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Abstract

Aquaculture activity has grown remarkably in the
last years, crustaceans being the most profitable
products because of their high prices. Feeding costs
represent a large portion of total operating costs in
the aquaculture industry. In this context, the
objective of the present study was to evaluate the
effect of food restriction on the reproductive perfor-
mance of redclaw crayfish Cherax quadricarinatus.
Females at the onset of sexual maturity were
stocked with males and were fed daily a formu-
lated diet at 1.5% (control group) and 0.5% (re-
stricted group) of their mean weight. The
experimental period lasted 105 days. The percent-
age of ovigerous females and broods successfully
hatched tended to be higher in restricted females
compared with control females, but egg volume
and weight did not differ between both experimen-
tal groups. However, the lipid concentration of
rematuring ovaries was lower in restricted females
than control females, suggesting that food restric-
tion affects the amount of reserves transferred to
the ovaries during vitellogenesis. The nutritional
state of females was independent of the amount of
food provided, as reflected by similar growth
parameters and biochemical composition of the
hepatopancreas in control and restricted females.
Based on these results, we conclude that it is possi-
ble to reduce the feeding rate of C. quadricarinatus
females to one-third of its original value without
their

affecting reproductive performance and

4228

somatic growth, at least for a 105-day period. This
finding provides a useful tool for commercial pro-
ducers to decrease production costs and improve
water quality in culture systems.

Keywords: biochemical composition, Cherax
quadricarinatus, food restriction, reproductive per-
formance, somatic growth

Introduction

Global aquaculture production is growing in
response to the increasing domestic consumption
and export of fish food. The future of the aquacul-
ture sector will be influenced by its capacity to
address strategic challenges arising from popula-
tion growth, urbanization and dietary diversifica-
tion (FAO 2014). In recent years, the main
purpose of aquaculture activity has been to maxi-
mize the production of high-quality organisms
while reducing operating costs (Luchini & Panné
Huidobro 2008; FAO 2014). The latter may be
achieved by formulating cheaper diets or reducing
the amount of food provided to the animals, as
food can represent up to 50% of total production
costs (Shiau 1998). These strategies may also
improve water quality in culture systems. In this
sense, Stumpf, Castillo Diaz, Viau, Valenti and
Lopez Greco (2014) found that when animals
received 50% less food, there was a reduction in
nitrogen concentration and organic matter decom-
position due to the decrease in excretion products
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and faeces. The improvement of water quality in
aquaculture facilities may in turn reduce the nega-
tive impact of effluents on the environment.

The redclaw crayfish Cherax quadricarinatus (von
Martens, 1898) is a decapod crustacean with sev-
eral biological attributes that make it an excellent
choice for aquaculture, such as high growth rate,
multiple spawns per year and relatively non-
(Meade & Watts 1995;
Lawrence & Jones 2002). The species development
is direct, with nine embryonic stages and two
post-hatching stages, all of which feed on the yolk
reserves accumulated in the eggs (embryo) or the
cephalothorax (juveniles I and II). The successful
reproduction of this crayfish is highly dependent
on nutrition (Bromage 1995; Harrison 1997;
Garcia-Ulloa 2000), with diets of adequate nutri-
ent composition being particularly important for
gonad maturation and production of high-quality

aggressive behaviour

eggs (Rodriguez-Gonzalez, Villarreal, Hernandez-
Llamas, Garcia-Ulloa, Vazquez-Boucard & Serrano-
Pinto 2011).

Ovarian maturation (i.e. vitellogenesis) involves
the transference of reserves from the hepatopan-
creas to the gonad (Saoud & Ghanawi 2012;
Rodriguez-Gonzalez, Hernandez-Llamas, Garcia-
Ulloa, Racotta, Montoya-Mejia & Villarreal 2014).
Because of its role as digestion, nutrient absorption
and reserve storage site, the hepatopancreas is
used for monitoring the nutritional condition of
cultured animals (Vogt, Storch, Quinitio & Pascual
1985; Evans, Fan, Finn, Dawson, Siva & Lee
1992; Icely & Nott 1992; McClain 1995;
Johnston, Alexander & Yellowhees 1998; Jussila &
Evans 1998; Sousa & Petriella 2000). Its structure
is tubular, each tubule consisting of different cell
types: E cells (embryonic), R cells (resorptive), F
cells (fibrillar) and B cells (blisterlike). R cells are
vacuolarized and store lipids and glycogen, F cells
contribute to the secretion of digestive enzymes,
and B cells are associated with nutrient absorption
and synthesis of digestive enzymes (Gibson &
Barker 1979; Al-Mohanna & Nott 1987; Caceci,
Neck, Lewis & Sis 1988; Icely & Nott 1992;
Franceschini-Vicentini, Ribeiro, Papa, Marques
Junior, Vicentini & Moraes Valenti 2009).

The effect of using diets with different proxi-
mate compositions has been extensively studied in
C. quadricarinatus (Saoud, Garza De Yta &
Ghanawi 2012). However, to our knowledge, no
study has ever addressed the effect of food restric-
tion on the reproductive performance of this or

any other decapod species. This kind of research
may allow producers to determine the amount of
food that minimizes production costs and improve
water quality without affecting animal perfor-
mance.

Based on all the above-mentioned considera-
tions, the objective of this study was to evaluate
the effect of food restriction on the reproductive
performance of C. quadricarinatus female spawners.

Materials and methods

Animals

The reproductive stock used in this study (36
females and 12 males) was obtained under labora-
tory conditions. Juveniles were placed in glass
aquaria measuring 60 x 40 x 30 cm at a density
of 62.5 animals m 2. The aquaria were filled with
30 L of dechlorinated tap water (pH 7.5, hardness
80 mg L', as CaCO; equivalents) under continu-
ous aeration and at a constant temperature of
27 + 1°C (the minimum and maximum tempera-
tures were 26 and 28°C respectively). Water was
exchanged completely once a week to remove fae-
ces and uneaten food. PVC tubes (10 cm in diame-
ter and 25 cm long) were provided for shelter
(Jones 1997), and no bottom substrate was used.
The photoperiod was 14:10 h (light:dark). Juve-
niles were fed daily ad Ilibitum an experimental food
formulated for C. quadricarinatus, containing equal
quantities of animal and vegetable proteins
(Gutiérrez & Rodriguez 2010). Its proximate com-
position was 38% minimum crude protein, 6%
minimum crude fat, 16% ash and 4% moisture.
The experiment was initiated when animals
reached approximately 20 g, which is the size at
onset of functional sexual maturity (Vazquez, Tro-
pea & Lopez Greco 2008).

Experimental design

Mature crayfish with an average weight of 24.9 g
for males and 17.2 g for females were randomly
distributed in 12 aquaria measuring
60 x 40 x 30 cm, in a ratio of three females to
one male (16.7 animals m ). The reproductive
condition of these crayfish was similar, because
they had never mated before the experiment.
Hence, the spawns analysed corresponded to the
first spawns of all the experimental females. This
allowed discarding a possible effect of maternal
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senescence, which may be produced by successive
spawning throughout life, on present results.

Each aquarium was a replicate and was ran-
domly assigned to one of the following treatments
(six replicates per treatment):

e Control: individuals fed daily at 1.5% of the
mean weight of all the animals in the aquar-
ium.

e Restricted: individuals fed daily at 0.5% of the
mean weight of all the animals in the aquar-
ium.

Crayfish were fed for 5 days followed by 2 days
of food deprivation in repeated cycles, and were
maintained under the same conditions of water
quality, temperature and photoperiod as described
above. There were no others sources of food in the
system besides the formulated diet provided by the
researchers. The animals were weighed at days
14, 40 and 90 of the experimental period, which
lasted 105 days, and a mean weight value was
calculated for each replicate. This value was used
to estimate the amount of food to be provided until
the following weighing event.

The aquaria were visually inspected once daily
for the presence of moults and deaths. Dead cray-
fish were removed from the aquarium, and the
remaining animals were weighted again for the
recalculation of food to be provided. Cannibalism
was avoided during the entire experimental period
by placing recently moulted crayfish in individual
containers until hardening of the exoskeleton.
Although the aggressive behaviour of redclaw
crayfish is lower than that of other commercially
important species, some competition for food was
detected among individuals when feeding them.
Hence, it might be possible that not all the females
from the same aquarium fed similarly, and for this
reason, we treated them as pseudoreplicates in the
statistical analysis of the data.

Egg characterization

The aquaria were visually inspected once daily for
the presence of ovigerous females. When detected,
they were placed individually in plastic aquaria
measuring 33.5 x 25 x 19 cm, under the same
experimental conditions as described above. At
day 16 of the incubation period, 5-10 eggs were
gently removed from the first left pleopod of each
female to evaluate egg quality. The samples were
weighed (wet weight; precision: 0.1 mg), and the

individual egg weight was calculated by dividing
the sample weight by the number of eggs. Egg vol-
ume was determined using the formula for an
ellipsoid 4/3 x m x rl x r2 x r3, where rl, r2
and r3 are the radii of the dorsal-ventral, ante-
rior—posterior and right-left axes respectively.
These axes were measured using a stereomicro-
scope. Finally, the dry weight of egg samples was
determined (precision: 0.1 mg) following oven dry-
ing of the eggs at 55-60°C during 48 h (Hines
1982).

Female characterization

At the end of the experiment, all females were
weighed (final body weight; precision: 0.1 mg)
and their postorbital cephalothorax lengths were
measured from behind the eye to the posterior
end of the cephalothorax (precision: 0.01 mm).
Females were then sacrificed after being cold-
anaesthetized at —20°C for 15 min. Their cara-
pace was removed, and the hepatopancreas and
ovaries were rapidly dissected and weighed (preci-
sion: 0.1 mg). The ovaries were stored at —70°C
for biochemical analysis. A portion of each hep-
atopancreas was fixed in Bouin's solution for 4 h
at room temperature for histological examination.
The tissues were then dehydrated in an alcohol
series and embedded in paraffin. Sections (7 pm
thick) were stained with haematoxylin—eosin
(Lopez Greco, Vazquez & Rodriguez 2007) and
characterized based on recent descriptions of the
hepatopancreas structure for C. quadricarinatus
(Calvo, Stumpf, Pietrokovsky & Loépez Greco
2011; Calvo, Tropea, Anger & Lopez Greco
2012). The remaining portion of each hep-
atopancreas was stored at —70°C for biochemical
analysis.

Biochemical analysis

Protein concentrations of the hepatopancreas and
ovaries were determined spectrophotometrically,
according to the method described by Bradford
(1976). Samples (n = 3) weighing 60 mg were
homogenized in 4:1 volume:weight of 50 mM L™!
Tris-HCl buffer, pH 7.5, and centrifuged at
10 000 x g for 30 min in a refrigerated cen-
trifuge (4°C). Total proteins were estimated in the
supernatant using the Coomassie blue dye method,
with bovine serum albumin as standard. Absor-
bance was read at 595 nm.
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Lipid concentrations of the hepatopancreas and
ovaries were determined using the sulfophospho-
vanillin method described by Folch, Lees and
Sloane-Stanley (1957) and modified by Frings and
Dunn (1970). Samples (n = 3) weighing 50 mg
were homogenized in 4 mL of a mixture of chloro-
form and methanol (2:1, v v™!), then mixed with
0.9% NaCl and centrifuged to separate the lipid
fraction. Extra virgin olive oil diluted with absolute
ethanol was used as standard. Absorbance was
read at 530 nm.

Glycogen concentration of the hepatopancreas
was determined following the method described by
Van Handel (1965). Samples (n = 3) weighing
80 mg were boiled with 4:1 volume:weight of
KOH 30% for 1 h. After cooling, glycogen was
precipitated with the addition of 75 pL of satu-
rated Na,SO, and 1875 pL of absolute ethanol,
and centrifuged at 2000 x g for 10 min. The pre-
cipitate was then dissolved in 250 pl of distilled
water, and glycogen was measured using the
anthrone reagent method. Rabbit liver (Fluka;
Sigma-Aldrich, St. Louis, MO, USA) was used as
standard, and absorbance was read at 620 nm.

Calculations were performed on a wet weight
basis, and values were expressed as mg g ' in all
cases.

Statistical analysis

The following variables were calculated at the end
of the experiment:

Percentage of ovigerous females = 100 x (num-
ber of ovigerous females/total number of females);

Percentage of broods successfully
hatched = 100 x (number of broods successfully

hatched/total number of ovigerous females);

Gonadosomatic index = 100 x (reproductive

system weight/female final body weight);

Hepatosomatic index = 100 x (hepatopancreas
weight/female final body weight);

Specific growth rate = 100 x ((log. final body
weight — log, initial body weight)/time), where
time was expressed in days (Evans & Jussila
1997).

One-way analysis of variance (aNova) was used
to compare egg volume and weight (wet and dry),
gonadosomatic index, biochemical composition of
the ovaries, hepatosomatic index, female final body

and postorbital
control and

weight, specific growth rate,
cephalothorax length between
restricted groups. The biochemical composition of
the hepatopancreas was analysed using multivari-
ate analysis of variance (manova). The percentage
of ovigerous females and percentage of broods suc-
cessfully hatched were compared between treat-
ments with the Fisher's exact test. Results per
treatment are presented as means 4+ SE. All tests
were carried out at the 95% significance level
(Sokal & Rohlf 1995).

Results

Females spawned only once during the experimen-
tal period, which corresponded to their first spawn.
No significant differences were found between
treatments in the percentage of ovigerous females
and percentage of broods successfully hatched
(P > 0.05; Table 1), although both variables
tended to be higher in the restricted group. The
amount of food provided to the females had no
effect on egg production, as reflected by similar
egg volume and weight (wet and dry) in the con-
trol and restricted treatments (P > 0.05; Table 1).
Mean values were 6.2 mm>, 4.7 and 2.1 mg for
the volume, wet weight and dry weight of eggs
respectively.

Table 1 Effect of food restriction on reproduction and
growth of Cherax quadricarinatus females over a 105-day
period™ i

Variable Control Restricted

Ovigerous females (%)  20.83% 33.33%
Broods successfully 402 752
hatched (%)
Egg volume (mm®)
Egg wet weight (mg)
Egg dry weight (mg)
Final body weight (g)
Specific growth
rate (%/day)
Postorbital
cephalotorax
length (mm)

6.37 4 0.89° (6
4.77 + 0.51% (6

6.07 + 0.44% (5) 6)
(6)
2.14 + 0.19° (6)
(3)
®)

4.60 + 0.282 (5)
1.99 + 0.16% (5)
20.87 + 4.18° (3)
0.37 + 0.24% (3)

20.03 + 4.07% (3
0.32 £ 0.19% (3

33.42 + 2222 (3) 33.63 + 3.93% (3)

*The initial mean body weight of females was 17.19 g (13.45—
23.42 g). The final body weight and postorbital cephalothorax
length were recorded at day 105 of the experimental period.
TValues in parentheses are the number of replicates (i.e. aquar-
ia) used to calculate each variable.

tWithin a row means followed by the same superscript are not
significantly different (P > 0.05).
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The gonadosomatic index tended to be lower in
restricted females at the end of the experiment, yet
this difference was not statistically significant
(P > 0.05; Table 2). The biochemical composition
of ovaries differed between treatments, with lipid
concentration being significantly lower in
restricted females (P < 0.05). However, protein
concentration did not depend on the amount of
food provided, reaching a mean value of
39.2 mg g ' (P> 0.05; Table 2).

The hepatosomatic index and biochemical com-
position of the hepatopancreas were likewise simi-
lar in the control and restricted treatments; the
concentrations of lipids, proteins and glycogen
averaged 58.9, 17.5 and 2.4 mg g~ ' respectively
(P > 0.05; Table 2). The general structure of the
hepatopancreas was unaffected by food restriction
(Fig. 1a,b). Nevertheless, some minor alterations
were observed in the hepatopancreas of restricted
females, comprising enlarged and abnormally
shaped tubular lumen (Fig. 1c), widening of the
intertubular space (Fig. 1d), hypertrophy and coa-
lescence of B cells (Fig. 1e), and disorganization of
the tubular epithelium (Fig. 1f).

Regarding female growth, no differences were
observed between treatments in final body weight,
specific growth rate and postorbital cephalothorax
length (P > 0.05; Table 1).

Discussion

This study is, to our knowledge, the first attempt
to analyse the effect of food restriction on the
reproductive performance of a decapod crustacean.
The percentage of ovigerous females and percent-
age of broods successfully hatched tended to be
higher in restricted females compared to control

females, but no differences were observed in the
volume and weight of eggs produced by both
experimental groups. These variables are generally
considered as good indicators of egg quality
because they reflect the amount of nutrients stored
in the yolk (Attard & Hudon 1987; Clarke 1993).
Besides, they are easy and quick to assess (Garcia-
Ulloa, Rodriguez & Ogura 2004). Egg quality is
generally dependent on the diet provided to crus-
tacean spawners, as substantial quantities of pro-
teins and lipids synthesized from ingested food are
required during ovarian maturation (Bromage
1995; Harrison 1997; Garcia-Ulloa 2000).
Rodriguez-Gonzalez, Garcia-Ulloa, Hernandez-Lla-
mas and Villarreal (2006a) found that the eggs of
C. quadricarinatus were larger and heavier when
females were fed diets containing 32—37% protein
compared to those with 22-27% protein. The diet
used in the present study had 38% protein, which
may explain the similar values of egg volume and
weight between that study and ours. Tropea,
Arias, Calvo and Lépez Greco (2012) also reported
similar values for both variables, but they fed
broodstock a commercial diet (Tetracolor, Tetra
GmbH, Melle, Germany) with higher protein con-
tent (47.5%). It seems from our results, and those
reported by Tropea et al. (2012) that feeding
females with the formulated diet and Tetracolor,
respectively, lead to the production of similar-sized
eggs, which may reflect similar yolk contents
(Clarke 1993). Hence, from the comparison of
both studies we conclude that the commercial and
formulated diets may meet equally well the nutri-
tional requirements for vitellogenesis.

More importantly, present results suggest that
food restriction had no effect on the amount of
metabolic reserves that females transferred to the

Variable Control

Restricted

Table 2 Effect of food restriction on
biochemical composition of the hep-

Gonadosomatic index (%)

Ovary lipids (mg g~ ")

Ovary proteins (mg g~ ')
Hepatosomatic Index (%)
Hepatopancreas lipids (mg g~ ")
Hepatopancreas proteins (mg g~ ')
Hepatopancreas glycogen (mg g~ ')

3.98 + 1.97% (3)
47.70 + 5.20° (3)
33.90 + 24.267 (3)

7.01 + 1.212 (3)
63.80 + 25.89° (3)
24.20 + 5.59° (3)

2.00 + 0.45° (3)

1.12 + 0.55% (3
23.00 + 11.08° (
44.40 + 21.98% (3)

7.53 + 0.53% (3)
53.90 + 11.82% (3)

(
3

) atopancreas and ovaries of Cherax
3) quadricarinatus females over a 105-
day period*{

10.80 + 11.13% (3)
2.80 + 0.65° (3)

*Values in parentheses are the number of replicates (i.e. aquaria) used to calculate

each variable.

TWithin a row means followed by the same superscript are not significantly differ-

ent (P > 0.05).

4232 © 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 4228-4237



Aquaculture Research, 2017, 48, 4228-4237

Food restriction and crayfish performance F C Diaz et al.

Figure 1 Histological sections of
the hepatopancreas of Cherax
quadricarinatus females fed at 1.5%
(a) or 0.5% (b-f) of their mean
weight, stained with haema-
toxylin—eosin. (a) General view
showing the normal hepatopan-
creas structure; (b) general view
showing some abnormalities in the
hepatopancreas  structure;  (c)
enlarged tubular lumen that lost
the typical star-shape; (d) widened
intertubular space and thinner
tubule epithelium; (e) hypertrophy
and coalescence of B cells; (f): cel-
lular disorganization of the tubular
epithelium. [Colour figure can be
viewed at wileyonlinelibrary.com]

eggs. However, it may alter vitellogenesis during
ovarian rematuration, as reflected by a lower
gonadosomatic index in restricted females at the
end of the experimental period. This index repre-
sents an easy way to measure size and weight
changes of the gonad relative to the whole organ-
ism, but provides no information about the inter-
nal changes in the gonad (Grant & Tyler 1983;
McRae & Mitchell 1995). Such changes may be
detected by determining its biochemical composi-
tion, which was partly affected by food restriction.
In particular, the lipid concentration of rematur-
ing ovaries was lower in restricted females than
control females. Considering that the required
lipids for gonad maturation come from the diet
(Rodriguez-Gonzalez, Hernandez-Llamas, Villarreal,
Saucedo, Garcia-Ulloa & Rodriguez-Jaramillo
2006b), it seems that food reduction was too
great for adequate ovarian rematuration. Lipids

are essential as structural components of cell
membranes and as energy source for the develop-
ing embryo (Coutteau, Geurden, Camara, Bergot
& Sorgeloos 1997). The presence of lipid reserves
in the eggs is particularly important in decapods
with direct development, such as C. quadricarina-
tus, because the embryogenesis is lengthy in this
group and, consequently, the embryos hatch at a
more advanced stage of development (Herring
1974). For this reason, future studies may be
necessary to evaluate a potential negative effect of
food restriction on egg quality over successive
periods of ovarian rematuration (i.e. consecutive
spawns).

The ovarian protein content was highly variable
among females from both treatments, as previ-
ously reported by Rodriguez-Gonzalez et al.
(2006b). They showed that this parameter varies
in a wide range for each gonadosomatic index of
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C. quadricarinatus females at first maturation,
increasing during the ovarian maturation process.
Hence, both the intrinsic variability of this param-
eter and the fact that females had ovaries at differ-
ent maturation stages when the experiment was
ended (as reflected by the variable gonadosomatic
index) may explain the high variation observed in
ovary proteins.

On the other hand, food restriction had no effect
on the hepatosomatic index and biochemical com-
position, with index values resembling those
obtained by Rodriguez-Gonzalez et al. (2006b) for
females of the same species. These results suggest
that the food restriction protocol applied (i.e. cray-
fish fed daily at 0.5% of their weight, for five days
followed by two days of food deprivation in
repeated cycles, during a 105-day period) was not
severe enough to deteriorate the nutritional state
of crayfish. However, we found minor alterations
in the histological structure of the hepatopancreas
of restricted females that were similar to those
reported by Calvo et al. (2011) and Sacristan,
Ansaldo, Franco Tadic, Fernandez Giménez and
Lopez Greco (2016) for C. quadricarinatus juveniles
exposed to severe starvation. Alterations in the
hepatopancreas structure may indicate nutritional
stress, because changes in its cell types are related
to alterations in nutrient absorption or storage
and protein synthesis mechanisms (Berillis, Simon,
Mente, Sofos & Karapanagiotidis 2013). Present
results may not reflect nutritional stress of females,
because the histological alterations of their hep-
atopancreas were minor, and growth variables
were similar to those of control females. Instead,
they may reflect a higher effort or capacity of
restricted females to digest nutrients in order to
compensate for lower food availability. In particu-
lar, the hypertrophy of B cells may be due to an
increased synthesis of digestive enzymes and con-
sequently higher intracellular digestion rates. On
the other hand, the disorganization and lower
height of the tubular epithelium may be related to
the lipid content in the hepatopancreas (Simon
2009), which tended to decrease in restricted
females. This may in turn affect the transfer of
nutrients to the ovary for vitellogenesis and
explain the lower lipid content found in the ovar-
ies of restricted females at the end of the experi-
mental period. It cannot be discarded that the
histological alterations observed in the hepatopan-
creas as a consequence of food restriction were the
prelude of more severe biochemical changes. If

that were the case, these minor alterations may
indicate the maximum period during which food
restriction can be applied with no strong negative
effects. Future studies may confirm if food restric-
tion continuing beyond 105 days affects more
severely the hepatopancreas structure and func-
tion in adult females as a result of nutritional
stress, and its consequence on nutrient transfer-
ence to the ovary.

Several authors have reported a negative corre-
lation between the hepatosomatic and gonadoso-
matic indices in C. quadricarinatus and other
decapods, reflecting the transference of reserves
from the hepatopancreas to the gonad during
vitellogenesis (Galois 1984; Castille & Lawrence
1989; Mourente, Medina, Gonzdlez & Rodriguez
1994; Rodriguez-Gonzélez et al. 2006b). Interest-
ingly, lipid concentration of the ovaries, but not
the hepatopancreas, was reduced by food restric-
tion, which suggests that restricted females would
rather store reserves in the hepatopancreas (proba-
bly to maintain their growth rate) than use them
for vitellogenesis. The differential allocation of
lipids may be an adaptive response of crayfish to
cope with lower food availability, ‘getting pre-
pared’ for potential compensation when favourable
conditions are re-established (Stumpf et al. 2014).
In this sense, female investment in maintenance of
growth and survival during food restriction might
lead to better reproductive conditions in the future.
However, only the re-establishment of normal
feeding conditions (i.e. control conditions) may
allow determining whether compensation is actu-
ally directed towards reproduction following the
restriction period.

As already mentioned, no differences were
observed in growth parameters between control
and restricted females at the end of the experi-
ment. Most of the studies that evaluated C. quadri-
carinatus growth were performed on juveniles
weighing 1-6 g (e.g. Garcia-Ulloa, Lopez-Chavarin,
Rodriguez-Gonzalez & Villarreal-Colmenares 2003;
Hernandez-Vergara, Rouse, Olvera-Novoa & Davis
2003; Thompson, Muzinic, Engler & Webster
2005). The fact that we analysed growth in sexu-
ally mature females (initial wet weight: 17.2 g)
that reproduced during the experimental period
may explain the lower specific growth rates
observed with respect to the ones shown in those
studies. Accordingly, we found similarities with
other studies performed on pre-adult crayfish (ini-
tial weights between 13 and 17 g), which reported
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specific growth rates ranging from 0.3 to 0.6%/
day (Jones & Ruscoe 2000, 2001; Barki, Karplus,
Manor, Parnes, Aflalo & Sagi 2006; Pavasovic,
Anderson, Mather & Richardson 2007). This may
indicate that females were in good nutritional con-
dition after being fed with our formulated diet.
The lack of effect of food restriction on female
growth performance agrees with previous results
reported by Stumpf, Calvo, Diaz, Valenti and Lopez
Greco (2011), who exposed C. quadricarinatus juve-
niles to food restriction for up to 60 days with no
changes in growth and survival, showing great
resistance to starvation. Such resistance may be a
result of the highly variable biotic and abiotic con-
ditions in the freshwater environments inhabited
by the species (Masser & Rouse 1997), which may
consequently experience transitory periods of
shortage in food availability (Jones & Obst 2000).

In conclusion, present results show that it is
possible to reduce the feeding rate of C. quadricari-
natus females to one-third of its original value
without affecting their reproductive performance
and somatic growth, at least for a 105-day period.
This finding provides a useful tool for commercial
producers to lower production costs and improve
water quality in culture systems.

Acknowledgments

This study is part of the undergraduate thesis by
Fernando Castillo Diaz, which was funded by a
scholarship from the University of Buenos Aires,
Argentina. We thank Amir Dyzenchauz (CONICET)
for language revision. Laura S. Lopez Greco is
grateful to Agencia Nacional de Promocién
Cientifica y Tecnolégica (PICT 2012, project
1333), CONICET (PIP 2012-2014, project 112-
201101-00212) and UBACYT (2011-2014, 2014-
2017) for financial support.

References

Al-Mohanna S.Y. & Nott J.A. (1987) R-cells and the
digestive cycle in Penaeus semisulcatus (Crustacea: Dec-
apoda). Marine Biology 95, 129-137.

Attard J. & Hudon C. (1987) Embryonic development and
energetic investment in egg production in relation to
size of female lobster (Homarus americanus). Canadian
Journal of Fisheries and Aquatic Sciences 44, 1157-1164.

Barki A., Karplus I., Manor R., Parnes S., Aflalo ED. &
Sagi A. (2006) Growth of redclaw crayfish (Cherax
quadricarinatus) in a three-dimensional compartments

system: Does a neighbor matter? Aquaculture 252,
348-355.

Berillis P., Simon C., Mente E., Sofos F. & Karapanagio-
tidis I.T. (2013) A novel image processing method to
determine the nutritional condition of lobsters. Micron
45, 140-144.

Bradford M.M. (1976) A refined and sensitive method for
the quantitation of microgram quantities of protein uti-
lizing the principle of protein—dye binding. Analytical
Biochemistry 72, 248-254.

Bromage N. (1995) Broodstock management and seed
quality-general considerations. In: Broodstock Manage-
ment and Egg and Larval Quality (ed. by N.R. Bromage &
R.J. Roberts), pp. 1-24. Blackwell Science, Oxford, UK.

Caceci T., Neck K.F., Lewis D.H. & Sis R.F. (1988)
Ultrastructure of the hepatopancreas of the pacific
white shrimp Penaeus vannamei (Crustacea: Decapoda).
Journal of the Marine Biological Association of the United
Kingdom 68, 323-337.

Calvo N.S., Stumpf L., Pietrokovsky S. & Lépez Greco L.S.
(2011) Early and late effects of feed restriction on sur-
vival, growth and hepatopancreas structure in juve-
niles of the red claw crayfish Cherax quadricarinatus.
Aquaculture 319, 355-362.

Calvo N.S., Tropea C., Anger K. & Lopez Greco L.S.
(2012) Starvation resistance in juvenile freshwater
crayfish. Aquatic Biology 16, 287-297.

Castille F.L. & Lawrence A.L. (1989) Relationship
between maturation and biochemical composition of
the gonads and digestive glands of the shrimps Penaeus
aztecus Ives and Penaeus setiferus (L.). Journal of Crus-
tacean Biology 9, 202-211.

Clarke A. (1993) Egg size and egg composition in polar
shrimps (Caridea: Decapoda). Journal of Experimental
Marine Biology and Ecology 168, 189-203.

Coutteau P., Geurden I., Camara M.R., Bergot P. & Sor-
geloos P. (1997) Review on the dietary effects of phos-
pholipids in fish and
Aquaculture 155, 149-164.

Evans L.H. & Jussila J. (1997) Freshwater crayfish
growth under culture conditions: proposition for a
standard reporting approach. Journal of the World
Aquaculture Society 28, 11-18.

Evans L.H., Fan A., Finn S.P., Dawson S.A., Siva CJ. &
Lee LR. (1992) Nutritional status assessment studies
in the freshwater crayfish, Cherax tenuimanus. In: Pro-
ceedings of the Aquaculture Nutrition Workshop (ed. by
G.L. Allan & W. Dall), pp. 87-91. Salamander Bay,
Australia.

FAO (2014) The State of World Fisheries and Aquaculture,
2012. Food and Agriculture Organization (FAO),
Rome, Italy.

Folch J., Lees M. & Sloane-Stanley H. (1957) A simple
method for the isolation and purification of total lipids
from animal tissue. The Journal of Biological Chemistry
226, 497-509.

crustacean larviculture.

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 4228-4237 4235



Food restriction and crayfish performance F C Diaz et al.

Aquaculture Research, 2017, 48, 4228-4237

Franceschini-Vicentini I.B., Ribeiro K., Papa L.P., Mar-
ques Junior J.M., Vicentini C.A. & Moraes Valenti
P.M.C.M. (2009) Histoarchitectural features of the hep-
atopancreas of the Amazon river prawn Macrobrachium
amazonicum. International Journal of Morphology 27,
121-128.

Frings C.S. & Dunn R.T. (1970) A colorimetric method
for determination of total serum lipids based on the
sulfo-phospho-vanillin reaction. American Journal of
Clinical Pathology 53, 89-91.

Galois R.G. (1984) Changes in the tissular lipidic compo-
sition during vitellogenesis in the shrimp Penaeus indi-
cus Milne Edwards. Journal of Experimental Marine
Biology and Ecology 84, 155-166.

Garcia-Ulloa G.M. (2000) Fundamentos de nutricion
acuicola. Universidad Auténoma de Guadalajara,
México.

Garcia-Ulloa G.M., Loépez-Chavarin H.M., Rodriguez-
Gonzalez H. & Villarreal-Colmenares H. (2003) Growth
of redclaw crayfish Cherax quadricarinatus (von Martens
1868) (Decapoda: Parastacidae) juveniles fed isoproteic
diets with partial or total substitution of fish meal by
soya bean meal: preliminary study. Aquaculture Nutri-
tion 9, 25-31.

Garcia-Ulloa M., Rodriguez H. & Ogura T. (2004) Egg
quality of two prawn species (Palaemonidae) of the
genus Macrobrachium (M. rosenbergii, De Man 1879, y
M. tenellum, Smith, 1871) varying the brood stock
diet: morphometric indexes. Avances en Investigacion
Agropecuaria 8, 17-27.

Gibson R. & Barker P.L. (1979) The decapod hepatopan-
creas. Oceanography and Marine Biology: An Annual
Review 17, 285-346.

Grant A. & Tyler P.A. (1983) The analysis of data in
studies of invertebrate reproduction. I. Introduction
and statistical analysis of gonad indices and maturity
indices. International Journal of Invertebrate Reproduction
6, 259-269.

Gutiérrez M.L. & Rodriguez E.M. (2010) Effect of protein
source on growth of early juvenile redclaw crayfish
Cherax quadricarinatus (Decapoda, Parastacidae). Fresh-
water Crayfish 17, 23-29.

Harrison E.K. (1997) Broodstock nutrition and matura-
tion diets. In: Crustacean Nutrition (ed. by E. Harrison,
K.L.R. D'Abramo, D.E. Conklin & D.M. Akiyama).
Baton Rouge, Louisiana, USA.

Hernédndez-Vergara M.P., Rouse D.B., Olvera-Novoa M.A. &
Davis D.A. (2003) Effects of dietary lipid level and source
on growth and proximate composition of juvenile red-
claw (Cherax quadricarinatus) reared under semi-intensive
culture conditions. Aquaculture 223, 107-115.

Herring P.J. (1974) Size, density and lipid content of
some decapod eggs. Deep-Sea Research 21, 91-94.

Hines A.H. (1982) Allometric constraints and variables
of reproductive effort in Brachyuran crabs. Marine Biol-
ogy 69, 309-320.

Icely J.D. & Nott J.A. (1992) Digestion and absorption:
digestive system and associated organs. In: Microscopic
Anatomy of Invertebrates: Decapod, Crustacea, Vol. 10
(ed. by F.W. Harrison & A.G. Humes), pp. 147-201.
Wiley-Liss, New York, NY, USA.

Johnston D.J., Alexander C.G. & Yellowhees D. (1998)
Epithelial cytology and function in the digestive gland
of Thenus orientalis (Decapoda, Scyllaridae). Journal of
Crustacean Biology 18, 271-278.

Jones C.M. (1997) The Biology and Aquaculture Potential of
the Tropical Freshwater Crayfish Cherax quadricarinatus.
Department of Primary Industries, Queensland.

Jones P.L. & Obst J.H. (2000) Effects of starvation and
subsequent refeeding on the size and nutrient content
of the hepatopancreas of Cherax destructor (Decapoda:
Parastacidae). Journal of Crustacean Biology 20, 431-—
441.

Jones C.M. & Ruscoe .M. (2000) Assessment of stocking
size and density in the production of redclaw crayfish,
Cherax  quadricarinatus (von Martens) (Decapoda:
Parastacidae), cultured under earthen pond conditions.
Aquaculture 189, 63-71.

Jones C.M. & Ruscoe I.M. (2001) Assessment of five shel-
ter types in the production of redclaw crayfish Cherax
quadricarinatus (Decapoda: Parastacidae) under earthen
pond conditions. Journal of the World Aquaculture Soci-
ety 32, 41-52.

Jussila J. & Evans L.H. (1998) Growth and condition of
marron Cherax tenuimanus fed pelleted diets of different
stability. Aquaculture Nutrition 4, 143-149.

Lawrence C. & Jones C.M. (2002) Cherax. In: Biology of
Freshwater Crayfish (ed. by D.M. Holdich), pp. 635—
669. Blackwell Science, London.

Lépez Greco L.S., Vazquez F.J. & Rodriguez E. (2007)
Morphology of the male reproductive system and sper-
matophore formation in the freshwater ‘red claw’ cray-
fish Cherax quadricarinatus (von Martens, 1898)
(Decapoda, Parastacidae). Acta Zoologica 88, 223-229.

Luchini L. & Panné Huidobro S. (2008) Perspectivas en
Acuicultura: nivel mundial, regional y local. Direccion de
Acuicultura; Secretaria de Agricultura, Ganaderia,
Pesca y Alimentos (SAGPyA), Subsecretaria de Pesca y
Acuicultura, Argentina.

Masser M.P. & Rouse D.B. (1997) Australian Red Claw
Crayfish. SRAC Publication, No. 244. Southern Regional
Aquaculture Center, Auburn University, Auburn, AL.

McClain W.R. (1995) Growth of crawfish Procambarus
clarkii as a function of density and food resources. Jour-
nal of the World Aquaculture Society 26, 24-28.

McRae T.G. & Mitchell B.D. (1995) Studies on ovarian
development in the yabby, Cherax albidus Clark. In:
10th Int. Sym. Of Astacology: Freshwater Crayfish, Vol.
10 (ed. by D.R. Fielder, A.M.M. Richardson), pp. 521—
531. Louisiana State University, Baton Rouge, LA.

Meade M.E. & Watts S.A. (1995) Toxicity of ammonia,
nitrite, and nitrate to juvenile Australian crayfish,

4236 © 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 4228-4237



Aquaculture Research, 2017, 48, 4228-4237

Food restriction and crayfish performance F C Diaz et al.

Cherax quadricarinatus. Journal of Shellfish Research 14,
341-346.

Mourente G., Medina A., Gonzdlez S. & Rodriguez A.
(1994) Changes in lipid class and fatty acid contents
in the ovary and midgut gland of the female fiddler
crab Uca tangeri (Decapoda, Ocypodidae) during matu-
ration. Marine Biology 121, 187-197.

Pavasovic A., Anderson A.]J., Mather P.B. & Richardson
N.A. (2007) Influence of dietary protein on digestive
enzyme activity, growth and tail muscle composition
in redclaw crayfish, Cherax quadricarinatus (von Mar-
tens). Aquaculture Research 38, 644-652.

Rodriguez-Gonzalez H., Garcia-Ulloa M., Hernandez-Lla-
mas A. & Villarreal H. (2006a) Effect of dietary protein
level on spawning and egg quality of redclaw crayfish
Cherax quadricarinatus. Aquaculture 257, 412-419.

Rodriguez-Gonzélez H., Herndndez-Llamas A., Villarreal
H., Saucedo P.E., Garcia-Ulloa M. & Rodriguez-Jara-
millo C. (2006b) Gonadal development and biochemi-
cal  composition  of crayfish
quadricarinatus (Decapoda: Parastacidae) in relation to
the Gonadosomatic Index at first maturation. Aquacul-
ture 254, 637-645.

Rodriguez-Gonzalez H., Villarreal H., Hernandez-Llamas
A., Garcia-Ulloa M., Vazquez-Boucard C. & Serrano-
Pinto V. (2011) Effect of dietary protein-to-energy ratio
on reproduction in female redclaw crayfish Cherax
quadricarinatus. Aquaculture Research 42, 1840-1847.

Rodriguez-Gonzalez H., Hernandez-Llamas A., Garcia-
Ulloa M., Racotta L.S., Montoya-Mejia M. & Villarreal
H. (2014) Effect of protein and lipids levels in diets for
female red claw crayfish Cherax quadricarinatus on

female Cherax

quality of offspring (juvenile) with emphasis on growth
performance, biochemical composition and stress resis-
tance to low oxygen, high ammonia and salinity.
Aquaculture Nutrition 20, 557-565.

Sacristan H.J., Ansaldo M., Franco Tadic L.M., Fernandez
Giménez A.V. & Lopez Greco L.S. (2016) Long-term
starvation and posterior feeding effects on biochemical
and physiological responses of midgut gland of juve-
niles of Cherax quadricarinatus (Parastacidae. PLoS ONE
11(3), e0150854.

Saoud L.P. & Ghanawi J. (2012) Molting, reproductive
biology, and hatchery management of Redclaw Cray-
fish Cherax quadricarinatus (von Martens 1868). Aqua-
culture 358-359, 183-195.

Saoud LP., Garza De Yta A. & Ghanawi J. (2012) A
review of nutritional biology and dietary requirements
of redclaw crayfish Cherax quadricarinatus (von Martens
1868). Aquaculture Nutrition 18, 349-368.

Shiau S.Y. (1998) Nutrient requirements of penaeid
shrimps. Aquaculture 164, 77-93.

Simon C.J. (2009) Digestive enzyme response to natural
and formulated diets in cultured juvenile spiny lobster,
Jasus edwardsii. Aquaculture 294, 271-281.

Sokal R.R. & Rohlf F.J. (1995) Biometry: The Principles
and Practice of Statistics in Biological Research(3rd edn).
W. H. Freeman and Co., New York.

Sousa L.G. & Petriella A.M. (2000) Histology of the hep-
atopancreas of the freshwater prawn Palaemonetes
argentinus (Crustacea, Caridea). Biocell 24, 189-195.

Stumpf L., Calvo N.S., Diaz F.C., Valenti W.C. & Lopez
Greco L.S. (2011) Effect of intermittent feeding on
growth in early juveniles of the crayfish Cherax quadri-
carinatus. Aquaculture 319, 98—104.

Stumpf L., Castillo Diaz F., Viau V.E., Valenti W.C. &
Lopez Greco L.S. (2014) Effect of food shortage on
growth, energetic reserves mobilization, and water
quality in juveniles of the redclaw crayfish, Cherax
quadricarinatus, reared in groups. Journal of Crustacean
Biology 34, 639-646.

Thompson K.R., Muzinic L.A., Engler L.S. & Webster C.D.
(2005) Evaluation of practical diets containing differ-
ent protein levels, with or without fish meal, for juve-
nile  Australian red claw  crayfish  (Cherax
quadricarinatus). Aquaculture 244, 241-249.

Tropea C., Arias M., Calvo N.S. & Loépez Greco L.S.
(2012) Influence of female size on offspring quality of

Cherax
(Parastacidae: Decapoda). Journal of the Crustacean Biol-
ogy 32, 883-890.

Van Handel E. (1965) Estimation of glycogen in small
amounts of tissue. Analytical Biochemistry 11, 256—
265.

Vazquez F.]., Tropea C. & Lopez Greco L.S. (2008) Devel-
opment of the female reproductive system in the fresh-
water crayfish Cherax quadricarinatus (Decapoda,
Parastacidae). Invertebrate Biology 127, 433-443.

Vogt G., Storch V., Quinitio E.T. & Pascual F.P. (1985)
Midgut gland as monitor organ for the nutritional
value of diets in Penaeus monodon (Decapoda). Aquacul-
ture 48, 1-12.

the freshwater crayfish quadricarinatus

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 4228-4237 4237



