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Abstract. The decline with age in components of fitness is variable among different taxa
and includes changes in fertility and brood quality. In this study, we selected individuals of
Neocaridina davidi, a freshwater shrimp with direct development, to analyze juvenile quality
and female reproductive performance over successive spawnings, both of which are corre-
lated with female age. Given the high costs of reproduction in species with direct develop-
ment, we hypothesized that female reproductive performance and juvenile quality decrease
in later spawns. Two experiments were performed. In Experiment 1, we evaluated the repro-
ductive performance of females of N. davidi and the quality of juveniles (through a food
restriction test) over the first six successive spawnings. In Experiment 2, we analyzed the
lipid and protein contents in juveniles from the third, fourth, and fifth spawns, after feeding
them daily or starving them for 8 d or 12 d after hatching. Female mortality was observed
throughout Experiment 1, along with a decrease in the proportion of ovigerous females over
successive spawns. However, the interval between spawnings and the number and size of
newly hatched juveniles were similar among spawns. Moreover, females that spawned many
times had a reproductive efficiency similar to those that spawned few times, as evidenced by
a similar percentage of broods successfully hatched and a similar percentage of broods with
more than 28 juveniles among all spawns. Overall, these results may indicate a partial effect
of multiple spawning on female reproductive performance. Growth, survival, and biochemi-
cal composition of food-restricted juveniles showed similar or even higher values in later
spawns as compared to the first spawns. This is, to our knowledge, the first empirical
demonstration in a decapod crustacean with direct development that, although the percent-
age of ovigerous females decreases over time, other reproductive variables and juvenile per-
formance do not decline in successive spawnings, at least for the initial six consecutive
spawns.
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Reproductive output is one of the central attri-
butes of life history, and knowledge of age-specific
reproduction may enhance the understanding of
population performance and dynamics (Tsujimoto
et al. 2016). The decline in fitness components with
age is highly variable among different groups of
organisms and includes changes in fertility and
brood quality (Jones et al. 2014). In some crabs
and penaeid shrimps, certain variables related to
offspring quality, such as fecundity, hatching rate,

size, and larval resistance to starvation, decrease
over successive spawnings, which correlate with
female age (Wouters et al. 1999; Kobayashi 2001;
Coman & Crocos 2003; Ji et al. 2006; Nan et al.
2006; Darnell et al. 2009; Andr�es et al. 2010; Wu
et al. 2010; Ver�ısimo et al. 2011).

The exposure of offspring to a physiologically
stressful situation, such as physical manipulation,
starvation, or changes in temperature or salinity, is
a commonly used tool to evaluate offspring quality
in crustaceans (Racotta et al. 2003; Smith et al.
2004). Resistance of larvae and juveniles to tempo-
rary starvation is a key factor for their successful
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development in nature, especially in freshwater habi-
tats (Anger 2001), and depends directly on the
energy budget transferred by females to the oocytes
during vitellogenesis (Gardner 2001). Reserve alloca-
tion for embryonic development is particularly
important in decapods with direct development due
to the absence of free-living larval stages (Herring
1974), enabling maternal influence on progeny to be
greater and more direct as compared to crustaceans
with indirect development. Moreover, the impact of
energetic investment in brood production may be
more relevant in multiple-spawning species, poten-
tially leading to female reproductive exhaustion and,
consequently, different brood quality over successive
spawnings (Marsden et al. 1997; Wouters et al.
1999). In this context, it is surprising to find little
information about the effect of multiple spawning
on reproduction of freshwater decapods with direct
development.

Neocaridina davidi (BOUVIER 1904), or “red cherry
shrimp” (Caridea, Atyidae), is an excellent biologi-
cal model in which to address effects of multiple
spawning. These shrimps are easily maintained in
the laboratory and have a short life cycle: Under
laboratory conditions, juveniles hatch after an incu-
bation period of 15 d and reach sexual maturity at
an approximate weight of 50 mg, attained from day
50 of life, depending on stocking density. Females
spawn repeatedly during a life span of 1–2 years,
with short intervals between spawnings (Tropea &
L�opez Greco 2015; Tropea et al. 2015), which
allowed us to analyze juvenile quality and female
reproductive performance over successive spawnings.
Given the high costs of reproduction in species with
direct development, we hypothesized that female
reproductive performance and juvenile quality, eval-
uated in terms of resistance to food restriction,
decrease in later spawns.

Methods

Experimental rationale

Two experiments were performed. In Experiment
1, we evaluated the reproductive performance of
females and quality (through a food restriction test)
of juveniles of N. davidi over the first six successive
spawnings, during a 210-d experimental period
(May to November 2014). In Experiment 2, we ana-
lyzed the biochemical composition of juveniles from
the third, fourth, and fifth spawns, after exposing
them to certain food restriction treatments, over
280 d (June 2015 to April 2016).

Experimental Animals

The shrimps used in both experiments were
obtained from a reproductive stock provided by a
commercial supplier (Acuamanus Aquarium, Buenos
Aires, Argentina). The stock was maintained in plas-
tic aquaria of 31 9 24 9 19 cm, containing 10 L of
dechlorinated tap water (pH 7.2–7.4), under contin-
uous aeration and a constant temperature of
27°C�1°C. The photoperiod was 14-h light: 10-h
dark. Java moss (Vesicularia sp.) was provided for
shelter. Shrimps were fed daily ad libitum a balanced
food for tropical fish (Tetradiskus, TETRA�), with
the following approximate composition: minimum
crude protein 47.5%, minimum crude fat 6.5%,
maximum crude fiber 2.0%, maximum moisture
6.0%, minimum phosphorus 1.5%, and minimum
ascorbic acid 100 mg kg�1. Water was completely
replaced once a week. These rearing conditions were
based on Tropea et al. (2015) and Tropea & L�opez
Greco (2015). Juveniles obtained from the reproduc-
tive stock were used in Experiments 1 and 2 after
reaching sexual maturity, when females showed visi-
ble ovaries through the cephalothorax and became
larger and more intensely colored than males.

Experimental design

General considerations for both experiments. Each
mature female was placed in a plastic aquarium of
18 9 12.5 9 12 cm with two mature males, to
increase mating probability. They were maintained
under the same conditions of water quality, pho-
toperiod, temperature, and feeding as described
above. Each aquarium was a replicate. Aquaria were
visually searched daily for ovigerous females. The
total number of newly hatched juveniles (or first-
stage juveniles, JI) was counted for each spawn, and
broods with more than 28 JI were selected for fur-
ther study. A sample of 10 JI was taken from each
of these broods and weighed after blot-drying the
sample with absorbent paper for removal of excess
water. The JI wet weight (initial wet weight) was
calculated to the nearest 0.1 mg by dividing the
sample weight by the number of JI. Then, a stere-
omicroscope was used to measure the cephalothorax
length (initial cephalothorax length) from the tip of
the rostrum to the posterior end of the cephalotho-
rax of all JI from the sample. A mean value of the
initial cephalothorax length was then calculated for
each sample. The JI were counted, weighed, and
measured as described above for each successive
spawning of experimental females.
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Another sample of 18 JI was then taken to evalu-
ate juvenile quality through a food restriction test,
which lasted 32 d. Each JI was placed in a 250-cm3

plastic container with a piece of onion bag mesh
(1 9 1 cm), and a small stone (0.5 9 0.2 9 1 cm)
that juveniles used as substrate and shelter. Water
was under continuous aeration, at a temperature of
27°C�1°C, and was completely replaced once a
week. Juveniles were fed according to restriction
treatments that consisted of starvation periods of
increasing duration. These treatments are described
in more detail for the two experiments (see below).
Juveniles were checked daily for mortality. This gen-
eral experimental design was applied in both Experi-
ments 1 and 2, with specific details described in the
following sections.
Experiment 1: female reproductive performance and

juvenile quality. A total of 19 females (mean weight
56.7�9.8 mg [41.3–74.4 mg]) and 38 males (mean
weight 32.9�4.0 mg [28.3–48.2 mg]), previously
obtained from the reproductive stock, were ran-
domly selected for Experiment 1. They were stocked
and maintained as described in the general experi-
mental design for the evaluation of female reproduc-
tive performance, with one female and two males in
each aquarium. Each aquarium was a replicate, and
19 replicates were used.

The quality of juveniles from the first six successive
spawnings of experimental females was evaluated
through a food restriction test that included the
following treatments: DF (daily feeding during the

32-d period), S4 (food deprivation for 4 d after
hatching), S8 (food deprivation for 8 d after hatch-
ing), S12 (food deprivation for 12 d after hatching),
S16 (food deprivation for 16 d after hatching), and
CS (continuous starvation during the 32-d period).
Food deprivation for 16 d coincides with the point
of no return of 50% (PNR50) for juveniles of N.
davidi (Pantale~ao et al. 2015). Eighteen JI were
selected from each brood and were equally and ran-
domly assigned to these food restriction treatments
(three JI per treatment). After the corresponding
starvation days, juveniles were fed daily ad libitum
Tetradiskus, TETRA�, until day 32 (Fig. 1A). At
that time, we measured final wet weight to the near-
est 0.1 mg and final cephalothorax length in order
to calculate the percentage of mass increase (%MI)
and length increase (%LI), respectively.
Experiment 2: juvenile quality. Thirty females and

60 males previously obtained from the reproductive
stock were selected for Experiment 2, with a mean
weight of 58.7�9.3 mg (43.5–79.2 mg) and
36.9�6.1 mg (28.5–50.3 mg), respectively. They were
stocked and maintained as described in the general
experimental design to obtain juveniles from later
spawns. Each aquarium was a replicate, and 30
replicates were used.

The quality of juveniles from the third, fourth, and
fifth spawnings of experimental females was evalu-
ated through a food restriction test that included the
following treatments: DF (daily feeding during the
32-d period), S8 (food deprivation for 8 d after

A
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S4
S8
S12
S16
CS

DF
S8
S12

0 5 10 15 20 25 30 days

Fig. 1. Scheme of the treatments applied to newly hatched juveniles of Neocaridina davidi in the food restriction test.
A. Experiment 1: DF, daily feeding during a 32-d period; CS, continuous starvation during a 32-d period; S4, food
deprivation for 4 d after hatching; S8, food deprivation for 8 d after hatching; S12, food deprivation for 12 d after
hatching; and S16, food deprivation for 16 d after hatching. B. Experiment 2: DF, daily feeding during the 32-d per-
iod; S8, food deprivation for 8 d after hatching; and S12, food deprivation for 12 d after hatching. Black cells repre-
sent the starvation days and white cells the feeding days.
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hatching), and S12 (food deprivation for 12 d after
hatching). Eighteen JI were selected from each brood
and were equally and randomly assigned to these
food restriction treatments (six JI per treatment).
After the corresponding starvation days, juveniles
were fed daily ad libitum Tetradiskus, TETRA�, until
day 32 (Fig. 1B). At that time, we measured wet
weight to the nearest 0.1 mg and calculated the %
MI. Juveniles were then sacrificed after being cold-
anesthetized at �20°C for 15 min and stored at
�70°C for biochemical analyses.

Protein and lipid concentrations (expressed in
lg mg�1) were determined spectrophotometrically in
homogenates of 32-day-old juveniles, according to
the method described by Folch et al. (1957), which
was modified by Frings & Dunn (1970), and accord-
ing to the method described by Bradford (1976).
Because single juveniles were too small to be ana-
lyzed individually, we divided each spawn within
each food restriction treatment into four replicate
groups per spawn number (3, 4, and 5) and food
restriction treatment (DF, S8, and S12). In all cases,
calculations were performed on a wet-weight basis.

To determine protein concentrations, samples
weighing 11–29 mg were homogenized in 4:1 volume
(lL): weight (mg) of 50 mmol L�1 Tris-HCl buffer
(pH 7.5) and then centrifuged at 10,000 g for 30 min
in a refrigerated centrifuge (4°C). Supernatants were
diluted 1:8 (volume: volume) with distilled water.
Total proteins were quantified by the Coomassie Blue
dye method. Bovine serum albumin was used as stan-
dard (1 mg mL�1), and the absorbance was read at
595 nm. For lipid determination, samples weighing
16–256 mg were homogenized in 20:1 volume (lL):
weight (mg) of a mixture of chloroform and methanol
(2:1 volume: volume), then mixed and centrifuged
with 0.9% NaCl to separate the lipid fraction. Super-
natants were discarded, and the final volume of chlo-
roform–methanol in each tube was recorded.
Aliquots of 10–40 lL were boiled for 10 min, after
the addition of 1 mL of H2SO4. Total lipids were
quantified by the sulfo-phospho-vanillin method.
Extra-virgin olive oil (lipid concentration:
920 mg mL�1) diluted in absolute ethanol (final lipid
concentration: 1 mg mL�1) was used as standard,
and the absorbance was read at 530 nm.
Statistical analyses. The following variables were

statistically compared among successive spawnings to
evaluate female reproductive performance (Experi-
ment 1): total number of JI per spawn per female;
interval between spawnings (number of days between
consecutive spawning events for females that
spawned six or more times); and initial cephalothorax
length of JI. In addition, female reproductive

performance was qualitatively characterized over suc-
cessive spawnings through the following variables:
percentage of ovigerous females ([number of oviger-
ous females/total number of females]9100); percent-
age of broods successfully hatched; and percentage of
broods with more than 28 juveniles.

The following variables were statistically compared
among successive spawnings to evaluate juvenile
quality at the end of the food restriction test (Experi-
ments 1 and 2): % MI=([final weight–initial weight]/
initial weight)9100; % LI; protein concentration (lg
proteins/mg juvenile); lipid concentration; survival of
juveniles at day 10 (Experiment 1) and day 32 (Exper-
iments 1 and 2) of the 32-d period.

All of these variables, except survival, were ana-
lyzed through repeated-measures analysis of vari-
ance (ANOVA) within general linear mixed-effect
models, using spawn number as the repeated mea-
sure factor (with six levels in Experiment 1 and
three levels in Experiment 2), food restriction treat-
ment as a fixed factor (with six levels in Experiment
1 and three levels in Experiment 2), and female as
the random factor. Data were tested for normality
and homoscedasticity with Shapiro–Wilk and
Levene’s median tests, respectively. The Akaike
information criterion was used to select the best
model, and the Di Rienzo, Guzm�an y Casanoves
(DGC) test was applied when significant differences
were found (Di Rienzo et al. 2002). Survival was
analyzed through two-way ANOVA within general
linear mixed-effect models, with no random factor.
Orthogonal contrasts were performed when signifi-
cant differences were found.

Results are presented as means�SE. All tests were
carried out at the 95% significance level with Info-
stat� 2016 software (Infostat Group, FCA UNC,
C�ordoba, Argentina) (Di Rienzo et al. 2016).

Results

Experiment 1: female reproductive performance

All females spawned at least two consecutive
times, but fewer females spawned four, five, and six
consecutive times. The percentage of broods suc-
cessfully hatched was 100% for the first, third,
fifth, and sixth spawns, and 80% and 69.2% for
the second and fourth spawns, respectively. The
percentage of broods with more than 28 JI was as
follows: 47.4% in first spawns, 83.3% in second
spawns, 53.9% in third spawns, 66.7% in fourth
spawns, 71.4% in fifth spawns, and 50.0% in
sixth spawns. Female mortality reached 37%
toward the end of the experiment (Fig. 2).
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Figure 3A shows the number of JI per female per
spawn in the first six consecutive spawnings of
experimental females. This variable was 26% higher
in the second and fifth spawns compared to the
other spawn numbers (p=0.027, F=2.83, df=5). The
interval between spawnings was variable with spawn
number but not statistically significant (p=0.204,
F=1.6, df=4; Fig. 3B). Finally, the initial cephalotho-
rax length of JI was similar (p=0.689, F=0.61, df=5)
among spawn numbers, with a mean value of
1.29�0.04 mm.

Juvenile quality

Experiment 1. The percentage of mass increase
(%MI) and length increase (%LI) were compared
among the first six consecutive spawnings and the

food restriction treatments DF, S4, and S8. As juve-
nile survival was very low in the most extreme treat-
ments (S12, S16, and CS), the number of replicates
was insufficient for statistical analyses. There was
no significant interaction between the effect of
spawn number and food restriction treatment on
either %MI (p=0.879, F=0.51, df=10) or %LI
(p=0.982, F=0.29, df=10), so these factors were ana-
lyzed separately. Percentage mass increase was 16%
greater in juveniles fed daily than in juveniles
starved for 4 and 8 d (p=0.028, F=3.81, df=2;
Fig. 4A), while no significant differences were
observed in %LI among food restriction treatments
(p=0.087, F=2.54, df=2; Fig. 4C), independent of
spawn number. On the other hand, %MI was
63.5% less (p<0.001, F=7.82, df=5) in juveniles from
the first spawn (Fig. 4B), while %LI was 15%

% Ovigerous % Successful % Successful > 28

1 2 3 4 5 6
0

25

50

75

100

Spawn number
N=19 N=15 N=14 N=13 N=12 N=12

Fig. 2. Reproductive performance in females of Neocaridina davidi, evaluated as the percentage of ovigerous females,
percentage of broods successfully hatched, and percentage of successfully hatched broods with ≥28 juveniles. The
reported N corresponds to the initial number of females for each spawn number.

Fig. 3. A. Total number of newly hatched juveniles per spawn per female in the first six successive spawns of Neocarid-
ina davidi. B. Interval (days) between successive spawnings of Neocaridina davidi that spawned six times. Values (mean
�SE) with different letters are significantly different (p<0.05).
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greater (p=0.016, F=3.05, df=5) in juveniles from the
third and fifth spawns, independent of food restric-
tion treatment (Fig. 4D).

Survival was compared among the first six consec-
utive spawnings and the food restriction treatments
DF, S4, S8, S12, S16, and CS at days 10 and 32.
Because there was a significant interaction between
the effects of spawn number and food restriction
treatment on survival at day 10 (p=0.015, F=1.80,
df=25) and at day 32 (p<0.001, F=2.70, df=25), nei-
ther factor could be analyzed separately. Therefore,
and based on the objective of this study, we decided
to compare juvenile survival among consecutive
spawns within each food restriction treatment. A
trend of lower survival among DF juveniles from
the fourth spawn was observed at day 10, which
was statistically significant (p=0.033, F=4.71, df=1)
at day 32 (Fig. 5A). At both days 10 and 32, there
was no significant difference in survival (p=0.479,
F=3.2, df=1) among juveniles from consecutive
spawns when they were starved for 4 d (Fig. 5B).
Within S8 treatment, survival was 50% lower in
juveniles from the first and second spawns compared
to later spawns at day 10 (p=0.009, F=8.83, df=1). A
similar pattern was observed at day 32 (Fig. 5C).
When juveniles were starved for 12 d, their survival
tended to increase with spawn number at both days

10 and 32 of the test (p=0.008, F=14.86, df=1), with
juveniles from the fifth and sixth spawns (at day 10)
and the sixth spawn (at day 32) showing a 55%
higher survival (Fig. 5D). Survival was 54% lower
in S16 juveniles from the first, second, and fifth
spawns compared to those from the third and sixth
spawns (p=0.021, F=6.62, df=1) at day 10 of the test.
Survival was low for all spawn numbers at day 32
(0–27%), except for the sixth spawn, which showed
the highest values (89%) (p=0.014, F=21.41, df=1;
Fig. 5E). Finally, CS juveniles from the first, second,
and fourth spawns showed 48% lower survival than
those from the fifth and sixth spawns at day 10,
with the latter showing a survival of 100%
(p=0.012, F=7.58, df=1). No juveniles from the first
four consecutive spawnings survived at day 32, while
juveniles from the sixth spawn showed higher sur-
vival than those from the fifth spawn (p=0.001,
F=20.74, df=1; Fig. 5F). For all the food restriction
treatments, juvenile survival was qualitatively lower
at day 32 than at day 10, this difference becoming
more pronounced with the increase in the number
of starvation days. Unlike the other spawns, juve-
niles from the sixth spawn showed similar (S4, S8,
and S12 treatments) or slightly lower (DF, S16 and
CS treatments) survival at day 32 with respect to
that at day 10 of the test.
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Fig. 4. Percentage of mass increase (A,B) and cephalothorax length increase (C,D) in Neocaridina davidi juveniles. Two
panels (A,C) show data from six successive spawns, averaging values from the food restriction treatments DF (daily
feeding during a 32-d period), S4 (food deprivation for 4 d after hatching), and S8 (food deprivation for 8 d after
hatching). Two other panels (B,D) show data from juveniles exposed to the food restriction treatments DF, S4, and
S8, averaging values from six successive spawns. Values (mean�SE) with different letters are significantly different
(p < 0.05).
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Experiment 2. In this experiment, we analyzed %
MI, survival, and biochemical composition of juve-
niles from the third, fourth, and fifth spawns
exposed to DF, S8, and S12 treatments. We evalu-
ated these spawn numbers because, in Experiment 1,
survival at day 10 and at day 32 of the food restric-
tion test was higher in juveniles from the third and
subsequent spawns than in juveniles from the first
two consecutive spawns. Sixth spawnings were not
included in the analysis because the number of juve-
niles at the end of the experiment was insufficient
for biochemical determinations. The S4 treatment
was not evaluated due to similarity in juvenile

survival with DF in Experiment 1. Also, S16 and
CS treatments were not evaluated because survival
was very low for juveniles exposed to these treat-
ments in Experiment 1.

The number of broods used in the food restriction
test (i.e., broods with more than 28 juveniles) was as
follows: 14 from third spawns, 13 from fourth
spawns, and nine from fifth spawns. There was no
significant interaction between the effect of spawn
number and food restriction treatment on %MI
(p=0.761, F=0.47, df=4), survival at 32 d (p=0.958,
F=0.64, df=4), lipids (p=0.062, F=2.57, df=4), or pro-
teins (p=0.196, F=1.82, df=4), so these factors were
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Fig. 5. Survival in juveniles of Neocaridina davidi from six consecutive spawns exposed to the food restriction treat-
ments DF (A), S4 (B), S8 (C), S12 (D), S16 (E), and CS (F), at days 10 and 32 of the food restriction test. Different
lower-case letters (a,b) indicate statistically significant differences among spawns at day 10, and different lower-case let-
ters (x,y,z) indicate statistically significant differences among spawns at day 32 (p < 0.05). DF, daily feeding during a
32-d period; S4, food deprivation for 4 d after hatching; S8, food deprivation for 8 d after hatching; S12, food depriva-
tion for 12 d after hatching; S16, food deprivation for 16 d after hatching; and CS, continuous starvation during a 32-
d period.
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analyzed separately. The %MI was 29% higher
(p=0.034, F=3.59, df=2) in juveniles from the third
spawn than in those from the fourth and fifth
spawns (Fig. 6A), and 42% higher (p<0.001,
F=3.03, df=2) in juveniles fed daily than in juveniles
starved for 8 d and 12 d (Fig. 6B). Juvenile survival
at day 32 of the test increased with spawn number,
from near 50% in third spawns to 75% in fifth
spawns (p<0.001, F=3.64, df=2; Fig. 7A), and
decreased with the number of starvation days, from
70% in DF and S8 to 49% in S12 (p<0.001, F=2.89,
df=2; Fig. 7B). There were no significant differences
in protein concentrations (p=0.839, F=0.18, df=2) or
lipid concentrations (p=0.257, F=1.43, df=2) in juve-
niles among consecutive spawns. There were also no
significant differences in protein concentrations
(p=0.179, F=2.02, df=2) or lipid concentrations
(p=0.478, F=0.76, df=2) among treatments at the
end of the experiment, with mean values of
58.0�4.5 lg proteins per mg juvenile and
4.0�0.5 lg lipids per mg juvenile (Table 1).

Discussion

This study is, to our knowledge, the first to use
food restriction to analyze juvenile quality over suc-
cessive spawnings in a freshwater decapod species
with direct development. Growth and survival in
food-restricted juveniles from later spawns were sim-
ilar to or even greater than in juveniles from the
first spawns, indicating no negative effect of multiple
spawning on juvenile performance under adverse
conditions.

The use of stress tests is based on the assumption
that the physiological state of organisms determines
their ability to survive under unfavorable environ-
mental conditions. In this context, the organism per-
formance may be taken as an indirect indicator of
its quality (Anger 2001; Racotta et al. 2003). The
most common stress tests used to evaluate the qual-
ity of crustacean larvae and juveniles include the
exposure to low salinity, high ammonium concentra-
tions, and food restriction (Palacios et al. 1999; Dju-
naidah et al. 2003; Arcos et al. 2005; Howard &
Hentschel 2005; Zhang et al. 2015). The physiologi-
cal stress triggered by starvation is particularly
important in early stages of development, because it
can lead to severe nutrient deficiencies (Anger 2001;
Wahle 2003). In this sense, a decrease in larval bio-
mass was shown to peak during the initial period of
famine in some crab species. However, the rate of
biomass loss then levels off due to a reduction in
the metabolic rate, a physiological effect of pro-
longed starvation (Anger 2001). In addition, Stumpf

et al. (2010), Calvo et al. (2012), and Sacrist�an et al.
(2016) reported a delay in molting, reduced growth,
and lower survival in juveniles of the freshwater
crayfish Cherax quadricarinatus as the starvation
period increased.

Results obtained in Experiment 1 of the present
study showed less growth in juveniles of N. davidi
from the first and second spawns compared to the
other spawns, independent of their feeding regime.
In addition, survival at day 10, under the more
extreme food restriction treatments (S8, S12, S16,
and CS), was higher in juveniles from the third and
subsequent spawns compared to the first and second
spawns. This was also true at day 32, with juveniles
from the sixth spawns showing highest survival
when starved for 12 (S12), 16 (S16), and 32 (CS) d
after hatching. These results indicate that juvenile
performance, as measured by growth and survival,
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Fig. 6. A. Percentage of mass increase in juveniles of
Neocaridina davidi from spawns 3, 4, and 5, averaging
values from the food restriction treatments DF (daily
feeding during a 32-d period), S8 (food deprivation for
8 d after hatching), and S12 (food deprivation for 12 d
after hatching). B. Percentage of mass increase in juve-
niles of N. davidi exposed to the food restriction treat-
ments DF, S8, and S12, averaging values from spawns 3,
4, and 5. Values (mean�SE) with different letters are sig-
nificantly different (p<0.05).
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did not decline in later spawns and was even higher
in some cases. In other words, multiple spawning
had no negative effects on juvenile quality, at least
over the initial six successive spawns evaluated.
Contrary to our results, previous studies in deca-
pods with indirect development have reported a
decrease in larval quality as a consequence of multi-
ple spawning. For example, larvae from the third
spawn of the marine crab Scylla paramamosain
showed a more rapid decline in survival during star-
vation exposure compared to larvae from the first
and second spawns (Islam & Yahya 2016). Likewise,
in studies of Litopenaeus vannamei, Palacios et al.
(1999) and Arcos et al. (2005) observed lower resis-
tance to changes in water salinity in larvae from
later spawns, indicating a certain degree of maternal
physiological exhaustion.

Berkeley et al. (2004) proposed that the increase
in the amount of lipids transferred by the female to

oocytes was the mechanism that allowed for greater
resistance to starvation in larvae from older females
of the fish Melanops sebastes. This may not be the
case in N. davidi, as Tropea & L�opez Greco (2015)
found lower lipid concentration and energy contents
in eggs from the fourth and fifth spawns, which
indicates a decrease in maternal provisioning as a
result of multiple spawning. However, embryo con-
sumption of yolk components may differ in succes-
sive spawnings, leading to different biochemical
compositions of juveniles at hatching, which may
ultimately determine their quality. Future studies
are necessary to ascertain the biochemical composi-
tion of eggs throughout embryonic development and
of newly hatched juveniles, over consecutive spawns,
in order to understand how biochemical composi-
tion affects juvenile resistance to food restriction.

On the other hand, food deprivation for 4 d and
8 d after hatching had a clear effect on juvenile
growth when all spawn numbers were considered in
the analysis, as evidenced by a lower percentage of
mass increase in juveniles in these treatments com-
pared to juveniles fed daily. Food deprivation had a
similar effect on survival, which clearly decreased at
day 32 when starvation exceeded 4 d, and reached
minimum values in juveniles starved for 16 d (S16)
and 32 d (CS) (Experiment 1). Likewise, Anger &
Dawirs (1981) observed a decline in growth and sur-
vival in larvae of Hyas araneus when the onset of
feeding was delayed. The fact that juvenile survival
at day 10 was in all cases greater than at day 32
indicates that the effect of food deprivation on juve-
nile physiological state was not immediate, and
became evident after at least 10 d. When the first
and second spawns were not considered in the anal-
ysis (Experiment 2), juveniles starved for 8 d had
similar survival to that of juveniles fed daily. More-
over, no differences were found in the biochemical
composition of juveniles among DF, S8, and S12
treatments and among the third, fourth, and fifth
spawns at day 32. Overall, these results suggest
that juveniles of N. davidi from later spawns are
capable of coping with starvation periods of at
least 8 d, with no decrease in survival and a signifi-
cant increase in mass (but lower than the control).
Larvae and juveniles of decapod crustaceans have
specific dietary requirements for proteins, lipids,
carbohydrates, minerals, and vitamins. These com-
ponents are catabolized and stored in reserve tis-
sues when food is abundant, proteins being the
major source of energy during starvation periods
(Barclay et al. 1983; Anger 2001). We cannot rule
out a possible effect of food deprivation on juve-
nile biochemical reserves, because protein and lipid
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levels were not measured immediately following
starvation. What is clear from our results is that
such effect, if any, was reversed during the subse-
quent feeding period with a high-protein diet.
Feeding may have allowed for energy storage and
synthesis of new body tissues, as suggested by
Stumpf et al. (2014) when reporting the same phe-
nomenon in C. quadricarinatus.

The resistance to food restriction shown by juve-
niles of N. davidi was expected, based on the previ-
ous study by Pantale~ao et al. (2015), and it may be
related to the abbreviated development of larvae in
this species, a strategy commonly associated with
unpredictable environments, such as high latitudes
(Thorson 1950), sea depth (Pond et al. 1997), and
freshwater environments (Magalh~aes & Medeiros
1998). In particular, the unstable conditions associ-
ated with freshwater habitats have selected for cer-
tain reproductive characteristics, including an
increase in egg size and proportional decrease in egg
number, reduction in the number of larval stages,
and enhanced larval and juvenile resistance to
extended starvation (Jalihal et al. 1993; Anger
1995). In this context, starvation tolerance may be
explained by the energy accumulated by larvae and
juveniles from the remnant egg yolk, which may
allow them to survive during the first days after
hatching without external food sources (Anger
2001). As the energy reserves are consumed, juvenile
performance may deteriorate, leading to a decrease
in survival and growth if the starvation period con-
tinues. Our results, and those previously obtained in

the crayfish C. quadricarinatus (Stumpf et al. 2010)
and in the marine caridean shrimp Exopalaemon
carinicauda (Zhang et al. 2015), are in agreement
with this interpretation.

With respect to female reproductive performance,
a decrease in the proportion of ovigerous females
was observed with time. This result, along with
female mortality recorded throughout the experi-
ment, may reflect the physiological exhaustion in
females of N. davidi as a consequence of multiple
spawning, considering the high energetic costs asso-
ciated with reproduction in species with direct devel-
opment. However, the interval between spawnings
and the number and size of newly hatched juveniles
were similar among spawn numbers. Moreover, the
percentage of broods successfully hatched and per-
centage of broods with more than 28 juveniles were
similar among females that spawned many times (at
least six) and those that spawned few times, which
reflect a high reproductive efficiency of females.
Results regarding the number of hatched juveniles
coincide with those previously reported in penaeid
shrimps (Arcos et al. 2003, 2005; Palacios &
Racotta 2003), and in the marine crab Maja brachy-
dactyla (Andr�es et al. 2010), but differ from results
obtained by Islam & Yahya (2016) in the mud crab
S. paramamosain. These authors observed a lower
fecundity (number of eggs) in the third spawn com-
pared to the first and second spawns, along with a
lower proportion of viable eggs. Kobayashi (2001)
also observed a decrease in fecundity in the estuar-
ine crab Eriocheir japonica, in terms of number of
eggs and larvae. Female reproductive exhaustion
due to successive spawnings has been reported for
other decapod species, with negative consequences
on offspring quality (Primavera 1985; Harrison
1990). This may be due to the insufficient time
between spawnings for storage of reserves in the
hepatopancreas and their transport to the ovary.
Our results indicate a partial effect of multiple
spawning on reproductive performance in females of
N. davidi: Not all females spawned many times, but
brood production was not different among those
that spawned many or few times.

In conclusion, our study shows for the first time
in a freshwater decapod with direct development
that juvenile quality, evaluated in terms of survival
and growth under food restriction conditions, did
not decline over consecutive spawns. Although the
percentage of ovigerous females decreased with time,
many other reproductive variables were similar in
successive spawnings. These results suggest that
reproduction is partially affected by multiple spawn-
ing, at least for the initial six consecutive spawns.

Table 1. Biochemical composition of juveniles of Neo-
caridina davidi from the third, fourth, and fifth spawns at
the end of the food restriction test. For all treatments,
N=4.

Proteins (lg mg�1) Lipids (lg mg�1)

Food restriction treatmenta,b

DF 56.41�3.52 4.83�0.63
S8 59.22�7.54 3.62�0.39
S12 58.43�2.39 3.59�0.38

Spawn numberc

3 57.98�3.25 4.40�0.59
4 61.40�3.10 3.74�0.41
5 54.69�7.29 3.91�0.42

aValue for each food restriction treatment represents
mean�SE of spawns 3, 4, and 5.
bDF, fed daily (control); S8, food deprivation for 8 d
after hatching; S12, food deprivation for 12 d after
hatching.
cValue for each spawn number represents mean�SE from
the food restriction treatments DF, S8, and S12.
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