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Abstract

The competitive environment that animals experience during development constitutes an
important source of selection that can influence the development, expression and evolution
of traits. Here, we examine how the sex of focal and “competitor” individuals interact to
affect development in the Eastern mosquitofish Gambusia holbrooki. We raised individu-
als of both sexes either alone or in the presence of a male or female conspecific (hereafter
“competitor”’), and measured their juvenile growth rate, time to maturity and size at matu-
rity. For males, we also measured their gonopodium length, sperm quantity, and sperm
velocity. We found that responses to the competitive environment were dependent on the
sex of the focal individual, the sex of their “competitor” and sometimes an interaction
between the two. When there was another fish present, regardless of its sex, males had
slower growth rates and took longer to mature, but eventually matured at the same size.
Females also showed slower growth rates in the presence of a competitor, but in contrast
to males, reached maturity sooner and at a smaller size than when there was no competitor
present. Presence of a competitor influenced male sexual traits, however there was little
evidence that these effects were mediated by the sex of the other fish. Males reared with
another fish had longer gonopodia for their body size, as well as fewer and faster sperm.
Our results suggest that effects of the competitive environment are different for males and
females, potentially due to sex differences in adult life history strategies. Further, for males,
both life history traits and sexual traits were influenced by the competitive environment.
For life history traits this effect appears to result from decreased resources and/or increased
energy expenditure, but for sexual traits, effects appear to be mediated, in part, by the
social environment.
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Introduction

Interactions between conspecifics play an important role in determining the ecology of
plants and animals. For example, the need to avoid competition over resources can lead
to changes in the distribution of individuals as well as changes in the way individuals use
resources (Bonin et al. 2015). Further, exposure to conspecifics can alter the developmental
trajectories of juveniles and consequently have lasting effects on trait expression in adults
(Fischer et al. 2003; Mayntz et al. 2003; Relyea 2004; Byrne et al. 2009) which may have
important consequences for fitness. Such effects may be driven by a variety of processes
including reduced access to resources, interference from other individuals or adaptive
responses to variation in the social environment.

An important attribute of individuals that influences how they interact with other indi-
viduals is their biological sex. Males and females differ in a whole suite of traits that could
dramatically influence how they respond to the presence of other individuals and likewise
how they impact those around them. For instance, differences between the sexes in mor-
phology, physiology and behaviour often lead to asymmetries in the competitive ability
of males and females (e.g. plants, Varga and Kytoviita 2012; insects, Bedhomme et al.
2003; fish, Iguchi 1996; birds, Nicolaus et al. 2009). Such asymmetries could result in one
sex securing a greater amount of a limited resource at the expense of the other. This may
be particularly pronounced in species with extreme sexual dimorphism where large dif-
ferences in adult size result from different growth trajectories during ontogeny (Badyaev
2002).

Just as the sex of a focal individual can influence its phenotypic response to interac-
tions with conspecifics, so too can the sex of the individual with which a focal individual
interacts, and as a result, the interaction between the two. While past research investigat-
ing competition over resources has often considered the effects of a focal individual’s sex
on competition (Bedhomme et al. 2003; Nicolaus et al. 2009; Oddie 2000), it is striking
that few of these studies consider the sex of the competitor (but see e.g., Bonisoli-Alquati
et al. 2011). This may be because it is expected that the effects of the competitor sex will
simply mirror those of focal individuals. Past research focussing on how the social environ-
ment influences development and adult trait expression, on the other hand, usually deals
more explicitly with the sex of interacting individuals. In this case, however, studies tend to
focus on males as the focal sex. For instance, many studies show that males adjust invest-
ment in reproductive traits in response to differences in population parameters that provide
information on the likely strength of reproductive competition and/or number of mating
opportunities, like sex ratio and density (reviewed in Bretman et al. 2011). Presumably
this focus on males arises because these studies are primarily interested in how the social
environment influences investment in traits that function in mate competition. This, plus
the tendency to manipulate population scale parameters, makes it difficult to look specifi-
cally at how interactions between the same or opposite sex individuals affect responses to
rearing environments. Given the potential for effects of both competition over resources
and strategic allocation of resources to different traits that depend on the social environ-
ment, the exact role that sex plays in determining responses to differences in competitive
environments during development is likely to be complex and to depend on the biology and
ecology of the species in question.

Here we test how the sex of interacting individuals influences the development of life-
history traits of males and females, and sexual traits of males in the Eastern mosquitofish
(Gambusia holbrooki). We do this by raising individuals of both sexes either alone or in
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the presence of a conspecific of the same or opposite sex and then measuring the growth
rate, size at, and time to maturity of male and female focal fish, as well as the gonopodia
length, sperm quantity, and sperm velocity of male focal fish. Understanding whether and
how the competitive environment affects these traits is important because they are likely to
be closely associated with fitness and hence may influence evolutionary responses to vari-
ation in competitive environments. Although male and female mosquitofish are similar in
size at birth, there is considerable variation in the time it takes males and females to mature
(males: 18-56 days, females: 18-70 days, Pyke 2005), and by the time they reach sexual
maturity females are on average larger than males. Once mature, males almost completely
stop growing (Bisazza et al. 1996; Vega-Trejo et al. 2019), while females continue to grow
throughout their adult life (Zulian et al. 1995), thus by late life females can be two times
the size of males, and five times heavier (Bisazza and Marin 1995). Given that females are
the larger sex we predicted that if responses to the presence of another fish are the result
of competition over resources, then females would show greater plastic responses to the
presence of another fish regardless of that other fish’s sex. Also, being the larger sex we
expected the greater resource requirements of females would mean that focal fish reared
with females would fare worse than individuals reared with males. In addition, if the effects
of the focal fish’s sex and the sex of the fish with which they interact are compounding,
this could lead to males faring worse than females when competing against females (i.e. a
focal-sex x other-sex interaction). Finally, we predicted that sexual traits (i.e. male gono-
podium length, sperm number and sperm velocity) would be influenced by the sex of the
other fish due to potential differences in future reproductive competition.

Materials and methods
Origin and maintenance of fish

Focal and non-focal (hereafter referred to as “competitor”) fish used in the experiment
came from two sources. “Lab fish” (Lab) were obtained from controlled matings between
first generation lab-reared fish. “Wild-caught fish” (WC) were obtained from pregnant wild
caught females. Both sources of fish originally came from the same population [Sullivan’s
Creek, Canberra, Australia (35° 16" 53" S, 149° 6’ 45" E)]. Prior to giving birth both lab-
reared and wild mothers were isolated in 1L plastic tanks with a mesh divider and plastic
plants to provide refuge for new born fry. Tanks were checked for fry twice daily and when
found, were separated from their mother and transferred to their experimental treatment.

Experimental design

We used a 2 x 3 factorial design where we manipulated sex of the focal fish (male, female)
and experience with a conspecific (‘no competitor’, ‘male competitor’ and ‘female com-
petitor’), giving us a total of 6 ‘treatments’ [focal male with no competitor (M), focal
female with no competitor (F), focal male with a male competitor (MM), focal female with
a male competitor (FM), focal male with a female competitor (MF) and focal female with
a female competitor (FF)]. So that we could identify and follow focal fish in their treat-
ments, we used, as non-focals, 21 day old fish that had been tagged with a visible elastomer
implant (VIE). VIE is commonly used for fish identification and has been shown to have no
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significant effect on growth or mortality in a variety of fish species (Frommen et al. 2015;
Hohn and Petrie-Hanson 2013).

Focal fish were placed in their respective treatment on their day of birth and remained in
these treatments until their last phenotypic measure was taken (i.e. until sexual maturity for
females, and until sperm was stripped for males). Because mosquitofish cannot be visually
sexed at birth we set up a third of tanks with no competitor and two-thirds with a competi-
tor, on the assumption that (given equal sex ratios) this would result in an even distribu-
tion of sample sizes across the 6 treatments outlined above. This resulted in a total of 682
individuals (from 47 broods), of which 211 were assigned to no-competitor treatments and
the remaining 471 were given a competitor. The exact sample sizes for the 6 different treat-
ments were then determined when the fish had matured.

Throughout the experiment, fish were kept in a temperature-controlled room at 28 °C
with a 14:10 h photoperiod. Experimental fish were kept in 3L plastic tanks and were fed
twice daily with an approximately equal quantity of Artemia sp. nauplii delivered to each
tank using a squeeze bottle. Thus, both space and food may have been limited in our com-
petitor treatments. To control for variation in measured traits that may result from variation
in micro-climate, tanks were randomly assigned to a shelf where they remained for the
duration of the experiment. Shelf was included as a random effect in analyses.

Measurement of phenotypic traits

During the juvenile stage, and when fish reached sexual maturity, we measured several
resource-dependent phenotypic traits for which expression might be expected to vary in
relation to the sex of the non-focal fish. We included both life-history traits of males and
females as well as sexual traits of males, because we expected that the sex specific effects
of competitive environment may differ between these two trait types.

Juvenile growth rate

To estimate the growth rate of focal fish, we measured their length prior to being placed
into treatment (i.e. on the day they were born; L;) and again after 21 day(sL (_LL )) Growth rate
(mm/day) was calculated from these measurements using the equation: ’2—1 To measure
length, fish were first anaesthetised by submerging them in icy water, then placed in a con-
tainer with 5 mm of water and photographed against a background of 1 mm graph paper
for scale. Standard length was measured from these photographs using ImageJ (Abramoft
et al. 2004). Based on L, there were no size differences between male and female focal fish
(P=0.868) nor between focal fish from different competitive environments (P =0.376).

Age, body length and gonopodium length at maturity

Fish were checked every second day for signs of maturation. Males were considered mature
when their gonopodium was inflexible and clear (Meffe 1992) and its tip had developed an
obvious spine. Females were considered mature when yolked eggs became visible through
the abdomen wall in front of the anal fin (Meffe 1992). On the day fish were deemed
mature, they were anaesthetised in icy water, photographed (to measure length: see above),
and weighed to the nearest 0.01 mg (analyses of body weight (not presented) gave quali-
tatively similar results to body length). For males we also measured gonopodium length.
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Males were first anaesthetised in icy water and then placed on their side, on a black back-
ground, with their gonopodium swung downward so it was perpendicular to their body.
Males were photographed in this position and gonopodium length was later measured as
the distance from the base to the tip using Image J. We then obtained values of relative
gonopodium length. These were the residual values from a regression, in which (log,)
gonopodium length was the dependent variable and (log;,) body length at maturity was the
independent variable. Relative gonopodium length can be interpreted as how much longer
or shorter a males’ gonopodium is compared to that which is expected for his body length.
Once all measurements were made, fish were placed back into their treatment tanks.

Sperm traits

We analysed sperm number and velocity of focal males, using CEROS Sperm Tracker and
the HT CASA II program (Hamilton Thorne), following the methods of Vega-Trejo et al.
2016. Full details of sperm collection and processing protocols are provided in the online
supplement. Briefly, males were anaesthetised in ice water and placed on a glass slide with
their gonopodium swung forward. The male’s abdomen was pressed gently to elicit the
release of sperm. Two samples of 3 sperm bundles each were collected for sperm velocity
measures and the remaining sperm bundles were collected and used for sperm counts.

Males were maintained in their respective treatments after maturity until the point of
sperm sampling. All sperm samples were collected from males 4 to 7 weeks after they
matured to reduce age related variation in our measures (Vega-Trejo et al. 2016). Within
this window the exact day a males’ sperm traits were measured was determined haphaz-
ardly allowing for logistic constraints (e.g. the maximum number of fish that could be
measured in 1 day). However, we also recorded the number of days since maturation that a
male’s sample was taken, so that we could later control for any remaining age related varia-
tion in sperm traits in our analyses.

All experimental work was conducted with the approval of the Australian National Uni-
versity Animal Ethics Committee (Approval No. A2015/07). In accordance with animal
ethics guidelines all tanks contained plants to allow fish to hide, all fish were provided
enough food to meet energetic and growth demands and focal fish were added to experi-
mental tanks after non-focal fish were fed to avoid potential cannibalism.

Data analysis

Out of the total 682 replicates, 220 replicates were excluded from data analyses for various
reasons (i.e. because the focal or competitor died before phenotypic measurements were
made and/or because the focal or competitor exhibited spinal curvature or an ‘atrophied’
phenotype, which reduces the competitive ability of fish). Of the focal fish that died before
measurements could be made 143 out of 471 were from the competitor treatments (30%)
and 11 out of 211 were from the no competitor treatments (5%). Indicating that being
reared with another fish, rather than being housed alone, is stressful. The final sample size
used in the analysis of fish traits was therefore N=462 fish (M =94, F=100, MM =64,
MF =55, FM=78, FF=71), and for male sperm traits was N=193 for sperm quantity
M=91, MM =50, MF=52), and N=170 for sperm velocity (M =79, MM =46, MF=45).

To determine the effects of competitive environment (no competitor, male competitor,
female competitor) on male and female traits, we modelled our data in ASReml-R (But-
ler et al. 2017). ASReml-R is an R package that allows the fitting of linear mixed models
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using residual maximum likelihood. We fitted separate models for each of the six traits that
we measured: growth rate, age at maturity, length at maturity, male relative gonopodium
length, sperm number and sperm velocity. In models examining the effects on traits shared
by both males and females (growth, age at maturity, length at maturity), we included the
sex of the focal fish (male or female), whether another fish was present or not and, when
another fish was present, the sex of this fish (male or female) as fixed effects in our model.
We also included interactions between focal sex and presence/absence of a competitor, as
well as focal sex and competitor sex when the latter was present. In addition to these pri-
mary factors of interest, we included as fixed effects the source of the focal fish (as a two-
level factor), and (when a competitor was present) the source of the competitor fish and the
competitor’s length when initially placed with the focal fish (scaled to a mean of 0, so that
main effects could be interpreted for average sized competitors). We included the source of
focal and competitor fish as a fixed effects rather than a random effects because each had
only two levels (Bolker et al. 2009). Random effects included in the models were the brood
from which the focal fish came, the shelf within our controlled temperature room that the
replicate was placed on (a 6-level factor, to control for potential effects of micro-climate)
and (when a competitor was present) the brood from which the competitor fish came. Note
that we were able to fit characteristics of the competitor (i.e. competitor sex, source, initial
length, and brood) in the model because ASReml allows fitting of variables conditional on
a given level of a factor using the code at(treatment, “comp”), i.e. fitting competitor vari-
ables only for focals with a competitor.

For the analysis of “male only” traits (relative gonopodium length, sperm number and
sperm velocity), models were set up in the same way, except that we did not include sex of
the focal fish nor interactions with it as fixed effects. When analysing sperm number and
velocity we additionally included days since maturation (scaled to a mean of 0) as a fixed
effect to control for potential effects of male age (Vega-Trejo et al. 2016). Days since matu-
ration was nested within treatment, so that different parameters were fitted according to the
presence of a competitor or not.

All model residuals were checked to see if they met assumptions of normality and
when they did not (in the case of sperm number) variables were log transformed. For each
analysis we ran two models—a “full” model containing the interactions between focal sex
and presence/absence of another fish as well as between focal sex and competitor sex, and
a “main effects” model containing only main effects, so we could interpret these in the
absence of any potential interactions (Engqvist 2005).

Results
A summary of results are provided in Table 1. Full model outputs including parameter esti-
mates and test statistics are provided in the online supplement (Table S1-S6). Correlation

matrices for male and female life-history traits are also presented in the online supplement
(Table S7).

Juvenile growth rate

Male and female focal fish both had a reduced growth rate on average when reared
with another fish (Fig. 1a; P <0.001, Table S1), however, females were more strongly
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Fig. 1 Effects of conspecific
presence on male and female
traits. a Growth rate, b Age at
maturity, ¢ Length at maturity.
No competitor present in light
grey. Competitor present in

dark grey with fish animation
above. Least square mean+ S.E.
obtained from linear mixed mod-
els testing the effects of focal sex
and presence of another fish are
plotted. These models controlled
for the same factors as outlined
for AsReml conditional models
used to provide significance tests
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affected by the presence of a competitor than were males (Fig. 1a; focal sex*presence/
absence, P=0.003, Table S1). When reared alone, females had higher growth rates than
males, but in the presence of another fish males and females had similar growth rates
(Fig. 1a). The sex of the competitor did not have a significant effect on the growth rate
of either male or female focal fish (Fig. 2a, P=0.112, Table S1).

@ Springer



970 Evolutionary Ecology (2020) 34:963-979

Table 1 Summary of the effects of competitive environment on the traits of focal males and females as ana-
lysed in ASReml-R models

Juvenile Age at maturity Length at Relative Sperm Sperm
growth maturity gonopodium number velocity
length
Effect of focal sex ns 3>2 8>9
Effect of fish presence Pres | Pres Pres | Pres 1 Pres | Pres 1
Interaction between focal sex Pres: ns Pres: @ <& Pres: @ <&
and fish presence Abs: 9>3  Abs: >4 Abs: @ >4
Effect of competitor sex ns Q-c>Jd-¢c ns ns ns ns
Interaction between focal sex s s Q: Q-c>J-c
and competitor sex 38:c<3—

Dark grey indicates P> 0.05, light grey indicates P <0.05, with the direction of the effect given in the text;
‘ns’ is non-significant. 1 indicates increase in trait; | indicates decrease. ‘Pres’ refers to treatments where
another fish was present; ‘Abs’ refers to treatments where focal fish were reared alone; @,J3 denote the sex
of the focal fish; @-c indicates the response in the focal with a female competitor and J-c the response in
the focal with a male competitor (so, for example, Q: 9-¢ > J-c indicates that female focal fish housed with
a female competitor had higher trait value than those housed with a male competitor)

Age and size at maturity

Males reared in the presence of another fish took longer to mature than those that were
reared alone, while females matured at the same age regardless of whether another fish
was present or not (Fig. 1b; focal sex*presence/absence, P <0.001, Table S2). This meant
that when there was no other fish present males matured earlier than females, but in the
presence of a competitor males matured later than females (Fig. 1b). Further, males took
longer to mature than females regardless of the sex of the competitor (Fig. 2b; P <0.001,
Table S2). Focal fish of both sexes took longer to mature in the presence of a female
competitor (Fig. 2b; P<0.001, Table S2), but there was no sex-specific response of age
at maturity to competitor sex [i.e. no interaction between focal sex and competitor sex
(P=0.810, Table S2)].

Females reared with another fish matured at a smaller size than those who were not,
while there was no evidence that being reared with another fish affected male length at
maturation (Fig. 1c; focal sex * presence/absence: P <0.001, Table S3). This meant that
when females were reared alone they were larger at maturation than males, but when reared
with another fish males matured larger than females (Fig. 1¢). When considering the sex of
the competitor, we found that while males matured at a larger size than females regardless
of competitor sex (Fig. 2c; P<0.001, Table S3B), both sexes matured larger when reared
with a competitor of their own sex (focal sex * competitor sex: P=0.003, Fig. 2c).

Male relative gonopodium length and sperm traits
Males grew a significantly longer gonopodium than expected for their size when they

developed in the presence of another fish (Fig. 3a, P<0.001, Table S4). However,
relative gonopodium length was not affected by the sex of the competitor (Fig. 4a;
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Fig.2 Effects of competitor sex
on focal male and female traits.
a Growth rate, b Age at maturity
¢ Length at maturity. Female
competitor in light grey, male
competitor in dark grey. Least
square mean + S.E. obtained
from linear mixed models test-
ing the effects of focal sex and
competitor sex are plotted. These
models controlled for the same
factors as outlined for AsReml
conditional models used to pro-
vide significance tests
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P=0.190, Table S4). Males had shorter gonopodia than expected for their size when
their competitor was initially larger (P=0.001, Table S4).

When reared in the presence of another fish, males produced fewer (Fig. 3b;
P <0.001, Table S5) and faster-swimming (Fig. 3c; P=0.005, Table S6) sperm than
when reared alone. However, neither sperm number nor sperm velocity were depend-
ent on the sex of the competitor (sperm number—Fig. 4b, P=0.089, Table S5; sperm
velocity—(Fig. 4c; P=0.629, Table S6). When considering the sex of the competitor,
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Fig.3 Effect of conspecific pres-
ence on focal male sexual traits.
a Relative gonopodium length, b
number of sperm, ¢ sperm veloc-
ity. Males reared alone in light
grey. Males reared with another
fish in dark grey. Least square
mean + S.E. obtained from linear
mixed models testing the effects
of focal sex and presence of
another fish are plotted. These
models controlled for the same
factors as outlined for AsReml
conditional models used to pro-
vide significance tests
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Fig. 4 Effect of competitor sex 0.03 - (a)
on focal male sexual traits. a
Relative gonopodium length, b
number of sperm, ¢ sperm veloc-
ity. Light grey bar represents
focal male fish housed with a
female competitor, dark grey bar
represents focal male fish housed
with a male competitor. Least
square mean + S.E. obtained
from linear mixed models test-
ing the effects of focal sex and
competitor sex are plotted. These
models controlled for the same 0.00
factors as outlined for AsReml
conditional models used to pro- 84 1 (b)

vide significance tests
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on average males produced the same number of sperm whether they had been reared
with a male or a female.

Discussion

We examined the sex-specific response of a range of resource-dependent phenotypic traits
in Eastern mosquitofish that were reared alone, or with either a male or female conspecific.
We found that responses to the competitive environment were often dependent on the sex
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of the focal fish, their competitor, and sometimes an interaction between them. Our results
are largely consistent with the idea that both male and female responses are driven by con-
straints of competition (i.e. competition over food resources) rather than strategic responses
to competition (i.e. competition for mates). However, the latter may also play a role. Both
males and females had slower growth rates when developing in the presence of a competi-
tor, and although the reduction in growth rate when reared with another fish was stronger
for focal females than for focal males, it was not dependent on the sex of the competitor.
The effects of the competitive environment on age and size at maturity, on the other hand,
were complex, and depended on the sex of both focal individuals and their competitors.
In response to the presence of another fish, males took longer to mature but matured at
the same size as when reared alone. This pattern was strongest when males were housed
with a female competitor. In contrast, females responded to the presence of another fish
by reducing their size at maturity regardless of competitor sex, and by maturing earlier if
the competitor was a male. These sex-specific responses may reflect differences between
males and females in how best to optimise the trade-off between age and size at maturity
when resources are limited. Finally, when reared in the presence of another fish, males had
longer gonopodia than expected for their size, and produced fewer, faster sperm.

The growth rate of both male and female juveniles was slower in the presence of a com-
petitor. This slower growth rate of juveniles of both sexes in the presence of another fish
is likely associated with a reduction in food availability caused by competition. We found
that the larger sex, in this case the female, was more detrimentally affected by the presence
of a competitor. This is consistent with results from previous studies which suggest that
individuals of the larger-bodied sex will be disadvantaged when resources are limiting, due
to the costly production of large bodies (Bonneaud et al. 2016; Wikelski and Thom 2000).
Alternatively (or additionally), the observed reduction in focal growth rates in the presence
of another fish could be a consequence of harassment. Competitors in our experiment were
older and larger than focal fish and thus were likely dominant. Harassment by large, domi-
nant conspecifics can induce stress responses in fish, consequently reducing food intake, or
leading fish to allocate resources away from growth toward other energy-demanding pro-
cesses that are necessary for survival (Sadoul and Vijayan 2016). For example, in crowded
populations of fish with high intraspecific competition, continuous aggressive interac-
tions increase energy expenditure and metabolic costs, which reduces growth (Bonin et al.
2015). This is consistent with anecdotal observations during our experiment, in which fish
were often seen hiding in the plastic plants provided as a refuge. Regardless of whether
reduced growth rate of focal fish in the presence of another fish is the result of reduced
food availability or increased energy expenditure, it is interesting to note that this effect
was not dependent on the sex of the competitor.

Our results for age and size at maturation suggest that changes to developmental
strategies in response to the presence of a conspecific are sex-specific. Males matured
after achieving a particular length, regardless of whether or not they competed for food
resources throughout their development. As male growth rate was reduced by the presence
of a another fish, however, it took significantly longer for them to achieve their target size,
and as a consequence the age at which males matured in the presence of a another fish
was greater than for males reared alone. Conversely, females appeared to mature after a
particular period of time, regardless of whether or not they were reared with a competitor
fish throughout their development. Combined with our result that female growth rate was
greatly reduced by the presence of another fish, this meant that females reared in the pres-
ence of a competitor matured at a significantly smaller length compared to those reared
alone. One possible explanation for the observed sex-specific responses is differences in
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life history between adult males and females and how these interact with size. In male
mosquitofish, size is largely determinate and growth almost ceases at maturation (Bisazza
and Marin 1995; Zulian et al. 1995). Despite this, however, large males are often at a selec-
tive advantage compared to smaller males. This is because they are dominant in aggressive
interactions, out-compete them for access to females, and can be preferred by females as
mates (Bisazza et al. 2001; Mcpeek 1992). Therefore, when resources are limited, delay-
ing maturation to achieve a larger body size may be beneficial for males because it means
that they will be more competitive upon reaching maturity. Females, on the other hand,
continue to grow after maturation, and whether they mate or not is unlikely to be limited by
their size. This means that despite the fact that fecundity increases with body size (Mautz
and Jennions 2011), females that mature sooner (albeit smaller) could still,, have greater
lifetime reproductive success. An alternative explanation, however, is simply that sex-spe-
cific responses to the presence of other fish are due to the potential for greater plasticity in
growth for the larger sex (Stillwell et al. 2010). Such plasticity could lead females to grow
rapidly and achieve larger body sizes when conditions are suitable, but reduce growth rates
and reach smaller body size in disadvantageous conditions.

Interestingly, our results for size and age at maturation also suggest that developmen-
tal plasticity was induced by a strategic response to the social environment, and not only
constraints arising from competition for food resources. This idea comes from the fact
that the interaction between the sex of focal fish and competitor fish was also important
in determining the phenotype of focal fish, such that both males and females matured at a
larger size when reared with another fish of the same sex than with a fish of the opposite
sex. One possible explanation for this effect is that focal individuals increase their com-
petitive efforts against conspecifics of the same sex in anticipation of future intrasexual
competition for mating opportunities. Effects of juvenile social environment on matura-
tion time and size are commonly found in poecilid males (e.g. Borowsky 1973; Kolluru
and Reznick 1996; Walling et al. 2007; Magellan and Magurran 2009) but have been less
well documented in females. Despite this, investing in growth to out-compete individuals
of their own sex is expected to be advantageous both for males and females. Large males
and females could both experience a fitness advantage due to increased competitive ability
in a mating context [i.e. since both males and females prefer to mate with large individuals
(Bisazza et al. 2001; Mautz and Jennions 2011; Mcpeek 1992)]. Large individuals of both
sexes could also experience an advantage when competiting for resources if the sexes seg-
regate due to sex driven niche partitioning, as has been found in other poecilids (Croft et al.
2003; Magurran and Garcia 2002). Of course distinguishing between responses arising
from constraints over competition for food resources and strategic responses to perceived
future environments is difficult with our experimental design. Therefore, when interpret-
ing this result we cannot disregard the alternative possibility that growth is retarded when
developing with the opposite sex, rather than increased when developing with the same
sex. In the case of females reared with males, reduced female growth could be related to
continuous harassment by males [males start harassing females weeks before maturation
(Bisazza et al. 1996)], which may reduce feeding rates (Pilastro et al. 2003). In the case of
males competing with females, male growth might be affected by the sexual asymmetry in
competitive ability that seems to confer a benefit to the larger females (Uller 2006).

Differences in the way the competitive environment affects male body size and
male relative gonopodium length may indicate that these traits are influenced differ-
ently by resource limitation. While males reared with another fish extended the time to
maturation to achieve similar body sizes, these males also matured with longer gonopo-
dia for their body size. This result could arise if males favour investment in increasing
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relative gonopodia length over growth when resources are limited. For instance, it might
be expected that males would favour investment in gonopodia over growth in response to
perceived high future mating competition, because males with relatively longer gonopodia
have greater mating success (Head et al. 2017; Vega-Trejo et al. 2017). However, given
that male gonopodium length was influenced by the presence of another fish and not the
sex of that fish, this explanation seems unlikely. A more likely explanation might be that
absolute gonopodium length is less resource dependent and more age dependent than male
body length. If this is the case then increased maturation times which are needed for males
to achieve a certain body size when in the presence of a competitor may also result in a
longer gonopodia relative to body size simply because of increased time. Previous research
investigating how diet restriction during development influences gonopodium size pro-
vides mixed support for this hypothesis. In the same population of Gambusia, Vega-Trejo
et al. (2016) show that the allometric slope for gonopodium length is steeper for fish on an
ad libitum diet than those on a restricted diet: small to average size males that have expe-
rienced restricted food had long gonopodia for their body size, while large fish that have
experienced restricted diets had short gonopodia for their body size. In contrast, Livingston
et al. (2014) show that the allometric slope for gonopodium length is shallower for fish that
have experienced an ad libitum diet than for those that have experienced a restricted diet.
Further, this result was generalizable across all males that had a restricted diet as juveniles
so that in most of the size range of the males have short gonopodia for their body size.
While it must be acknowledged that these previous studies differ considerably from ours
(i.e. both studied effects of diet restriction rather than rearing with a conspecific, and both
were examined compensatory growth and so did not carry out their manipulation all the
way until maturity), their results combined with ours do suggest that resource limitation
influences body size and gonopodia size may differ. As such we believe further investiga-
tion of how resource limitation influences the allometry of gonopodium length and how
this impacts male mating success would be interesting.

Finally, we also found that males reared with another fish had fewer, faster sperm than
males reared alone. While it is tempting to attribute this finding to a combination of vari-
ation in resource limitation and perceived sperm competition, it is important to note that
males and females in our experiment were housed together until the male’s sperm was
stripped. Thus, the difference in sperm number could be driven partially by the fact that
males were able to mate with females and thus had diminished sperm reserves. In line
with this, there was a trend towards a difference between male versus female competitors
in the reduction in sperm number (P =0.089; Table S5). In fact inspecting Figs. 3b and
4b it is clear that there is a large degree of overlap in the standard errors for the number
of sperm stripped from males reared alone and those reared with other males. This sug-
gests that resource limitation is unlikely to drive this result. The way in which the pres-
ence of another fish affects sperm velocity is less easily explained by our methods. We
found that males reared with another fish had faster-swimming sperm, which suggests that
the social environment is more important than resource limitation in driving variation in
this trait. This contrasts with a previous Gambusia study that manipulated food availability
during development and found that males reared on restricted diets had slower swimming
sperm and smaller sperm reserves (at least in recently matured males, like those measured
here) than males reared on ad libitum diets (Vega-Trejo et al. 2016). Our results also con-
trast with studies in this system that manipulate adult environments. These previous stud-
ies found that male presence reduces sperm velocity but does not influence sperm number
(Spagopoulou et al. 2020) and that restricted food decreases male sperm reserves as well as
how quickly males can replenish these reserves (O’Dea et al. 2014). Clearly, more work is
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needed to fully understand the contrasting effects of resource availability and social envi-
ronment on male sperm traits.

Conclusions

We have shown that there is a strong sex-specific response to presence of a conspecific dur-
ing development and that this response is in part driven by the sex of the competitor. The
sexes may differ in their resource requirements, and their ability to acquire those resources
in the presence of another fish. In addition, the optimal development of resource-dependent
traits might depend on the sex of the competitor if this alters the perception of future com-
petition. While it is difficult to tease apart effects resulting from current constraints from
strategic responses to perceived future competitive environments, our results suggest that
rearing with the sex that has higher competitive ability (in this case the female) has strong
effects in driving the direction of phenotypic trait expression. However for male sexual
traits, these effects are likely mediated by strategic responses to perceived future reproduc-
tive competition.
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