
Vol.:(0123456789)1 3

Aquatic Sciences (2023) 85:12 
https://doi.org/10.1007/s00027-022-00911-1

RESEARCH ARTICLE

Sex, mate guarding, and reproductive state as potential modulators 
of herbivory in an aquatic consumer

Edwin Cruz‑Rivera1  · Tamer Hafez2 

Received: 24 July 2022 / Accepted: 26 October 2022 / Published online: 11 November 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract
Sex-specific nutritional requirements, mating behavior, and parental care can potentially affect food selection and con-
sumption in animals. However, relatively little is known about how sex and reproduction influence food use by aquatic 
herbivores. We measure male:female ratios in the field and studied sexual differences in algal food choice and feeding rates 
for the amphipod Gammarus aequicauda from a desert saline lake, where it is the most abundant mesograzer during the 
colder months. We also assessed the effects of precopulatory pairing and female egg development on feeding behavior. 
Males were more numerous than females over two sampling periods and significantly preferred one algal species in each 
of three pairwise food-choice combinations tested. Females were moderately less selective, expressing a preference in only 
two of these experiments, but showed significantly higher total consumption and feeding rates than males in most assays. 
When males and females expressed similar preferences, the magnitude of these preferences (% differences in consumption 
between the algae offered) was statistically equivalent for both sexes. Patterns of compensatory feeding on less nutritious 
algae were significant and similar for both sexes. Mated pairs had reduced feeding rates compared to unpaired females, but 
not unpaired males. In contrast, no short-term differences in feeding rates were detected for males and females separated 
from precopula or between females at two stages of egg development. Variations in population sex ratios and reproductive 
cycles can potentially modulate interactions between aquatic consumers and their food sources.
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Introduction

Measuring intraspecific variation in feeding behavior is 
important for understanding resource utilization in nature 
and the evolution of diets. For herbivores, much of what is 
known about intraspecific variation in food selection has 
focused on insect specialization on food plants at local, 
regional, and latitudinal scales (Fox and Morrow 1981; 
Jaenike 1990; Drès and Mallet 2002). In marine systems, 
differences in feeding behavior have also been measured for 
populations separated geographically (Stachowicz and Hay 

2000; Sotka and Hay 2002; Sanford et al. 2003; Sotka 2005; 
McCarty and Sotka 2013). The role of sexual differences in 
herbivore feeding has received less attention (Slansky 1993; 
Du Toit 2006; Ballhorn et al. 2013), although studies of sex-
ual differences in behavior abound for other trophic groups 
(Shine 1989; Wearmouth and Sims 2008; Maklakov et al. 
2008). Despite hundreds of studies on foraging, food choice, 
and animal nutrition, surprisingly little is known about these 
mechanisms of intraspecific variation in marine or fresh-
water consumers (Jormalainen et al. 2001; Wearmouth and 
Sims 2008; Cruz-Rivera et al. 2017).

Males and females generally allocate internal resources 
differently into reproductive processes, which can result in 
distinct nutrient profiles and turnovers for each sex (More-
house et al. 2010). For example, females may have higher 
requirements for lipids and protein than males because of 
larger investments of these molecules into gonad matura-
tion and in packing embryos with adequate nutrients for egg 
development (Izquierdo et al. 2001; Wouters et al. 2001; 
Williams 2005). This can result in increased consumption 
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of certain foods by females as preparation for the reproduc-
tive season (Kyomo 1992; Barboza and Bowyer 2001; Lewis 
and Kappeler 2005) or right after mating (Tsukamoto et al. 
2014). For species that engage in parental care, tending the 
young can result in higher energetic demands concomitantly 
reflected in altered feeding patterns for the sex engaged in 
rearing the offspring (Trivers 1972; Gautier-Hion 1980; 
Shine 1989), and even if both sexes contribute, this contri-
bution may be asymmetric, thus affecting food use (Weimer-
skirch et al. 1997). These sex-specific nutritional demands 
can potentially modulate foraging strategy, territory use, 
food selection, consumption rates, and nutrient absorption 
efficiencies.

Maximizing reproductive success can also influence food 
utilization for species depending on secondary sexual traits 
affected by nutrition to attract females or competitively mate 
(Molleman et al. 2005; Morehouse et al. 2010; Walker et al. 
2014; Bravo et al. 2014; Mitra et al. 2016). In fact, differen-
tial allocation of nutrients to secondary sexual structures has 
been shown at stoichiometric levels for sexually dimorphic 
species (Goos et al. 2016, 2017). Resulting differences in 
consumption between males and females could be dynamic 
and transient (e. g., only during mating season). For exam-
ple, mate guarding may alter feeding behavior, leading to 
trade-offs between feeding and mating (Westneat 1994; 
Alberts et al. 1996; Saeki et al. 2005). For females, repro-
duction may carry additional costs that may impose further, 
sometimes progressive, demands for resources. Females 
carrying eggs (or young) may experience higher associated 
costs of movement. Gravid females move more slowly in 
copepods (Winfield and Townsend 1983; Svensson 1992; 
Mahjoub et al. 2011), amphipods (Lewis and Loch-Mally 
2010), insects (Ercit et al. 2014), snakes (Seigel et al. 1987), 
and birds (Kullberg et al. 2005; Guillemette and Ouellet 
2005). These studies have often detected higher predation 
rates on these reproductive females than on males or non-
ovigerous conspecifics, however, almost nothing is known 
about how these indirect costs of brooding affect food selec-
tion and acquisition.

Amphipods in the family Gammaridae provide excellent 
models to study sexual differences in feeding as related to 
maintenance and reproductive processes. Most species are 
sexually dimorphic with larger males that engage in mate 
guarding. During this precopula, a male will grab a female 
with its gnathopods and swim until the female molts and 
is inseminated (Conlan 1991; Sutcliffe 1992; Jormalainen 
1998). Males do not engage in parental care, but fertilized 
eggs are carried by the females in a ventral brood pouch 
until the embryos develop directly into juveniles. During this 
period, females exhibit various grooming and oxygenating 
behaviors to enhance hatching success (Dick et al. 1998; 
Tarutis et al. 2005). These differences suggest that females 
may need to adjust their feeding during the reproductive 

stage to cope with energetic demands of producing and 
maintaining offspring. Precopulatory behavior also has the 
potential to affect feeding by either reducing or stopping 
consumption during the period of mating. Thus, intraspecific 
variation in feeding behavior could arise in Gammarus as a 
function of both sex and sexual activity.

In this research, we focus on the feeding behavior of 
the amphipod Gammarus aequicauda (Martynov, 1931), 
a broadly distributed species along the Mediterranean and 
Black Sea. We studied this species from an Egyptian lake 
in which it is primarily herbivorous and its distribution fol-
lows closely that of the filamentous green algae it consumes 
(Cruz-Rivera et al. 2017), rather than patterns of zooplank-
ton or other prey (Shadrin et al. 2016), although we acknowl-
edge that this amphipod can be primarily omnivorous and 
even predatory in other ecosystems (Shadrin et al. 2020, 
2021a, b). We address how sexual differences in require-
ments and reproductive behavior could affect patterns of her-
bivory in this species by asking: (1) Are there differences in 
the proportion of G. aequicauda males and females in the 
field? (2) Do male and female G. aequicauda express differ-
ences in food choice and feeding rates on naturally occurring 
algal foods? (3) If any, do these differences relate to basic 
nutritional traits of algae? (4) Is feeding behavior affected by 
precopula, and if so, how? and (5) Does reproductive state of 
ovigerous females affect feeding for this amphipod?

Materials and methods

Study site and amphipod sex ratios

Amphipods and algae used in this study were collected 
from Lake Qarun, in the Fayum Depression of Egypt 
(29°29′02.4"N 30°39′16.2"E) from February to April 2013. 
Gammarus aequicauda was first reported from this lake in 
the 1970s (El-Shabrawy and Dumont 2009; Shadrin et al. 
2016), but populations of this amphipod may have occurred 
since the 1950s (Naguib 1961). The organisms were likely 
introduced during stocking activities that started populat-
ing the lake with Mediterranean fish and shrimp in the late 
1920s to support local fisheries, as the lake became salinized 
losing most of its original freshwater biota (Holdich and 
Tolba 1985; El-Shabrawy and Dumont 2009; Cruz-Rivera 
and Malaquias 2016).

To quantify the densities and sex ratio of amphipods 
in algae, surveys were conducted in February and March. 
Mats of filamentous green algae, predominantly Ulva spp. 
(N = 10), were collected by placing re-sealable bags over 
algal thalli and dislodging them quickly from the substrate. 
In the lab, algae and amphipods were separated carefully and 
algae were centrifuged in a salad spinner to eliminate excess 
water before weighing. Gammarus aequicauda individuals 
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were fixed in 10% formaldehyde and sorted to males or 
females under a dissection microscope. Amphipod densi-
ties were standardized by algal mass and differences between 
sexes and months were analyzed by two-way ANOVA after 
using squared root transformations to normalize data distri-
butions and homogenize variances. We also compared sex 
ratios between these two months (unpaired t test).

Algal organic content

The organic content of the algae, which can influence her-
bivore feeding behavior, was quantified on individual algal 
thalli (N = 14). These samples included subsamples from 
the algae used during our feeding assays. Ash-free dry 
mass (AFDM), a measure of digestible organic matter, was 
obtained by drying algae at 65 °C for five days and burn-
ing the dry algae overnight at 450 °C. The remaining ash 
mass was subtracted from the dry mass and this number 
was expressed as a percentage of the original sample wet 
mass. Previous studies have shown that this approximation 
of algal nutrient content is highly predictive of feeding rates 
in amphipods (Cruz-Rivera and Hay 2001; Cruz-Rivera and 
Friedlander 2013) and other mesograzers (Stachowicz and 
Hay 1999).

Feeding experiments

Feeding experiments were conducted to assess differences in 
food choice and feeding rates as a function of sex and repro-
ductive behavior. Amphipods and algae (two Ulva spp. and 
Cladophora glomerata) were collected from the southern 
margin of Lake Qarun and carried in large plastic contain-
ers to the American University in Cairo, where experiments 
were conducted. Lake water for experiments was collected in 
large carboys. Silt and suspended particulates were allowed 
to settle by gravity prior to filling up experimental replicates, 
but the water was unaltered otherwise. Amphipods were 
never starved before assays and were kept in aerated tanks 
with a mixture of all three algae tested and accompanying 
detritus as collected from the field. Salinity of collected 
water was ≈ 36 psu and experiments were kept at 23 °C.

Choice and no-choice feeding experiments were con-
ducted based on widely used methods for studying small 
aquatic consumers (Cruz-Rivera et al. 2017). Pieces of algal 
thalli were spun in a salad spinner to remove excess water, 
weighed, and placed in replicate containers with Lake Qarun 
water. Amphipods were placed in some of the containers 
and allowed to feed for a limited time. A similar number 
of containers without consumers were interspersed to serve 
as controls for autogenic changes in algal mass. Upon ter-
minating an assay, algal pieces were removed, spun, and 
weighed, and the eaten mass was calculated after correcting 
for autogenic changes using the controls (Cruz-Rivera and 

Malaquias 2016; Cruz-Rivera et al. 2017). We tested for 
allometric scaling of feeding rates using Pearson correlations 
(log algal consumption vs. log consumer mass). If allometric 
scaling of consumption could not be shown, we weighed 
results from feeding experiments as algae consumed per 
amphipod mass because standardizing consumption by rep-
licate or number of consumers could obscure differences in 
feeding between sexes (Cruz-Rivera et al. 2017). Amphipod 
mass was obtained by gently padding animals with absorbent 
paper and weighing them to the closest mg immediately after 
each experiment was terminated.

Pairwise choice experiments were run in 900 ml replicate 
containers by simultaneously offering the amphipods pieces 
of two of the three dominant green filamentous macroalgae 
in the lake. All three possible pairwise food combinations 
(Ulva flexuosa vs. Cladophora glomerata, U. prolifera vs. C. 
glomerata, and U. flexuosa vs. U. prolifera), were assessed 
(N = 10–11). Because our interest was to detect potential dif-
ferences in food choice between the sexes, groups of 2–4 
males or females (depending on size) were placed in single-
sex groups within replicates. The same number of replicates 
was simultaneously used for males, females, and control 
containers without consumers. Within each experiment, 
these three groups of containers were haphazardly inter-
spersed to avoid pseudoreplication. To keep algal thalli from 
floating and to keep algal species clearly separated within 
replicates (especially the similar-looking Ulva spp.), a glass 
pipette was placed over the center of the algal clumps in the 
containers. Amphipods were allowed to feed for a maxi-
mum of three days. Paired t tests were used to analyze these 
experiments when data showed normal distributions and 
homogeneous variances (Shapiro–Wilk and Levene tests, 
respectively). When data could not be transformed to fulfil 
these assumptions, Wilcoxon signed-rank tests were used.

Total consumption of males and females in these choice 
assays were compared by adding the mass of all consumed 
food per replicate (U. flexuosa + C. glomerata, U. prolif-
era + C. glomerata, and U. prolifera + U. flexuosa), and 
then contrasting these totals for each male–female experi-
mental set. We also calculated the percent of difference in 
consumption between the two algal choices offered to males 
and females in each of the three comparisons to assess the 
relative strength of preference between sexes for the same 
foods. These analyses detect potential differences in the way 
males and females assess their choices even when both sexes 
have similar preference patterns (Cruz-Rivera et al. 2017). 
Total consumption and percent differences within replicates 
for each male–female set were compared with two-tailed 
unpaired t tests.

We measured feeding rates of males and females on each 
of the three food algae using no-choice assays. These experi-
ments provide information on consumer behavior by assess-
ing flexibility in consumption in the absence of alternative 
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foods and, when complemented with food nutritional infor-
mation, on the capacity for compensatory feeding (Sta-
chowicz and Hay 1999; Cruz-Rivera and Hay 2000, 2001; 
Cruz-Rivera and Friedlander 2013). For these experiments, 
2–3 males or females per replicate were placed in 530 ml 
containers and confined to feeding on each alga alone. The 
three treatments (N = 12) were interspersed and run simulta-
neously, along with an equal number of containers without 
consumers that served as controls for autogenic changes in 
algal mass. Amphipods in these no-choice experiments were 
allowed to feed for approximately 2.5 days. Data were ana-
lyzed by two-way ANOVA, using diet and amphipod sex as 
factors, after log transformations to normalize distributions 
and homogenize variances. Compensatory feeding behav-
ior was assessed by analyzing associations between feed-
ing rates and algal organic content (AFDM  WM−1), using 
linear regression analyzes. Matching replicates with algal 
organic content was possible using our methods (see above). 
If amphipods were using compensatory feeding, inverse 
relationships between these two variables were expected. 
Regression slopes for males and females were compared 
by analysis of covariance (ANCOVA) to discern potential 
differences in the magnitude of nutritional compensation 
between sexes.

Mate guarding and food consumption

We analyzed the effect of G. aequicauda precopula on feed-
ing rates using no-choice experiments as explained above. 
In these assays all amphipods were fed on U. flexuosa alone 
because it was the most abundant seaweed at that time. Rep-
licates received two gravid females, two males, or a pair in 
precopula (N = 15), and amphipods were allowed to feed for 
two days. For the temperatures at which experiments were 
run (≈22 °C) precopula lasts between one and two days in 
this species (Janssen et al. 1979; Prato et al. 2006). Treat-
ments were interspersed with controls lacking amphipods, 
as explained above, and numbers of precopulating pairs at 
the end of the experiment were recorded. Feeding rates for 
the three experimental groups were analyzed with one-way 
ANOVA, followed by Tukey–Kramer post hoc tests. We also 
compared the feeding rates of animals for which precopula 
was interrupted. The purpose of this experiment was to 
evaluate if amphipods required more food immediately after 
terminating precopula to compensate for lower consump-
tion during mating. Precopulating pairs were collected and 
separated by gently drying them with paper towels, which 
often caused males to release females. Thus, for this experi-
ment only, amphipod masses were obtained before placing 
the animals in the experimental containers. Two or three 
males or females per replicate were used (N = 10). These 
were either animals obtained from mated pairs or individuals 
not collected in precopula (which were also blot-dried), for 

a total of four experimental groups. Because our goal was 
to measure possible short-term responses in feeding, amphi-
pods were allowed to feed on U. flexuosa for only one day. 
Data were analyzed with two-way ANOVA using precopula 
status and sex as factors.

Egg developmental stage and food consumption

Finally, we evaluated if reproductive stage affected female 
consumption. Females of G. aequicauda (Grèze 1977; Jans-
sen et al. 1979; Kevrekidis and Koukouras 1989; Prato et al. 
2006; Kevrekidis et al. 2009) and other amphipods (Sainte-
Marie 1991; Sutcliffe 1992; Cruz-Rivera and Hay 2000) 
produce more than one egg clutch sequentially. The eggs 
also increase in size as the embryos develop inside them 
(Janssen et al. 1979; Sutcliffe 1992; Prato et al. 2006), poten-
tially increasing drag and the energy expenditure needed to 
move around. We hypothesized that females with recently 
produced smaller eggs potentially consumed less food than 
females close to hatching eggs, which would be preparing 
to produce the next clutch and would experience more dif-
ficulty moving. It was only possible to compare these two 
groups in late March, when this experiment was performed, 
because no free-swimming females without eggs could be 
obtained from field collections (see also Janssen et al. 1979). 
Experimental containers (N = 14) received 2–3 microscope-
sorted females carrying either recently laid eggs in their 
brood pouch (compact solid dark) or late-stage eggs (larger 
translucent eggs with visibly well-developed embryos close 
to hatching). Females were fed on U. flexuosa for 2 days, 
while interspersed among controls for autogenic changes in 
algal mass. Data were analyzed by unpaired t tests after nor-
mality and variance homogeneity were confirmed.

Results

We were able to determine the sex of all amphipods in our 
samples due to the lack of small immature juveniles. Overall, 
amphipod densities (Fig. 1) showed no significant differ-
ences between February than March (PMonth = 0.162), but 
males were significantly more abundant than females during 
both months (PSex = 0.001). No interaction between sampling 
month and prevalence of sexes was found (PMxS = 0.871). 
Although male:female ratios changed from 2.78 to 4.88 from 
February to March, variance was high, and these ratios were 
not significantly different between the two sampling dates 
(P = 0.705, unpaired t test). No other mesograzers were 
observed in the samples, although specimens of the isopod 
Sphaeroma serratum, small shrimp (possibly Palaemon ele-
gans), and the cephalaspidean snail Haminoea orbignyana 
were seen occasionally in the area where the algae grew 
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(Holdich and Tolba 1985; El-Shabrawy and Dumont 2009; 
Cruz-Rivera and Malaquias 2016).

There was no relationship between amount eaten and 
amphipod body mass for either diet or sex (Table  S1). 
Given the lack of evidence for allometry in feeding, the use 
of covariance analyses was not justified, and we standardized 
all results by consumer mass, which essentially weighed the 
data against size discrepancies (Cruz-Rivera et al. 2017).

Differences in food choice between males and females 
were observed in one of the three pairwise comparisons 
(Fig. 2), but less obvious differences in total consump-
tion were also detected (Table 1). Both sexes preferred U. 
flexuosa over C. glomerata (P = 0.025 for males, Wilcoxon 
signed-rank test, P = 0.004 for females, paired t test), and U. 
prolifera over U. flexuosa (P < 0.001 for both sexes, paired 
t tests). However, males significantly preferred U. prolif-
era over C. glomerata (P = 0.005 paired t test), whereas 
females did not exhibit a preference for either of these algae 

Fig. 1  Densities of males and females of the amphipod Gam-
marus aequicauda during two consecutive monthly samplings. Bars 
show means + 1SE. P values are from two-way ANOVA. Same let-
ters above bars indicate no significant differences based on Tukey–
Kramer post hoc comparisons

Fig. 2  Pairwise choice feed-
ing experiments with males 
and females of the amphipod 
G. aequicauda. Bars show 
means + 1SE. P values are 
from paired t tests or Wilcoxon 
signed-rank tests
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(P = 0.405, paired t test). Females in these choice experi-
ments consumed significantly more algae than males overall 
only in the U. prolifera vs. C. glomerata (P = 0.002, unpaired 
t test), and U. prolifera vs. U. flexuosa (P < 0.001, unpaired 
t test) assays (Table 1). The strength of preference between 
male and female choices was not significantly different in 
any instance, despite males and females showing different in 
feeding patterns on U. prolifera vs. C. glomerata (P = 0.076, 
Table 1).

No-choice experiments (Fig.  3) detected significant 
effects of both food alga (PDiet < 0.001) and amphipod sex 
(PSex = 0.022), without a significant interaction between the 
two (PDxS = 0.358). On average, males consumed 77% more 
U. prolifera and 82% more U. flexuosa than C. glomerata, 
whereas females consumed 78% more of both U. prolifera 
and U. flexuosa than C. glomerata. However, females con-
sumed ca. 28% more algae in total than males.

Significant negative relationships between feed-
ing rates and algal AFDM  WM−1 were found for both 
males and females (P < 0.001 for both), suggesting 

compensatory feeding (Fig. 4). However, algal organic con-
tent explained < 40% of the variance in feeding rates for 
males or females, suggesting that this compensatory behav-
ior is highly variable (Fig. 4). Despite mean differences in 
patterns, the relationship between feeding and algal organic 
content was statistically equivalent for both sexes (P = 0.128, 
ANCOVA).

Feeding rate was affected, but not arrested, by mat-
ing behavior of G. aequicauda (P = 0.030, Fig. 5). Non-
precopulating females had significantly higher feeding 
rates than pairs in precopula, but male feeding rates were 
intermediate, and statistically equivalent, to those in the 
other two groups (Fig. 5). We considered the possibil-
ity that our measured feeding rates were an artifact from 
individuals finishing mating and resuming normal feeding. 
However, our data showed that the highest ingestion rate 
in paired amphipods (8.47 mg alga mg  amphipod−1  day−1) 
corresponded to a pair that was still in precopula at the 
moment the experiment was finished. Most individuals, 

Table 1  Differences in total and 
relative consumption between 
G. aequicauda males and 
females (mg alga/mg amphipod/
day or percent, see Materials 
and methods) during choice 
assays (Fig. 3)

Consumption is expressed as means ± 1 SE. Analyses were performed with two-tailed unpaired t tests

Comparison Males Females Df t P

U. flexuosa vs. C. glomerata
 Total consumption of algae 0.49 ± 0.05 0.59 ± 0.09 20  − 1.043 0.309
 % Difference in consumption 39.26 ± 17.66 39.85 ± 15.69 20  − 0.025 0.981

U. prolifera vs. C. glomerata
 Total consumption of algae 0.54 ± 0.05 0.97 ± 0.10 18  − 3.594 0.002
 % Difference in consumption 27.49 ± 7.98 6.67 ± 7.67 18 1.881 0.076

U. prolifera vs. U. flexuosa
 Total consumption of algae 0.24 ± 0.05 0.16 ± 0.07 20  − 4.209 ˂0.001
 % Difference in consumption 68.13 ± 9.63 64.13 ± 10.75 20 0.277 0.784

Fig. 3  Amphipod feeding rates when confined with single algae (no-
choice experiments). Bars indicate means + 1SE. P values are from 
two-way ANOVA, followed by Tukey–Kramer post hoc comparisons. 
Same letters above bars indicate no significant differences between 
means in pairwise comparisons

Fig. 4  Feeding rates of males and females against the total digestible 
organic content of food algae (% ash-free dry mass/wet mass). These 
comparisons assess the degree of compensatory feeding for each sex
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however, ceased precopulation between 12 and 22 h. Con-
trary to these results, there were no immediate increases in 
feeding from animals released from precopula, compared 
to those collected as free-moving individuals, regardless 
of sex (PPrecopula = 0.924, PSex = 0.686, and PPxS = 0.568, 
Fig. 6). Feeding rates of early and late ovigerous females 
were also similar (P = 0.507, Fig. 7). No cannibalism was 
observed in replicates, likely because size differences were 
not marked within replicates and animals did not run out 
of food during experiments.

Discussion

In this study, G. aequicauda males numerically dominated 
a lake population during two consecutive samplings were 
somewhat more selective for certain algae than females, 
but ingested less food per mass in most of our compari-
sons. Variation in sex ratio can modify top-down control 
by predators on aquatic food webs (Fryxell et al. 2015), but 
similar studies on herbivores are lacking. The male bias of 
the Lake Qarun amphipod population could result in lesser 
grazing pressure overall, but particularly on C. glomerata, 
which was more readily consumed by females, especially in 
the presence of U. prolifera (Fig. 2). However, sex ratio in 
this amphipod and others can vary seasonally, with males 
or females dominating at different times of the year (Grèze 
1977; Janssen et al. 1979; Prato and Biandolino 2003). The 
strength of top-down impacts could fluctuate accordingly. 
The lack of juveniles in our samples, along with the dif-
ficulty finding non-ovulating females for one experiment, 
could indicate that our research occurred during the end of 
the reproductive season for this amphipod population. Sharp 
declines in juveniles during the first months of the year have 
been documented for this amphipod before (Janssen et al. 
1979; Casagranda et al. 2006) but no equivalent information 
is available for Lake Qarun. Nonetheless, anecdotal observa-
tions over three years suggest that both amphipods and green 
algae are noticeable during a 4–6-month period and decline 
strongly in abundance during the warmer summer. As such, 
our sampling covered approximately 1/3 of the normal popu-
lation cycle of the species.

While males always significantly preferred one of the 
algae offered in paired-choice assays, females did not show 
a preference when U. prolifera and C. glomerata were simul-
taneously available (Fig. 2). Because the only nutritional 
trait of food algae we measured was total organic content, we 
are limited in our ability to explain this difference between 
sexes. Nevertheless, the results agree with behavioral obser-
vations of G. aequicauda from a hypersaline lake showing 
that males preferred animal prey, whereas females were 
less selective, combining animal and plant foods (Shadrin 
et al. 2021b). A lower food selectivity in females, compared 

Fig. 5  Feeding rates (means + 1SE) of unpaired G. aequicauda of 
each sex and of pairs engaged in precopula. All amphipods were fed 
on Ulva flexuosa. P values are from one-way ANOVA, followed by 
Tukey–Kramer post hoc comparisons (letters above bars)

Fig. 6  Feeding rates (means + 1SE) of males and females separated 
from mated pairs (after precopula) or previously not engaged in mat-
ing behavior (non-precopula). Amphipods were fed on U. flexuosa. P 
values are from two-way ANOVA

Fig. 7  Algal consumption rates (means + 1SE) of G. aequicauda 
females at two different stages of egg development. Females were fed 
U. flexuosa alone. Data were analyzed with an unpaired t test
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to males, has been observed in isopods (Jormalainen et al. 
2001), crabs (Mchenga and Tsuchiya 2011), beetles (Ball-
horn et al. 2013), fish (Delbeek and Williams 1987), and 
birds (Bravo et al. 2014) but these cases do not follow a 
common underlying mechanism. For example, in insects, 
favoring certain foods by males has been related to the use 
of dietary chemicals to produce pheromones (South et al. 
2011). Males could also be more selective (or have broader 
diets) if they have secondary traits that make them more 
efficient than females at handling certain prey (Buck et al. 
2003; Kolts et al. 2013; Hübneṙ et al. 2015). Self-medication 
by male birds could also result in selective diets if ingested 
chemicals from prey decrease parasite loads and increase 
mating chances (Bravo et al. 2014). For females, food selec-
tivity could be affected by their larger reproductive alloca-
tion compared to males. As such, females may be less selec-
tive by mixing foods to balance nutrition (Morehouse et al. 
2010) or actively select high quality foods (Henry 1997; 
Beck et al. 2007; Lodberg-Holm et al. 2021). Even differ-
ences in visual acuity (Melin et al. 2010) or neurological 
integration (Fukushima et al. 2015) between sexes could 
lead to differences in diet choice.

In contrast with the slight difference in food choice, 
females consumed more food per body mass in almost all 
the experiments (Fig. 3, Table 1). This concurs with other 
crustacean (Webb et al. 1987; Salemaa 1987; Gaudy et al. 
1996; Zhou et al. 1998; Ólafsson et al. 2002; Schuwerack 
et al. 2006; Cruz-Rivera et al. 2017) and vertebrate stud-
ies (Pandian 1970; Kunz 1974; Rothman et al. 2008). A 
generally invoked explanation for this is that females must 
compensate for the higher metabolic demands of making 
eggs (Williams 2005; Partridge et al. 2005; Morehouse et al. 
2010). If so, reproductive periods are of limited duration for 
most species and such differences in feeding rates may only 
happen seasonally (Kyomo 1999; Paulo-Martins et al. 2011). 
Reproductive output is clearly seasonal in these amphipods 
(Grèze 1977; Janssen et al. 1979; Kevrekidis and Koukouras 
1989; Kevrekidis et al. 2009), but no data on how it relates 
to feeding variability are available, and longer-term studies 
on feeding rates of other Gammarus species have not con-
clusively assessed differences between sexes or reproductive 
stages (Marchant and Hynes 1981). Interestingly, this latter 
study suggests that differences in gut evacuation rates and 
nutrient absorption efficiency could also serve as strategies 
allowing Gammarus females to gain the required nutrients 
to invest in reproduction. However, if females retain food in 
the guts longer to extract more nutrients per ingested mass, 
lower feeding rates than those of males would be expected. 
We found the opposite.

Differences in consumption in sexually dimorphic spe-
cies, such as G. aequicauda, could also arise from allometric 
scaling of metabolism and concomitant energetic demands. 
Physiological models predict a decrease in mass-specific 

metabolic rate with increasing size (Brown et al. 2004; 
DeLong et al. 2010). Thus, the smaller females could con-
sume more food per body mass based on allometry alone. 
Few studies assessing feeding rates of aquatic species have 
measured consumer mass, making it difficult to test this 
prediction broadly (Rall et al. 2012). Zhou et al. (1998) 
observed that red king crab females consumed significantly 
more food per body mass than males, but that was true for 
ovigerous females alone, not juvenile females. Shadrin et al. 
(2021b) recently showed that male G. aequicauda consumed 
more animal prey on average than females. Although they 
point out females were smaller, consumption was never 
standardized by mass, precluding a direct comparison with 
our results. No consistent relationship between size and con-
sumption for males or females was observed for a tropical 
crab and this amphipod in a prior study (Cruz-Rivera et al. 
2017). Despite being a cornerstone of ecological theory, the 
relationship between allometric scaling of feeding in relation 
to consumer mass has been poorly studied in aquatic species. 
Reviews and studies alike have found more complexity than 
the universally predicted ¾ power scaling of metabolic rate 
with size (Glazier 2005; Seibel and Drazen 2007; DeLong 
et al. 2010; Rall et al. 2012; Alcaraz 2016). While standard-
izing by mass has been criticized by physiologists before 
(Packard and Boardman 1988, 1999), the alternative rec-
ommended use of linear models like ANCOVA relies on a 
significant relationship between variables, which was clearly 
not observed here.

Our data show that mating may modulate, rather than 
arrest, the per capita effect of a consumer on its food. Ani-
mals ranging from insects to humans show mate guard-
ing (Jormalainen 1998; Brotherton and Komers 2003; 
Martens et al. 2012), but little is known about how this 
phenomenon affects feeding in aquatic systems. For G. 
aequicauda, precopula reduced feeding on algae compared 
to females but not males (Fig. 5). This was unexpected 
because studies on vertebrates (Westneat 1994; Alberts 
et al. 1996; Komdeur 2001) and invertebrates (Saeki et al. 
2005; Scharf et  al. 2013) often interpreted or showed 
that mate guarding and food acquisition were mutually 
exclusive processes, with guarding males not feeding. Our 
results suggested that males either had better access to 
food while guarding or they quickly increased consump-
tion after uncoupling. Studies on G. lawrencianus showed 
that males reduced feeding during precopula but did not 
stop eating altogether (Robinson and Doyle 1985), while 
a recent study on G. aequicauda reported that males 
released females before feeding after copulation (Shadrin 
et al. 2021b). Although the latter study strongly suggests 
a mechanism, we could not detect differences in consump-
tion between free-moving and formerly mated individuals 
of either sex (Fig. 6). We interpret data from this experi-
ment cautiously because of the necessary manipulation 
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of the amphipods to break precopulatory pairs. This was 
likely a stressful process for the animals that could have 
altered normal feeding patterns for all individuals in the 
experiment (Cruz-Rivera et al. 2017).

Females consumed algae at similar rates, regardless of the 
developmental stage of the eggs (Fig. 7). We had hypoth-
esized that females closer to releasing offspring (i. e., with 
fully developed larger eggs) could be ingesting more food as 
a result of increased energy expenditure in moving (Lewis 
and Loch-Mally 2010) and as preparation to produce the 
next clutch (Kyomo 1999; Williams 2005; Tsukamoto et al. 
2014). Mean volume of G. aequicauda eggs in the brood 
pouch increases over time from water absorption and the 
formation of body structures in the directly developing off-
spring (Sutcliffe 1992; Prato et al. 2006). This increase in 
egg volume, however, may be highly variable for G. aequi-
cauda (Prato et al. 2006) and our assumption of higher ener-
getic costs from ovigerous females having to move with a 
progressively larger clutch might have been unrealistic. We, 
unfortunately, were unable to compare ovigerous against 
non-ovigerous females (Zhou et al. 1998). Studies show 
that G. aequicauda females produce 2–15 broods with inter-
vals of 7–15 days between them (Grèze 1977; Janssen et al. 
1979; Kevrekidis and Koukouras 1989; Prato et al. 2006; 
Kevrekidis et al. 2009). Links between ovulation cycles and 
feeding variation have not been assessed.

The current macrofauna of Lake Qarun is dominated 
by carnivorous fishes and omnivorous shrimp that have 
been introduced to support local fisheries (El-Shabrawy 
and Dumont 2009). Mesograzers are the principal herbi-
vores, including amphipods, isopods, and cephalaspidean 
gastropods (Holdich and Tolba 1985; El-Shabrawy and 
Dumont 2009; Cruz-Rivera and Malaquias 2016). During 
the colder months G. aequicauda dominated the algal epi-
fauna, with few other species observed at all in the field. 
Our data suggest that the impact of these mesograzers on 
their foods could be modulated not only by environmental 
and population fluctuations, but also by varying sex ratios 
and mating behavior in the field.
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