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Abstract

Given that the sexes often differ in their ecological and sexual selection pressures, sex differences in cognitive properties
are likely. While research on sexually dimorphic cognition often focuses on performance, it commonly overlooks how
sexes diverge across cognitive domains and in behaviors exhibited during a cognitive task (cognitive style). We tested male
and female western mosquitofish (Gambusia affinis) in three cognitive tasks: associative learning (numerical discrimina-
tion), cognitive flexibility (detour task), and spatio-temporal learning (shuttlebox). We characterized statistical relationships
between cognitive performances and cognitive style during the associative learning task with measures of anxiety, boldness,
exploration, reaction time, and activity. We found sex differences in performance, cognitive style, and the relationships
between cognitive domains. Females outperformed males in the spatio-temporal learning task, while the sexes performed
equally in associate learning and cognitive flexibility assays. Females (but not males) exhibited a ‘fast-exploratory’ cognitive
style during associative learning trials. Meanwhile, only males showed a significant positive relationship between domains
(associative learning and cognitive flexibility). We propose that these sexually dimorphic cognitive traits result from strong
sexual conflict in this taxon; and emphasize the need to explore suites of sex-specific cognitive traits and broader compara-
tive work examining sexual selection and cognition.

Keywords Sex differences - Cognitive style - Numerical discrimination - Cognitive flexibility - Poeciliidae - Gambusia

affinis

Introduction

Individuals vary not only in their level of performance on a
cognitive task (accuracy of behavioral output, Shettleworth
2010), but also in how they approach the cognitive task itself
[e.g., cognitive style (Sih and Del Giudice 2012; Thornton
and Lukas 2012)]. For example, individuals may differ in
how they sample an environment or their hastiness to make a
decision, and these cognitive styles may or may not be inde-
pendent of their resulting performance. Additionally, this
relationship between style and performance may vary across
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cognitive domains [different cognitive domains are those
that require different types of cognitive performance (Deary
et al. 2010)]. These attributes—performance, cognitive style,
and cognitive domain—are often examined individually,
but recent efforts have begun to identify how they may be
inter-related (Carere and Locurto 2011; Sih and Del Giudice
2012; Guillette et al. 2017). For instance, some of the early
work in this arena has suggested that how quickly an ani-
mal makes a decision and how much it explores its environ-
ment (e.g., a fast-exploring cognitive style) should predict
an individual’s performance (accuracy) in a learning task
(Sih and Del Giudice 2012). Empirical studies have shown
variable support for this hypothesis with some taxa revealing
a positive relationship (Burns and Rodd 2008) between fast-
exploratory styles and learning performance, others reveal-
ing a negative relationship (Madden et al. 2018; Guillette
et al. 2011), and yet other studies find that a fast-exploratory
cognitive style is unrelated to performance (Lucon-Xiccato
et al. 2016). Furthermore, relationships between cognitive
style and performance are often domain-specific (Dougherty
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and Guillette 2018). Understanding how and why these rela-
tionships vary across taxa and between domains is a cur-
rent challenge in cognitive studies. However, a factor that is
emerging as one of the predominant predictors of variation
across cognition is sex (Dougherty and Guillette 2018).

A recent meta-analysis by Dougherty and Guillette (2018)
identified sex as the only categorical variable that improved
the fit of a Bayesian model explaining variation across ani-
mal studies in cognition—personality relationships (Dough-
erty and Guillette 2018). The meta-analysis empirically eval-
uated the relationship between measures of personality (such
as boldness, aggression, sociability, and exploration) with
measures of performance (such as errors and reversal speed)
in a phylogenetically controlled manner across 19 species
spanning mammals, birds, reptiles, fish, and insects. Their
result is unsurprising given fitness benefits for particular
cognitive traits are often sex-dependent (Maille and Schra-
din 2016; Shohet and Watt 2009; Smith et al. 2015; Boogert
et al. 2011; Farrell et al. 2012), leading to differential selec-
tive pressures favoring certain cognitive traits in one sex and
potentiating sexual dimorphism. While cognitive sex differ-
ences are accumulating across the literature (but see Lucon-
Xiccato and Bisazza 2014; Healy et al. 1999), there exists a
great deal of variation between and within taxa (Shaw and
Schmelz 2017) and very little work examining how these
sex differences bear out across cognitive domains. Sex dif-
ferences in cognitive performance are frequently domain-
specific (Petrazzini et al. 2017; Lucon-Xiccato and Bisazza
2014; 2017a, b; Brust et al. 2013; Carazo et al. 2014; Laland
and Reader 1999; Kolata et al. 2008), and even when learn-
ing performance is equivalent between the sexes, the behav-
ioral predictors that underlie individual variation can differ
(Mamuneas et al. 2015; Lucon-Xiccato and Bisazza 2016;
Etheredge et al. 2018; Titulaer et al. 2012). The present
study is designed to specifically examine sex differences in
cognitive performance, cognitive style, and relationships
between cognitive domains in a taxon with well-defined
sexually dimorphic behaviors (Magurran and Macias 2000;
Heinen-Kay et al. 2016; Lucon-Xiccato and Bisazza 2017a,
b; Cummings 2018).

The Poeciliidae family of live-bearing freshwater fish—
which includes the guppies, mollies, mosquitofish, and
swordtails—exhibits a wealth of natural variation in sexual
selection pressures (Magurran and Maciis 2000; Dadda
2015) and cognition (Lucon-Xiccato and Bisazza 2017a,
b), making this family a uniquely suitable system to address
sex differences in cognition (Cummings 2018). Poeciliids
are famous for sexually divergent reproductive roles as males
provide only sperm via an intromittent organ (gonopodium)
and females undergo a monthlong internal gestation period.
Mosquitofish (Gambusia sp.) are characterized by a high
degree of sexual conflict, with males exhibiting some of the
highest rates of sexual harassment across the Poeciliidae
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family and females adopting strong avoidance responses
including shoaling to reduce male harassment (Dadda
2015; Pilastro et al. 2003). Artificial selection experiments
on male gonopodial length in Gambusia holbrooki resulted
in larger female (but not male) brain size (Buechel et al.
2016), suggesting that larger brains might be an evolutionary
counter-adaptation for female defense against male harass-
ment. More recent experiments could find no advantage for
a larger brain in G. holbrooki females from natural popu-
lations in defending themselves against male harassment
(Culumber et al. 2020). Other experiments have shown that
larger-brained female guppies (Poecilia reticulata) displayed
greater cognitive flexibility (assayed by reversal learning)
than smaller brained conspecific females (Buechel et al.
2018). Taken together, these studies suggest that sexual
conflict may impact cognition. However, the specific rela-
tionship between the two remains unclear.

In our study, we investigated sexual differences in cogni-
tive performance, cognitive style, and domain relationships
in the western mosquitofish (Gambusia affinis). We assessed
performance in three cognitive domains—associative learn-
ing (numerical discrimination assay), cognitive flexibility
(detour task), and spatio-temporal learning (shuttlebox
assay)—as these domains have been shown to utilize differ-
ent underlying neural mechanisms (L6pez et al. 2000; Wallis
et al 2001; Dalley et al. 2004; Eisenhardt and Menzel 2007).
We evaluated cognitive style by measuring the relationship
between associative learning performance and a variety of
behaviors displayed during the numerosity discrimination
test trials. We then examined whether performance and
behavior in one cognitive domain predicted performance
and behavior in another, and whether these relationships
varied by sex.

Associative learning—Ilearning that results from expe-
riencing predictive relationships between stimuli and out-
come (Shettleworth 2010), has been extensively tested
across many taxa through many unique paradigms. Here,
we use a numerical discrimination assay to test a fish’s abil-
ity to associate a specific numerical contrast (higher or lower
number of shapes) with a food reward. Cognitive flexibil-
ity is the ability to modify behavior in response to varia-
tions in consequences or context of the environment (Bond
et al. 2007; Easton 2004). Cognitive flexibility has com-
monly been assessed either via reversal learning paradigms
or through a detour task, and here, we utilize a single-trial
detour task paradigm (Thompson et al. 1984). Studies in
primates have shown that single-trial detour tasks invoke
distinct neural mechanisms from those involved in multiple
training trials (Wallis et al 2001). This single-trial design
distinguishes itself in our set of tasks as a unique “problem-
solving” complement to the associative learning paradigm of
numerical discrimination that involves multi-trial condition-
ing. Spatio-temporal learning (the learning of a time-place
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pattern, Schatz et al. 1999) has frequently been tested using
shuttlebox assays with rodents (Bovet et al. 1968), but only
once in fish (Pather and Gerlai 2009). While numerical dis-
crimination and detour reaching tasks have both been con-
ducted on numerous poeciliid species (Agrillo et al. 2012b,
2017; Etheredge et al. 2018), performance on the shuttlebox
task has yet to be tested in this system.

By examining sex differences in cognitive performance
across associative learning, cognitive flexibility, and spatio-
temporal learning, we can begin to determine how divergent
sexual selection pressures influence these cognitive domains.
Based on previous studies with this species, we expect
similar numerical discrimination performances between
the sexes (Etheredge et al. 2018). Based on work with gup-
pies, we predicted that females will outperform males in
a detour task (Petrazzini et al. 2017; Lucon-Xiccato and
Bisazza 2017a, b). Our spatio-temporal assay (shuttlebox)
has only previously been performed on one other fish taxon
(zebrafish, see Pather and Gerlai 2009) with no sex-depend-
ent effect. However, given the strong selection pressures on
females to find refuge from male harassment, we predicted
that female G. affinis are likely to outperform male G. affinis
in a spatio-temporal learning assay that varies time and place
of a shoal group. Moreover, we predicted that the sexes
would diverge in cognitive style, where a ‘fast-exploratory’
learning type (e.g., faster decision-making and shorter laten-
cies to sample) would be more associated with males, as has
been found in other poeciliids (Lucon-Xiccato and Dadda
2016). Finally, we predicted that the sexes would diverge in
their relationship between cognitive domains. While some
studies have found negative relationships between associa-
tive learning and cognitive flexibility (Bebus et al. 2016),
studies in poeciliids thus far have not (Petrazzini et al. 2017);
Buechel et al. 2018). Domain relationships between spa-
tio-temporal learning and associative learning have not yet
been explored in poeciliids. However, we hypothesized that
Gambusia affinis females will exhibit a positive relationship
between these two domains as both are critical to shoaling
decisions.

Materials and methods
Housing

Wild-caught western mosquitofish Gambusia affinis (27
female, 27 male) from outdoor ponds at Brackenridge Field
Laboratories in Austin, TX were group housed in 132 L
aquaria at 24.4-26.6 °C on a 13-11 light cycle. Prior to
testing, individuals were socially isolated for 2 days in 9 L
aquaria. Individuals participated in 13 days of cognitive
assay testing with assay order balanced across individuals
and sexes, and 24 h intervals between assays.

Numerical discrimination experimental design

We modeled our numerical discrimination experimental
design after Agrillo et al. (2012a). Agrillo et al. (2012a)
introduced an innovative associative learning paradigm that
differed from the traditional operant conditioning experi-
ments in that it trained and tested small fish (Gambusia hol-
brooki) in experimental housing aquaria to eliminate moving
subjects between trials, employed a relatively short train-
ing period (5 days), and evaluated performance using time
spent with reinforced stimuli in only a few probe trials. They
validated that results collected with their learning criterion
(60% time spent with reinforced stimulus in no reward tri-
als) with this shorter paradigm were consistent with results
for Gambusia holbrooki following 10 days of training and
up to 60 training trials with classic operant conditioning
(Agrillo 2010; Agrillo et al. 2009). Furthermore, they used
this paradigm to identify variation in cognitive performance
across five small fish species (Agrillo et al. 2012b). With
our numerical discrimination experiment, we adopted the
same visual stimuli (assortment of black geometric shapes
on white background), ratios during training (5 vs 10 and 6
vs 12) and testing (7 vs 14, 8 vs 12, and 9 vs 12), and learn-
ing criterion (60% association time with reinforced stimuli)
as Agrillo et al. (2012a, b), but added automation of stimuli
presentation and video recording (Fig. 1). By adopting this
validated approach, we aimed to identify possible individual
and/or sex variation in cognitive performance with G. affinis.
In addition, the association time metric provides a continu-
ous measure to compare with behavioral measures for our
cognitive style evaluation.

To test associative learning, individuals were placed in a
modified 38-L automated numerical discrimination experi-
mental tank for an 11 day assay including 2 days of habitu-
ation (with 5 trials per day for a total of 10 habituation tri-
als), 6 days of training (with 5 trials/day for a total of 30
training trials), and 3 days of testing (with 3 test trials per
day interspersed with 3 reinforced trials each day to prevent
extinction for a total of 9 test trials) (Fig. la, b). Stimuli
were geometric shapes (adapted from Etheredge et al. 2018)
presented on LCD screens attached to the end sides of each
tank and controlled with raspberry pi boards (see Supple-
mentary Methods for complete description on our automated
numerical discrimination operation). Version control of the
automation scripts is available at https://github.com/jenkins-
cummingslab/ethoStim. These visual stimuli were controlled
for non-numerical cues including cumulative surface area
and the overall space that the objects occupy (Stevens et al.
2007; Agrillo et al. 2017) by varying the position and sizes
of shapes in the stimulus set. Using the visual stimuli from
(Etheredge et al. 2018), we were able to minimize the differ-
ence in cumulative surface area between numerical stimuli
to less than 10%.
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Fig. 1 Experimental designs of the numerical discrimination, detour
task, and shuttlebox task. a Twelve automated tanks were designed
for the numerical discrimination task. The electronic equipment per
tank consisted of two LCD displays, a camera, and two modified
fish feeders that were controlled using two Raspberry Pi Computer
Boards. The computer boards were connected via ethernet to sepa-
rate desktops to perform trials without human interference. b In addi-
tion to performance, behavior in the numerical discrimination assay

During habituation, a food reward (a netted weight con-
taining Cargill Aquaxcel Starter Food®) was submerged
simultaneously in front of both screens projecting blank
(white) backgrounds and remained in the tank continuously
for 4 min. Following this 4 min, the weight was pulled up out
of the tank, making the food unavailable. Meshing placed
approximately 1 cm above the tank floor allowed any sub-
merged food that escaped the netted weight to fall through
to the bottom of the tank and become unreachable. During
training, individuals were presented two 1:2 ratios (5 versus
10 shapes or 6 versus 12 shapes) haphazardly alternating
between left and right reward sides across training trials.
During a training trial, the numeric stimuli first appeared on
screens for 10 s. Following this 10 s (and with the numeric
stimuli still present), the food reward was submerged into the
tank for 10 s in front of the rewarded screen, with a control
weight simultaneously submerged in front of the unrewarded
screen. Half of the subject males and females received food
reward on the side with the greater quantity on the screen,
and half of the subject males and females received food
reward on the lesser quantity side. Following 30 total train-
ing trials, individuals were then administered a total of nine
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Tank length: 52cm

length: 10cm length: 10cm

was assessed via zone designations in the tank. ¢ In the detour task,
a male was placed at the near end of the starting alley in a clear lid-
ded plastic cup behind a pane of UV-pass glass, and a female reward
was placed behind the glass barrier in a clear lidded plastic cup. d
The shuttlebox apparatus consisted of a tank with two LCD screens
at either end. These screens alternated between showing a video of a
five-female conspecific shoal and an empty tank

testing trials (no food reward) over the course of 3 days. On
each testing day, subjects were tested three times with each
test representing a different ratio of varying difficulties and
with novel numerical contrasts that they had not experienced
during training: 1:2 (7 vs 14 shapes), 2:3 (8 vs 12 shapes),
and 3:4 (9 vs 12 shapes). A rewarded reinforcement trial
with one of the original training stimuli (6 vs 12 or 5 vs 10
shapes) was administered following each test trial to mini-
mize extinction effects. At the end of testing, individuals
had undergone each test ratio three times with the order of
test ratio presentation counterbalanced across testing days.
All test trials were recorded with an overhead video cam-
era (Fig. 1a). We assessed learning performance during the
initial 20 s of each test trial in which stimuli were presented
on the screens, which corresponded to the time before and
during reward administration during training (though no
food was given during testing). Performance was measured
as the proportion of time spent in the correct screen area
(representing ~ 20% of the tank, Fig. 1b) of the total time fish
spent in both screen areas. We calculated the median propor-
tion of time spent with the correct stimulus across the three
replicate test trials for each test ratio, and employed the G.
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holbrooki validated learning criterion of 60% of time asso-
ciating with the reinforced stimulus (Agrillo et al. 2012a,
b). Specifically, our learning criterion required individuals
to achieve a median association time > 60% in at least one
of the three test ratios. Because our study aimed to capture
individual variation in learning, we additionally employed
a stricter ‘high performance’ learning criterion to identify
individuals who successfully generalized the learning rule
of attending to higher or lower numerical contrasts for a
food reward across multiple novel ratios. For this ‘high
performance’ learning criterion, we require individuals to
achieve a>82% median score of association time with the
reinforced stimulus in at least two of the three novel ratios.
This high-performance criterion required a fish to exhibit
highly selective behavior in 2 out of 3 replicate ratio test tri-
als across two distinct test ratios, and is statistically robust
to those who show high performance in two ratios and lower
performance in a third ratio (> 82% in 4 out of 9 trials, with
a binomial probability of p=0.049). This more difficult level
of evaluation allows us to identify individuals who can gen-
eralize learned associations across novel ratios and meet the
high levels of performance over a much shorter timeframe
than what is typically achieved after extensive training trials
common in operant conditioning paradigms. We used the
median performance within test ratios to evaluate whether
individuals were classified as either non-learners (< 60%
median in each test ratio), low-performing learners (> 60%
median in at least 1 test ratio), or high-performing learn-
ers (> 82% median in at least 2 test ratios). To compare a
continuous metric of learning performance with behavioral
measures, we evaluated each individual’s average numeri-
cal performance (average proportion of time spent near the
correct screen out of total screen time within the first 20 s
of all 9 test trials).

Cognitive flexibility (detour task) experimental
design

An experimental detour task tank (filled to 13 cm) was sub-
divided into a starting alley (26 X 14 cm), center section
(1431 cm), and reward section (14 X 31 cm), see Fig. lc.
Because male Gambusia exhibit high rates of copulation
attempts with females (Dadda 2015) and because female
Gambusia affinis shoal with other females to reduce male
harassment (Pilastro et al. 2003; Dadda 2015; Dadda et al.
2005), we used a male social activator and a female social
reward for all focal individuals. The male was placed behind
the starting alley in a visible container and remained there
for the length of the trial. The male activator is expected to
motivate both males and female subjects to move away from
the social activator male and towards the female reward.
Female subjects are likely to move away to minimize harass-
ment, and male subjects are likely to move away to minimize

competition. The center section contained a 25 cm-wide
glass barrier which prevented individuals traveling in a
direct line from reaching the social reward. The goal of
the task was for individuals to change their behavior upon
encountering the consequence (unsuccessful passage) of
approaching the reward head-on. The social reward was a
female in a clear container during the entirety of the trial.
Individuals could solve the detour task by turning away from
the direct line and traveling through the unobstructed zones
(3 cm) at each side of the glass barrier to reach the social
reward (Fig. 1¢). The focal individual habituated for 5 min
in an opaque tube and then swam freely in the apparatus for
the 10 min trial with social activator male and female reward
stimuli visible. Motivation was recorded as the latency to
reach the barrier, and solution speed was recorded as the
time difference between arrival at the barrier and arrival at
the social reward.

Temporal learning (shuttlebox) experimental design

Our experimental shuttlebox tank was 52X 26 cm filled to a
depth of 10 cm, with an Adafruit 7" LCD Display at either
end (Fig. 1d). The focal individual swam freely during a
5-min habituation in which both screens displayed a video
of an empty tank. After habituation, the fish was allowed
to continue swimming in the apparatus as one screen pre-
sented a 20 s video of five conspecific females, followed by
a 90 s inter-stimulus interval (ISI) of the empty tank on both
screens and then by the conspecific video on the opposite
side (Supplementary Table 1). The video of five conspecific
females was a recording of live individuals placed in a con-
tainer the approximate size window of the screen to ensure
realistic swimming behavior. This alternating stimuli-ISI
pattern lasted 1 h as in Pather and Gerlai (2009).

An individual must have transited between the two inter-
action zones (10 cm in front of each screen, Fig. 1d) at least
once during IST’s 4-9 to be considered a participant. Learn-
ers in the shuttlebox were evaluated as participants who
spent > 50% of interaction time in the correct region (within
10 cm of the screen with an imminent shoal group appear-
ing) during the final 30 s of the ISI for three consecutive tri-
als following the 4th ISI. This criterion required individuals
to traverse the middle 62% of the tank in two consecutive
ISIs to reach these interaction areas at the far end of the tank,
each of which only account for 19% of the tank area.

Video scoring

Human observers scored time spent in regions of the numer-
ical discrimination tank (Fig. 1b) (using CowLog 3.0.2 and
a python-generated grid overlay see “make_a_grid_script.
py” in https://github.com/kellyjwallace/Comparative-Cogni
tion-R-scripts). Additionally, we recorded latency to change
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regions following the image presentation (reaction time),
number of unique zones visited (exploration), and total tran-
sits between zones (activity). One author (KW) and twelve
undergraduate students independently scored 315 numer-
osity discrimination videos (Single Score Intraclass Cor-
relation between eleven scorers p=5.41 x 107%). Record-
ings for the detour task and shuttlebox assays were taken
using Debut Video Capture Software and LifeCam cameras.
Detour videos were independently scored by hand by two
undergraduate student scorers and compared to the co-author
(KW) scorer (p=4.83x 10 and p=2.03 x 10). Shuttle-
box videos were hand scored by three student scorers using
a python program developed by Luke Reding (see https://
github.com/lukereding/shuttlebox/blob/master/track/shutt
lebox_hand_track.py) that evaluated the position of the fish
at 5 s intervals.

Statistics

Data analyses and visualizations were conducted in R ver-
sion 3.5.0 (2018) and evaluated at «=0.05. We conducted
standard multiple linear regressions using the R package
“Im()” to determine correlations and effect sizes of relation-
ships between continuous independent variables using the
formula Im(Xx 1 ~ X 2). To identify the significance of sex and
learning performance category in our models, we addition-
ally ran linear models that included interaction terms using
the formula Im(X 1 ~ X2 * X 3). We conducted an unpaired ¢
test or unpaired Wilcoxon signed-rank test (determined by a
Shapiro—Wilk normality test) for continuous data split into
two categories, or a one-way ANOVA or Kruskal-Wallis
test depending on normality for continuous data split into > 2
categories. For categorical data, we conducted Chi-squared
tests on data with > 5 observations per category and Fisher’s
exact test for data which had <5 observations in a category.
Multivariate analyses were conducted using principal com-
ponent analysis via the R package “prcomp”. Data analysis
coding scripts, original data, and protocols can be found at
https://github.com/kellyjwallace/Comparative-Cognition-R-
scripts).

Results

Fifty-four individual G. affinis were run through a series of
three cognitive assays (numerosity discrimination, detour
task, and shuttlebox). However, due to technical errors, not
all individuals completed all assays. Completion rates across
assays varied with 36 individuals completing numerosity
discrimination (18 males, 18 females), 52 individuals com-
pleting detour task (25 males, 27 females), and 26 individu-
als completing shuttlebox (9 males, 17 females).
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Associative learning performance (numerical
discrimination)

In the numerical discrimination task, 18 individuals were
removed from analysis due to component malfunctions;
thus, 36 individuals were used for analysis. 23 individuals
successfully met the learning criterion (12F/11M), and 13
individuals did not (6F/7M) (Fig. 2a). This proportion of
learners is similar to the proportion found in the previous
studies employing this experimental design and with dif-
ferent poeciliid species (Agrillo et al. 2012a, b; Etheredge
et al. 2018). Six of the twenty-three learners (3F/3M) addi-
tionally met the high-performance learning criterion. Sex
did not influence the distribution of learners to non-learners
()(2=0; p=1.00, Fig. 2a). Our metric of performance cor-
related significantly with several others measured [Supple-
mentary Fig. 1; e.g., first side chosen (r2=0.175, p=0.013),
and latency to enter the correct side (+*=0.349, p=0.0004)].
There was no difference in performance between individuals
trained to the higher quantity or lower quantity (p =0.465,
t=—0.738) or across ratios (F=0.302, p=0.7399). The
sexes did not differ significantly in their learning perfor-
mance (f=1.483, p=0.148, Supplementary Fig. 3). Body
size (standard length, a proxy for age in female G. affinis
(Hughes 1986)) did not predict learning performance
(females: p=0.719, Pearson’s r=—0.094, males: p=0.770,
Pearson’s r=—0.074, combined: p=0.589, Pearson’s
r=-—0.095, see Table 1).

Cognitive style in associative learning (numerical
discrimination)

Given the differences in scoring methods across the three
assays, the most extensive data on cognitive style activity
were in the numerical discrimination. In the numerical
discrimination assay, males and females exhibited the
same levels of exploration (W=192, p=0.350), reac-
tion time (W=121, p=0.203), sociability (W=202,
p=0.214), boldness (+=1.5621, p=0.128), and activity
(W=217.5, p=0.082). Males exhibited a higher propor-
tion of time in regions associated with anxiety (thigmo-
taxis) than females (W =97, p=0.040, Supplementary
Fig. 2). Female standard length was significantly posi-
tively correlated with exploration (r=10.539, p=0.021)
and higher activity (r=0.464, p =0.052), but negatively
correlated with boldness (r=—-0.471, p=0.048, see
Table 1). Male standard length showed no significant
relationship to any of these behaviors (Table 1). Female
learning performance was significantly correlated with
reaction time (r=—0.541, p=0.025, Fig. 3a) and explo-
ration (r=0.510, p=0.036, Fig. 3b), and marginally sig-
nificant with activity r=0.477, (p =0.053, Fig. 3c). Male
behaviors did not relate to performance (reaction time:
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Fig.2 Learning performance differs between the sexes in the shut-
tlebox assay, but not the numerical discrimination or detour tasks. a
In the numerical discrimination assay, the sexes show roughly a 3:2
distribution of learners to non-learners (learners reaching a minimum
median performance of 60% for one of the three test ratios (7:14, 8 vs
12, 9 vs 12)). Equal numbers of male and females (3M/3F) reached
the high-performance criterion (82% minimum median performance

across 2 of the 3 test ratios). b Detour task solvers versus non-solvers
also are distributed equally across the sexes. ¢ Females reached the
learning criterion in the shuttlebox assay (learners exhibiting three
consecutive trials in which a majority of interaction time during the
last 30 s of the ISI was spent within 10 cm of the correct screen)
more than males (Fisher’s exact test, p=0.024)

Table 1 Female size predicts cognitive style behaviors in the numerical discrimination task

Behavior Females p  Females effect size  Malesp  Males effect size ~ Both sexes Both sexes
V4 effect size
Numerical discrimination performance 0.719 —0.094 0.770 -0.074 0.589 —0.095
Numerical discrimination learning category*  0.687 -0.204 0.595 0.267 0.839 —0.068
Detour solve category* 0.641 0.225 0.139 0.770 0.284 0.364
Detour latency to solve 0.344 —0.358 0.219 -0.454 0.537 -0.156
Detour motivation 0.438 -0.217 0.455 0.218 0.795 —-0.050
Shuttlebox learning category* 0.434 6.676 na na 0.034 5.504
Numerical discrimination exploration 0.021 0.539 0.182 0.329 0.009 0.430
Numerical discrimination boldness 0.048 —-0.471 0.706 —0.096 0.423 —-0.138
Numerical discrimination anxiety 0.234 0.295 0.733 —0.086 0.434 -0.135
Numerical discrimination activity 0.052 0.464 0.122 0.378 0.0008 0.535
Numerical discrimination reaction time 0.144 —0.358 0.148 —0.355 0.024 -0.376

The relationship between standard length (a proxy for age) and the behavior listed is shown for three data sets: only females, only males, and
all individuals combined. Continuous behavioral data results were determined using a multiple linear regression, and the reported effect size is
Pearson’s correlation coefficient. Categorical behavioral data results (denoted with *) were determined using a ¢ test, and the reported effect size

is Cohen’s D. Significant p values are bolded.

p=0.689, exploration: p =0.332, activity: p =0.489).
Interaction effects of sex were marginally significant
for reactivity (p =0.099) and exploration (p =0.077). A
principal component analysis of behavior (reaction time,
exploration, and activity) significantly predicts female

learning (p =0.007, r>=0.399) but not male learning
(p=0.439, r*=0.038) with a significant interaction effect
of sex (p=0.037) (Fig. 3d, e).
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Fig.3 Cognitive style in the numerical discrimination task predicts
performance. Female learning performance (average proportion of
screen time spent in front of the correct screen during initial 20 s
across 9 test trials) is predicted by a female reaction time (p=0.025),
b exploration (p=0.036), and ¢ activity (p=0.053) displayed during
test trials; whereas no significant correlations were found between
these measures in males. d A principal component analysis of these
three behaviors (reaction time, exploration, and activity) resulted

Cognitive flexibility performance (detour task)

In the detour task, 27 individuals (14F/13M) success-
fully navigated around the transparent barrier, 25 did not
(13F/12M) (Fig. 2b). Of the 25 individuals who did not
navigate around the barrier, 9 (4F/5M) did not approach the
barrier and were thus removed from further analysis. Size
did not differ between solvers and non-solvers (Table 1). On
average, it took solvers 80 s (SE=24 s) to solve the task
upon reaching the barrier. Latency to solve the task was not
predicted by sex (W=101, p=0.645, Supplementary Fig. 4),
size (females: r=—0.358, p=0.344, males: r=—0.454,
p=0.219, combined: r=-0.156, p=0.537), or motivation
(latency to reach the barrier, r=—0.107, p=0.596, Fig. 4).
Motivation did not differ by sex (W=221.5, p=0.846)
or size (females: r=—0.217, p=0.438, males: r=0.218,
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in two major axes that collectively describe 88.95% of variation in
behavior. The first principal component axis was primarily described
by reaction time, and the second axis was primarily described by
exploration and activity. e Associative learning performance in the
numerical discrimination task is significantly predicted by PC1 in
females (r=0.631; p=0.007) but not males (r=0.194; p=0.439)
with a significant interaction effect (p=0.037). High-performance
learners are denoted by black outlining

p=0.455, combined: r=-0.050, p=0.795) and did not
influence whether an individual successfully navigated
around the barrier (W=223.5, p=0.860, Fig. 4a) or solution
speed (linear model p=0.596, r*=0.011, quadratic model
p=0.279, Fig. 4b).

Spatio-temporal learning performance (shuttlebox)

Of the 54 individuals tested in the shuttlebox assay, three
were removed due to technical malfunctions, and nine were
removed from analysis for nonparticipation. We identified
six learners (all female) and 36 non-learners (19M/17F)
(Fig. 2¢). A significant sex difference in performance was
found, where females reached the learning criterion more
often than males (Fisher’s exact test, p =0.024, Fig. 2c).
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Cognitive style across tasks

In addition to cognitive style measures collected in the
numerical discrimination task, we collected measures of
cognitive style in the detour task and shuttlebox assay.
We assessed exploration in the shuttlebox as the number
of inter-stimulus-intervals—of 30 possible ISIs—that an
individual transited across the length of the tank from one
interaction area to the other. Reaction time in the numeri-
cal discrimination task correlates with motivation in the
detour task (latency to approach the transparent barrier)
in a sex-general manner (combined sexes: r=0.391;
p=0.036; males only: r=0.181; p=0.536; females only:
r=0.596, p=0.019, Fig. 5a). Exploration in the numeri-
cal discrimination correlated positively with motivation in
the detour task in a sex-general manner (combined sexes:
r=—-0.453; p=0.014; males only: r=—-0.45; p=0.105;
females only: r=—0.471, p=0.077, Fig. 5b). Activity in
the numerical discrimination (number of entries into all
zones) correlated positively with exploration in the shut-
tlebox task in males (r=0.519, p=0.039, Fig. 5c) but
not females (r=—-0.311, p=0.209), with a marginally
significant interaction effect of sex (p =0.050) (Fig. 5d).

Relationships in performance across domains

Individuals who solve the detour task exhibit significantly
higher numerical discrimination performance (sexes
combined: p=0.046, r=—2.080, Fig. 6). While there is
no significant interaction effect of sex and detour solve
category (p =0.248), males who solved the detour task
exhibited significantly higher numerical discrimination
performance than non-solvers (r=—2.361, p=0.035;
Fig. 6).

(latency to approach barrier)

Discussion

We identified sex differences emerging across multiple
attributes of cognition: in performance within a given task,
in cognitive style across domains, and in how cognitive
styles predict performance in the numerical task.

Sex differences in cognitive performance

Similar to findings in previous poeciliid studies utilizing
numerical, color, and shape discrimination, we observed
no sex differences in associative learning in our numerical
discrimination assay (Etheredge et al. 2018; Lucon-Xiccato
and Bisazza 2016). We found similar ratios of learners to
non-learners as other numerical discrimination experiments
with G. affinis (two-thirds learners, Etheredge et al. 2018).
We found no sex difference in cognitive flexibility as meas-
ured via our detour task, which is contrary to findings in
a related poeciliid (Poecilia reticulata) where females out-
perform males in this task (Petrazzini et al. 2017). Confirm-
ing our prediction, we found a significant sex difference in
performance in the spatio-temporal learning assay, with
females being more likely to reach the learning criterion
than males. The only previous examination of this cogni-
tive task in teleosts showed no sex differences in zebrafish
(Pather and Gerlai 2009).

The greater spatio-temporal learning performance in
female G. affinis may be driven by sexually dimorphic moti-
vations to shoal. Females from poeciliid species with high
levels of sexual coercion like Gambusia employ shoaling
as a strategy to reduce male harassment (Dadda 2015), and
Gambusia females shoal more than males (Etheredge et al.
2018; Heinen-Kay et al. 2016). Female G. affinis have been
shown to choose shoal group size in a rational manner (Red-
ing and Cummings 2019); and in Gambusia, the benefit for
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females to select larger shoals includes reduced male har-
assment, increased male—male agonistic interactions, and
increased female foraging efficiency, (Pilastro et al. 2003;
Smith 2005). Increased shoaling tendencies in females may
drive the shoaling-related cognitive advantage observed
in G. affinis females as seen in our spatio-temporal learn-
ing task in which females were more successful than males
in predicting the time and place of the shoal. This sexual
dimorphism in shoaling—and the sexual conflict that drives
it—may manifest in sex differences in spatio-temporal cog-
nitive tasks that emulate shoaling decisions.

Relationships between cognitive style
and performance in the numerical discrimination
task

While performance did not differ between the sexes in the
numerical discrimination task, the relationship between cog-
nitive style and performance differed between the sexes. This
suggests that males and females exhibit different approaches
(likely driven by different sex-specific selection pressures)
by which they reach equal levels of ability. Performance in
numerosity discrimination tasks was predicted by a suite of
related behaviors exhibited during the test trials by females
but not males. Female mosquitofish that exhibited a ‘fast-
exploratory’ cognitive style in the numerical discrimination
assay exhibited higher associative learning performance.
Specifically, females that explored a greater area of the
tank, reacted faster, and moved more demonstrated higher
numerical discrimination performances. A positive associa-
tion between ‘fast behavioral” type and associative learning
is documented across multiple taxa particularly in response
to predation (Dougherty and Guillette 2018), including
black-capped chickadees (Poecile atricapillus) (Guillette
et al. 2009), sticklebacks (Gasterosteus aculeatus) (Bensky
et al. 2017), and Panamanian bishop fish (Brachyraphis epis-
copi) (DePasquale et al. 2014). The ecological pressures that
might lead to individuals adopting fast behavioral types may
stem from being exposed to threatening environments (high
predation), which places a selective pressure on the speed at
which they sample their environment.

In some populations of guppies, intense male harassment
has driven females into different habitats with greater preda-
tion levels than males (Croft et al. 2006). Have the intense
social pressures found in Gambusia driven sex-specific habi-
tat differentiation and thus shaped female fast-exploratory
cognitive styles? In previous fish studies examining sex
differences in cognitive styles during associative learning
assays with food rewards (Mamuneas et al. 2015), and dur-
ing visual discrimination of shapes and colors (Lucon-Xic-
cato and Dadda 2016), researchers have found a fast-explora-
tory cognitive style associated with males, not females. Only
during shoal discrimination, tasks in poeciliids (guppies)

have females been shown to make faster decisions than
males (Lucon-Xiccato et al. 2016). If strong sexual selection
pressures have shaped female Gambusia shoaling decision-
making processes, perhaps, this has influenced the cognitive
style in numerical discrimination tasks in general.

The cognitive style that is identified in females during
the numerosity discrimination task in this experiment is
comprised of behaviors that tend to covary with female
size (Table 1). Poeciliid females experience indeterminant
growth, and therefore, standard length is often a proxy for
female age. While larger/older females were no better at
numerosity discrimination than smaller females, they did
trend towards being more exploratory, reacting faster and
moving more in the test trials (Table 1). This reflects find-
ings showing that larger females tend to disperse farther
(Brown 1985). Are female G. affinis developing a cogni-
tive style as they age? Age-dependent decision-making pro-
cesses have been documented among female poeciliids. For
instance, relative to smaller females, larger and presumably
older female El Abra swordtails show stronger preference for
courting phenotypes over coercive phenotypes (Wong et al.
2011) and exhibit less transitivity in mate choice decisions
involving male size (Reding and Cummings 2018). Whether
the increased exposure to male harassment over a female’s
lifetime contributes to the development of fast-explorative
female cognitive style can only be determined with manipu-
lative social experiments.

It is imperative to caution that the causal relationship
between cognitive style and cognitive performance is
unknown (Sih and Del Giudice 2012; Dougherty and Guil-
lette 2018). In addition to implying that our ‘high learning
individuals’ could be the result of individual differences in
activity and exploratory tendencies, we must acknowledge
that the behavior observed in the numerical discrimination
testing trials could be a result of cognitive performance—
i.e., those individuals who quickly learn the task may more
quickly habituate and thus become more active and explora-
tory. Further studies assessing the developmental sources
of variation in cognitive style and cognitive performance
would help us to understand the causal relationship between
behavior and cognitive ability.

Consistent cognitive styles across tasks

Expanding beyond the behaviors displayed in the associa-
tive learning task, we find consistent behavioral relationships
across tasks. When we compared cognitive style behaviors
across the assays, we found consistent variation across indi-
viduals. Reaction time to stimulus presentation in the numer-
ical discrimination task correlated with motivation behavior
in the detour task across sexes (Fig. 5a). Males and females
that were the fastest to approach conspecifics in the detour
task made faster decisions in the associative learning trials.
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These results suggest consistent individual variation along a
“fast-slow” axis of behavior not only within the associative
learning task, but across contexts. This ‘fast-exploratory’
cognitive style observed in these mosquitofish appears to
share attributes of previously described ‘fast behavioral’
type individuals (more exploratory, active, bold, and aggres-
sive, see Sih and Del Giudice 2012) in other taxa. Even
within this consistent behavioral variation across contexts,
we find emerging sex differences: activity in the numerical
discrimination task correlates positively with exploration in
the shuttlebox task in males but not females (Fig. 5c, d). This
suggests that males are displaying consistent movement-
based behaviors (exploration and activity levels) across dif-
ferent contexts. These consistent cross-context individual
differences in male movement behaviors possibly reflect
underlying genetic variation in male exploratory strategies.
While many poeciliid species have a diverse array of geneti-
cally determined alternative male reproductive strategies,
Gambusia affinis males exhibit a single strategy (coercion).
Yet, the individual variation in male exploratory behavior
observed here may suggest that these coercive may represent
a different array of exploratory strategies.

Performance across cognitive domains

In addition to performance and cognitive style, we found
consistent performance across domains: individuals who
successfully solved the cognitive flexibility task (detour
task) showed significantly higher associative learning
performance. This relationship has not previously been
described in poeciliid fish. Given that acquisition and other
measures of cognitive flexibility (e.g., reversal learning)
utilize different neural mechanisms (Lépez et al. 2000;
Dalley et al. 2004; Eisenhardt and Menzel 2007), our find-
ing of a positive relationship in performance across these
domains is an interesting result. Gambusia are extremely
invasive (found in over 40 countries, Welcomme 1992)
and, thus, frequently experience highly variable envi-
ronments. Invasive species may utilize both associative
learning and cognitive flexibility as a strategy to succeed
in these dynamic environments. This concept, known as
the “adaptive flexibility hypothesis”, emphasizes that
cognitive flexibility is an adaptive response to a changing
physical environment (Wright et al. 2010) or social (Bond
et al. 2007) environment. In Gambusia affinis, an invest-
ment in a positive domain relationship between associa-
tive learning and cognitive flexibility may predominantly
benefit males given that they are more likely to disperse
than females (Brown 1985) and disperse farther (Wright
et al. 2010; Cote et al. 2010). The greater dispersal ten-
dency in male Gambusia affinis may be contributing to
the putatively stronger relationship between associative
learning performance and cognitive flexibility in males
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relative to females (Fig. 6). However, further studies with
larger sampling sizes are necessary to resolve this intrigu-
ing possibility.

Conclusion

Our study identified new sex differences in spatio-temporal
learning, sex-specific cognitive styles within associative
learning, consistent individual variation in behavior across
tasks, and a positive relationship between performances
across cognitive domains. A wealth of literature has identi-
fied sex differences in cognitive performance in mammals
(Rice et al. 2017), birds (Brust et al. 2013), reptiles (Carazo
et al. 2014), and fish (Lucon-Xiccato and Bisazza 2017a,
b; Cummings 2018). But here, we find that sex differences
extend beyond performance into other cognitive attributes
such as cognitive style and cross-domain relationships, sug-
gesting that more comprehensive characterization of cog-
nition is important. Our experimental design in which the
same individuals were assessed for cognitive performance
and style across domains allowed us to detect previously
undescribed sex differences in cognition in Gambusia affinis.
Fish exhibit a wealth of sex-specific ecological (Laland and
Reader 1999; Lucon-Xiccato and Dadda 2017) and sexual
selection pressures (Magurran and Macids 2000; Cummings
2018; Dadda 2015); therefore, we can expect fish to continue
to be an insightful taxonomic group in uncovering predictive
patterns of sex differences in cognition (Cummings 2018).
Further studies, particularly those utilizing more extensive
suites of cognitive testing, investigating neural mechanisms,
and identifying developmental bases of these relationships,
will be critical to elucidate mechanisms governing the pat-
terns observed in this study. In addition, comparisons of
related species that differ in degree of sexual conflict and
ecological pressures will be an important next step in distin-
guishing the factors that drive individual variation in cogni-
tive performance.
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