S3 Compared to the other groups
8 ;:gg i &g(z)c 6.38 + 0.46° 4.69 = 0.09 (ANOVA, p < 0.05).

Table 2. Maja brachydactyla. Moulting stages in the point-
of-no-return experiment. Treatments as in Fig. 1. Stage
descriptions: A-B: spongy epidermis; C: condensation of the
epidermal tissues; Dy: apolysis; D;: setagenesis; D,: appear-

ance of new cuticle; E: ecdysis

Day Treatment

FC S1 S3 S5 S7 SC
0 A-C A-C A-C A-C A-C A-C
2 Dy Dy Dy D, Dy Dy
4 D,-D, D;-D, Dy D, Dy Dy
6 E E Dy-D, Dy Dy Dy
8 Dy-E D, Dy D,
10 E D, Dy Dy

PRS experiment

As in the PNR experiment, SC larvae did not moult
to Zoeae II. In larvae fed only during the first day,
mortality was 86 %, while it was <50 % in larvae that
were fed for 2 or more days (Fig. 2B). PRS;, was 1.9 d.
The number of days with initial food availability also
had a significant effect on the duration of the Zoea I
moulting cycle (ANOVA, p < 0.05; Fig. 2B).

In the FC group, Zoeae I biomass and the C:N ratio
increased from hatching to moulting to Zoeae II,
similar to the FC in the PNR experiment (Table 5;
Fig. 5A). In SC larvae, by contrast, biomass decreased

Table 3. Maja brachydactyla. Point-of-no-return experiment. Vacuole index (VI, %) measured in the digestive glands of Zoeae I
and Zoeae II (the latter in bold). Treatments as in Fig. 1. Data are + SE. Different lowercase letters indicate significant differences
among days (SNK or Dunn's test)

Day Treatment

SC S7 S5 S3 S1 FC
0 32.90 + 8.322 32.90 + 8.32° 32.90 + 8.32° 32.90 + 8.32° 32.90 + 8.32%° 32.90 + 8.32°
2 12.10 + 4.60° 12.10 + 4.60%° 12.20 + 4.60%° 9.4 + 3.60° 23.30 + 5.61° 33.30 + 7.61°
4 2.11 +2.20% 2.11 +2.20° 2.11 +2.20° 34.80 + 7.25% 45.60 + 19.20%° 37.30 + 7.322
6 2.90 + 2.30%> 2.90 + 2.30° 24.50 + 2,432 31.10 + 4.832 53.38 = 5.55° 39.80 = 9.30°
8 1.20 + 1.32° 13.20 + 9.60° 23.40 + 13.1%° 39.50 = 7.512
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Fig. 4. Maja brachydactyla. Histological sections of the digestive gland. (A) Point-of-no-return (PNR) experiment, continuously starved

control group (SC), Day 4; (B) PNR experiment; continuously fed control group (FC), Day 4; (C) PNR experiment: Treatment S5 (5 d of star-

vation), Day 4; (D) PNR experiment: Treatment S5, Day 8; (E) point-of-reserve-saturation (PRS) experiment: Treatment F2 (2 d of feeding),
Day 2; (F) PRS experiment: Treatment F2, Day 3. L: lumen; LV: lipid vacuole. Scale bars = 50 pm
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Table 4. Maja brachydactyla. Total amylase and protease activities (IU ind.™!) in different treatments (point-of-no-return ex-
periment) in Zoeae I and Zoeae II (the latter in bold). Treatments as in Fig. 1. Data are + SE. Different lowercase letters indicate
significant differences among days (SNK or Dunn's test)

Day Treatment
e S5 S3 S1 FC
Amylase 0 3611 + 1263 3611 + 1263 3611 + 1263 3611 + 1263 3611 + 1263
2 2664 + 10402 2664 + 10402 2664 + 1040* 7548 + 2113 12324 + 9038"
4 4016 + 4136° 4016 + 4136° 5214 + 1936 8343 + 3900°° 6459 + 45092
6 1628 + 1548 1224 + 986"° 4195 + 22412 11443 + 7156°¢ 11467 + 3990
8 446 + 257¢ 920 + 723¢ 1812 + 11322
2617 + 17512
Proteases 0 3008 + 1208* 3008 + 1208 3008 + 1208 3008 + 1208* 3008 + 1208*
2 2760 + 9832 2760 + 983 2760 + 983 2796 + 712° 5136 + 832
4 1614 + 372° 1614 + 372° 1689 + 560" 4127 + 1365 3896 + 1774
6 516 + 354" 314 + 282°¢ 11509 + 770 3630 = 19932 4927 = 1570
8 80.2 + 20.5° 156 + 53.9° 1243 + 845
1659 + 1867

Table 5. Maja brachydactyla. Point-of-reserve-saturation experiment. Dry mass (DM), contents of carbon (C), nitrogen (N)
and hydrogen (H) (all in ng ind.™) of Zoeae I and Zoeae 1I (the latter in bold). Treatments as in Fig. 1. Data are + SE. Different

lowercase letters indicate significant differences among days (after SNK or Dunn's test); (-): missing data; gaps: not applicable
Day Treatment
FC F3 F2 F1 sc
DM 0 108 + 2.50%" 108 + 2.50%? 108 + 2.50% 108 + 2.50% 108 + 2.50%?
1 129 + 8.20P 129 + 8.20P 129 + 8.20 129 + 8.20° 115+3.50°
2 141 + 6.90%¢ 141 + 6.90%¢ 141 + 6.90°"¢ 111 +2.7¢ 109 + 5.60%°
3 149 + 5.30P¢ 149 + 5.30P¢ 122 + 8.02% 114 + 4.30¢ 106 + 2.00°
4 151 + 7.4P¢ 137 + 4.13¢ 113 + 7.20%° 111 + 1.90¢ 101 + 1.50°
5 192 + 9.70¢ 136 = 8.64%¢ 107 + 2.90P 102 + 0.62¢ 93.6 + 3.90°
108 = 5.80°
6 92.4 + 3.70¢ 92.9 + 0.98¢
86.3 = 5.464
C 0 37.2 +0.412 37.2 +0.412 37.2 +0.41° 37.2 +0.41° 37.2 +0.412
1 44.9 + 2.80° 44.9 + 2.80° 44.9 + 2.80° 44.9 + 2.80° 35.7 + 0.54
2 50.7 + 3.50° 50.7 + 3.50° 50.7 + 3.50¢ 35.8 + 1.40° 334 +1.15°
3 54.1+1.35° 54.1+1.35° 38.6 + 3.80% 36.1 + 1.60° 31.1 £ 0.59¢
4 — — — — —
5 71.5 +1.13¢ - - - 27.4 + 0.90°
6 28.3 +1.13¢ 26.6 + 0.35¢
28.6 + 0.56°
N 0 9.5 +0.10° 9.5+ 0.10° 9.5+ 0.10° 9.5 +0.10° 9.5 +0.10°
1 11.0 + 0.50° 11.0 + 0.50° 11.0 + 0.50° 11.0 + 0.50° 9.26 + 0.14?
2 12.1 + 0.54¢ 12.1 + 0.54¢ 12.1 £ 0.54¢ 9.30 + 0.34* 8.68 + 0.25
3 12.9 + 0.20° 12.9 + 0.20° 12.9 £ 0.20 9.37 + 0.35% 8.00 + 0.16°
4 — — — — —
5 15.3 = 0.06¢ - - - 6.97 + 0.229
6 6.79 + 0.19¢ 5.17 £ 0.08°
7.70 £ 0.18°
H 0 6.10 + 0.08° 6.10 + 0.08% 6.10 + 0.08% 6.10 + 0.08? 6.10 + 0.08°
1 7.13 + 0.40° 7.13 + 0.40° 7.13 + 0.40° 7.13 = 0.40° 5.89 +0.15°
2 7.91 + 0.52¢ 7.91 + 0.52¢ 7.91 + 0.52¢ 570+ 0.19% 547 £ 0.27°
3 8.34 + 0.22° 8.34 + 0.22° 6.16 + 0.53% 5.75 +0.19° 5.1+0.13°
4 — — — - —
5 12.7 + 0.48¢ - - - 5.50 + 0.24
6 5.38 + 0.19* 5.17 £ 0.08°
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Fig. 5. Maja brachydactyla. Point-of-reserve-saturation ex-
periment. C:N ratio in (A) continuously starved or continu-
ously fed control groups (SC, FC); (B) Treatments F1 to F3
(see Fig. 1); different lowercase letters indicate significant
differences among days (SNK or Dunn's test)

continuously. The C:N mass ratio varied only slightly,
following a similar pattern to that described for the
PNR experiment (Fig. 5A). In the F1 and F2 treat-
ments, biomass and the C:N ratio decreased during
the final period of starvation (Table 5, Fig. 5B). A
comparison of biomass and C:N in Zoeae II obtained
from different treatments indicated significant differ-

ences, with lower values in F1 and F2 compared to
FC treatments. The DM of newly moulted Zoeae II
was linearly correlated with the duration of the
feeding periods in the preceding Zoea I moulting
cycle (Fig. 6A), indicating that differential growth in
Zoeae [ translated to different biomass in the sub-
sequent larval stage.

The occurrence of the successive moulting stages is
shown in Table 6. Under SC conditions, the moulting
cycle was again arrested at the beginning of apolysis
(stage Dg), while the larvae in all other treatments
were able to reach Stage E (ecdysis to Zoea II). In
Treatments F1 and F2, the duration of the moulting
stages increased, especially in the premoult stages, D
(Table 6). The patterns in the FC and SC control
groups were similar to those obtained in the PNR
experiment.

Under FC conditions, the lipid content in the hepa-
topancreas remained high (VI >30%), whereas it de-
clined rapidly in starved larvae (Table 7, Fig. 4E,F).
The PRS experiment also confirms the effects of food
limitation on digestive enzyme activities as shown
above (Tables 4 & 8), with enzymatic activities de-
creasing during starvation periods. Like the DM val-
ues per larva, amylase and protease activities meas-
ured in newly moulted Zoeae II were also linearly
correlated with the duration of the feeding periods in
Zoeae | (Table 8, Fig. 6B,C), again showing carry-
over effects of larval condition in the previous stage.

DISCUSSION

Using an experimental approach with gradational
periods of addition or withdrawal of food (PNR and
PRS experiments; Anger & Dawirs 1981) in combina-
tion with high-resolution measurements of chemical
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Fig. 6. Maja brachydactyla. Point-of-reserve-saturation experiment. Relationships between the number of days of initial
feeding in the Zoea I stage and (A) dry mass (DM) of newly moulted Zoea Il larvae, (B) amylase activity in Zoeae II, (C) protease
activity in Zoeae II
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Table 6. Maja brachydactyla. Moulting stages in the point-
of-reserve-saturation experiment. Treatments as in Fig. 1.
Stage descriptions as in Table 2

Day —— Treatment

FC F4 F3 F2 F1 SC
0 A-C A-C A-C A-C A-C A-C
2 Dy Dy Dy Dy Dy Dy
4 D,-D, D;-D, D;-D, D;-D, D;-D, Dy
6 E E D,-E D, Do-D, Dy
8 E D,-E D,-E Dy
10 E Dy

and physiological parameters, our study shows con-
spicuous larval response patterns within the moult-
ing cycle of the first zoeal stage of the commercially
exploited spider crab Maja brachydactyla. Similar

to closely related species such as the majid Hyas
araneus (Anger & Dawirs 1981, 1982, Anger et al.
1989), and consistent with recent observations in M.
brachydactyla (Andrés et al. 2008, Rotllant et al.
2010), the first-stage larvae are obligatorily plankto-
trophic, requiring food in order to successfully reach
the second zoeal stage. Continuously fed zoeae
showed significant growth in total DM and organi-
cally bound elements (CHN) per larva, an increase of
the C:N ratio (indicating lipid accumulation), as well
as an accumulation of fat vacuoles in the hepatopan-
creas, and an increase in the activities of major diges-
tive enzymes (total protease and amylase). Continu-
ously starved larvae, by contrast, showed opposite
trends in all of these parameters, and they eventually
died (after a maximum of 11 d), without moulting to

Table 7. Maja brachydactyla. Point-of-reserve-saturation experiment. Vacuole index (VI, %) measured in the digestive glands
of Zoeae I and Zoeae II (the latter in bold). Treatments as in Fig. 1. Data are + SE. Different lowercase letters indicate significant
differences among days (SNK or Dunn's test)

Day Treatment
FC F3 F2 F1 sC
0 12.2 + 5.802 12.2 + 5.802 12.2 + 5.80* 12.2 + 5.80%° 12.2 + 5.802
1 28.1 + 8.31° 28.1 + 8.31° 28.1 + 8.31° 28.1 + 8.312 8.41 +10.2%
2 24.4 +5.11% 24.4 +5.11% 24.4 +5.11° 12.2 + 2,122 4,72 + 2.70°
3 28.5 +6.01° 24.6 + 2.80° 6.30 + 1.30% 8.02 + 3.80% 2.04 + 0.10°
4 31.5+ 7.43 19.1 = 7.30%® 4.50 + 2.50° 6.01 + 2.55% 3.70 + 3.21°
5 27.0 = 7.80%° 25.3 + 6.35% 3.30 £ 3.10% 1.10 = 1.23° 1.83 = 1.50°
6 7.2 + 2.82° 3.01 + 1.40° 1.25+1.10°
1.40 = 1.71°

7 1.60 + 1.52P 1.37 + 1.10°
8 0.50 +2.202

Table 8. Maja brachydactyla. Total amylase and proteases activities (IU ind.™!) in different treatments (point-of-reserve-satura-
tion experiment) in Zoeae I and Zoeae II (the latter in bold). Treatments as in Fig. 1. Data are + SE. Different lowercase letters
indicate significant differences among days (after SNK test or Dunn'’s test)

Treatment

F2 F1 SC

5627 + 33782
16917 + 9097°
29297 + 14385°¢
12922 + 8354
15262 + 1039574

5627 + 33782
12737 + 6236
10237 + 6618¢
11494 + 9209

5677 + 47142

5627 + 3378*
4719 = 27402
6564 + 5486°
3635 + 2481
3922 * 3833

3386 + 1412°
5123 + 1182P¢
5175 + 1483
4224 = 1993
5338 + 1328°¢

Day
FC F3

Amylase 0 5627 + 33782 5627 + 3378*

1 16917 + 9097° 16917 + 9097°

2 29297 * 14385°¢ 29297 * 14385°¢

3 26396 = 13976 26396 = 13976

4 29031 + 15178¢ 13469 * 4526

5 24044 + 15486 15114 + 12023
Proteases 3551 = 1147 3551 = 1147

3386 + 14122
5123 + 1182
5175 + 1483P
4909 + 1736°
4757 = 1773°

8114 + 30383
10406 = 880724

3551 = 1147
3386 + 1412°
5123 +1182°
3020 = 1662
3473 + 1406
2446 + 1134°
3519 = 1700°

2293 = 1789¢

2433 + 18572
3551 + 11472
3386 + 14122
3167 = 15982
3239 + 13772
3083 + 1253
1177 = 1171°

559 + 601"

3378 + 3216

1828 + 1083°
3551 + 11472
3949 + 16512
2741 = 1208
1389 + 819°
1308 + 636"
1239 = 778P

826 = 571°
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the Zoea Il stage (cf. Rotllant et al. 2010). These gen-
eral patterns of response to feeding and starvation,
respectively, provide various quantitative and quali-
tative criteria for an evaluation of the physiological
condition of larvae developing under intermediate or
unknown nutritional situations.

Temporary or local occurrence of poor nutritional
conditions is considered one of the key factors deter-
mining larval survival in the plankton (Morgan 1995,
Giménez & Anger 2005). While experimental condi-
tions of both ad libitum feeding or complete absence
of food represent extreme scenarios that may have
little if any ecological relevance in natural habitats,
they define the end points (maximum and minimum,
respectively) of a relative scale of larval survival,
development, growth and physiological responses to
food limitation. In this context, PNR and PRS experi-
ments are useful tools for the study of the nutritional
needs or vulnerability of decapod crustacean larvae.

Congruent with the results of numerous previous
studies with larvae of various other decapod groups
(e.g. Dawirs 1984, Staton & Sulkin 1991, Paschke
et al. 2004, Gebauer et al. 2010), our experiments
demonstrate that initial periods of food limitation
beginning soon after hatching are much more critical
than a later occurrence of famine. Besides the timing,
the duration of such periods is also very important.
While a single day of initial starvation and subse-
quent feeding did not cause irreversible damage
affecting larval survival or development in compari-
son to a continuously fed control group (cf. S1 versus
FC; Fig. 2A), an initial lack of food for 3 d (corre-
sponding to >50 % of the moult-cycle duration of fed
larvae) caused high mortality, similar to that in a
continuously starved control group. This PNR effect
reflects irreversible structural or functional damage,
most probably in the R-cells of the hepatopancreas
(Storch & Anger 1983, Anger et al. 1985), which may
be considered a ‘monitor organ’ for assessments of
the nutritional condition of crustaceans (see Vogt et
al. 1985 and references therein). Although the pres-
ent study showed that a successful capture of prey,
digestion of food, and eventually, even a restoration
of previously degraded lipid reserves in the
hepatopancreas may still be possible after extended
periods of starvation, some metabolic disorder seems
to occur, preventing an efficient utilization of those
energy reserves accumulated after the PNR.

In PRS experiments, only 2 d of initial feeding
(<30% of the moult-cycle duration), followed by
complete lack of food for the remaining >70 % of the
moult cycle, may allow for similar rates of survival
and development to the Zoea II stage as in a conti-

nuously fed control group (F2 versus FC; Fig. 2B).
This again shows the importance of the timing (early
versus late) of starvation periods. Microscopic exam-
ination of the larval moulting cycle in our study
demonstrated that the PRS was reached at the transi-
tion between stages C and D,, when the apolysis of
epidermal tissues from the old cuticle begins. This
confirms the ‘D, threshold’ (Anger 1987) as a critical
point, after which a decapod larva becomes in principle
independent from food for the rest of the moulting
cycle.

When the biomass accumulated during an early
period of larval feeding and growth is considered at
the time of the PRS;5,, one can see that Zoeae I of
Maja brachydactyla have reached about 70 to 80 % of
the maximum DM that continuously fed sibling lar-
vae would show at their moult to the Zoea II stage,
although the developmental period from hatching to
the PRS corresponds to only about 50% of total
moult-cycle duration (present study; cf. Rotllant et al.
2010). This apparent discrepancy between a rela-
tively short time span and high biomass growth is
normally due to maximum instantaneous growth
rates during the postmoult and intermoult stages,
which are followed by lower accumulation rates in
premoult (for review of growth patterns, see Anger
2001). As CHN and biochemical data have consis-
tently shown, the steep initial growth phase is typi-
cally associated with a particularly fast accumulation
of lipids (reflected by increasing C:N values and
fat droplets in the hepatopancreas; cf. Figs. 3 & 5,
Tables 3 & 7), which can later be utilised as an
endogenous energy source during periods of food
limitation.

Hence, the rapid initial accumulation of biomass
and energy allows for subsequent food-independent
development in complete absence of food after the
PRS, so that larvae may successfully moult to zoeae
II, although they have 40 to 45% less biomass and
significantly lower C:N values than continuously fed
control larvae. As a consequence, the biomass of
newly moulted Zoeae II of Maja brachydactyla in our
study was linearly correlated with the duration of
initial feeding periods in the preceding Zoea I stage.
This range of biomass at ecdysis is similar to values
observed in preliminary experiments with the same
species using mass-rearing techniques (Rotllant et al.
2010). Very similar relative figures were also ob-
tained in experiments with another spider crab, Hyas
araneus (Anger & Dawirs 1982, Anger & Spindler
1987), and in the portunid crab Carcinus maenas
(Dawirs 1986). Interestingly, a newly moulted Zoea II
originating from a PRS experiment may contain less
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biomass than a newly hatched Zoea [, still remaining
viable and partially compensating the previous
losses through a lengthening of the Zoea II moulting
cycle (Anger & Spindler 1987).

In conclusion, the present study corroborates pre-
viously proposed hypotheses on critical points and
mechanisms of starvation effects within individual
larval moulting cycles in majid crabs and other deca-
pod crustaceans. For comparisons among different
species or larval stages, however, PNRs, or PRSs,
must be considered in relation to the moult-cycle
duration of fed larvae reared under otherwise similar
conditions, as environmental factors such as temper-
ature and salinity may influence larval condition and
development time. As another comparative index,
Gebauer et al. (2010) recently proposed the NVI,
defined as the quotient of PRSs,:PNRs,, which in-
creases with increasing nutritional vulnerability and
decreases with decreasing larval dependence on food
availability. In majid spider crabs including Maja
brachydactyla (present study) and Hyas araneus
(Anger & Dawirs 1981), low PRS and high PNR val-
ues, and consequently, NVI indices well below 1,
indicated a relatively high level of early larval inde-
pendence from food (for comparison of literature
data, see Gebauer et al. 2010).

The activities of digestive enzymes (protease, amy-
lase) that have been measured in larvae of Maja
brachydactyla (Rotllant et al. 2008, 2012, Andrés et
al. 2010b) reflect a strong capacity to digest food
immediately from hatching. Under ad libitum condi-
tions of feeding, the enzyme activities increased
throughout the moulting cycle of Zoeae I, while con-
tinuously starved sibling larvae showed decreasing
values. Also in successive larval stages of Hyas ara-
neus, Hirche & Anger (1987) and Harms et al. (1991)
showed that trypsin and amylase activities increased
during development, similar to the present study.
The early appearance and developmental increase in
protease activity of fed larvae indicates an immediate
and continuously increasing need for protein degra-
dation, which yields amino acids required for growth,
morphogenesis and, probably to a lesser extent, as a
metabolic energy source (Rotllant et al. 2010). How-
ever, a high level of variability among measurements
of protease and amylase activities in otherwise simi-
lar larvae suggests that enzyme activities may be
less suitable indicators of the nutritional condition
of spider crab larvae. In conclusion, this study of
the nutritional vulnerability of first-stage larval M.
brachydactyla has shown that data on survival and
development as well as those from determinations of
DM, CHN, histological observations in the digestive

gland and, to a lesser degree, those on digestive
enzyme activities can be used as indicators of larval
dependence on food and of physiological responses
to transitory or extended period of food limitation.
Although these individual variables differ in their
respective explanatory power, a combined study of
various criteria, in particular when these are consid-
ered in relation to the moulting cycle (Guerao et al.
2010), should allow for reliable assessments of the
nutritional condition of early decapod larvae.
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