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Male mating tactics, the morphological and behavioral traits that males employ to access potential mates, alter female space use,
time budget, and ecology in ways that may have downstream consequences for female behavior and cognition. Courtship tactics,
in which males display and females exercise preferences, are common in some taxa. In others, coercive tactics, in which males
force matings with limited female choice, predominate. Because behavior and cognition often transcend a single context, we ask
whether variation in male mating tactics predictably shapes female behavior and cognition outside of mating. Controlling for pre-
dation by using populations housed in ecologically identical mesocosms for multiple generations, we compared female behavioral
and cognitive traits of 4 different species across the teleost fish family Poeciliidae. We compared all-coercive Gambusia vittata and
Heterandria formosa to Limia perugiae and Xiphophorus nigrensis, species with both coercion and courtship. We assessed females on
sociability, activity, boldness, stress movement, cognitive flexibility, and spatial learning. Mating system predicted variation in
movement patterns, cognitive flexibility, and spatial learning. Mixed-tactic species showed higher activity, stress movement, and
cognitive flexibility than coercion-only taxa. In spatial learning, the all-coercive G. vittata had the highest accuracy and was the
only species to show evidence for learning across trials. Multivariate approaches identified movement traits as the largest fac-
tors differing between mating systems in cognitive-behavioral syndromes. This work provides the first suggestion that species-
level variation in poeciliid male mating tactics is a potential factor contributing to differences in female behavior, cognition, and
cognitive-behavioral syndromes.
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Introduction (Kodric-Brown and Nicoletto 1996; Schliiter et al. 1998; Uy et al.
2001; Cummings et al. 2003; Rios-Cardenas et al. 2007; Schlupp
et al. 2010; DuVal et al. 2013; Calabrese et al. 2014; Makowicz et al.
2016; Cummings and Endler 2018; Ryan et al. 2019).

There are several broad behavioral and cognitive axes that
might be responsive to interspecific variation in male mating
tactics. Boldness, or an animal’s tendency to engage in risky be-
havior, is a broad behavioral axis that can be shaped by the social
environment. For instance, a developmental study with a species
of northern swordtail (Xiphophorus nigrensis) revealed that females
raised in complex environments with both male courtship and
coercion became bolder than females raised with only courtship
or only coercion (Queller et al. 2022). Boldness also affects space
use in the presence of high male harassment (Darden and Croft
2008) and covaries with an array of ecological variables, such
as foraging ecology (Wilson et al. 1993), dispersal (Fraser et al.
2001; Rehage and Sih 2004), and predator inspection (Blaszcyk
2017). Female shoaling tendencies can also be influenced by male
mating tactics (Pilastro et al. 2003). For instance, comparative
work across several poeciliid fish species has shown that females
from more highly coercive taxa shoal more closely with other
females in the presence of males than females from taxa with

Male mating tactics, or the suite of morphological and behavioral
traits by which males compete for access to females, have diverse
consequences for females. Male mating tactics range from elab-
orate displays in which males invest significant amounts of time
and resources (Mitoyen et al. 2019), to sneak copulations and co-
ercive mating, in which a male neither guards a resource nor dir-
ectly courts a female (Pilastro et al. 1997). Variation in male mating
tactics among species has been shown to drive female morpho-
logical (Brennan and Prum 2015; Orbach et al. 2018; Carvalho
et al. 2021), behavioral (Magurran and Seghers 1997; Jirotkul 1999;
Takami and Sota 2007; Queller et al. 2022; Yang et al. 2023), and
even cognitive (Queller et al. 2023) diversification. In cases where
females exercise limited choice prior to mating and in which male
harassment is frequent, they may exhibit distinct behavioral
counter-adaptations to male mating behavior by forming social
aggregations (Bon and Campan 1996; Dadda et al. 2005; Agrillo
et al. 2006; Silk 2007; Brask et al. 2011; Dadda 2015) and reducing
time spent foraging (Pilastro et al. 2003; Yang et al. 2023). In con-
trast, in mating systems with courtship, females may show dis-
tinct preferences for males with certain traits and actively seek
out males that have certain ornaments and display behaviors
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courtship (Dadda 2015). Along similar lines, female baseline ac-
tivity might also be responsive to male mating tactics. If success-
fully evading coercion involves frequent movement responses,
then activity levels may differ between females from all-coercive
systems relative to females from taxa with a higher proportion of
courtship tactics. So far only limited work has examined baseline
activity rate in relation to male mating tactics. In stream water
striders (Aquarius remigis), a species with high levels of coercive
mating that females almost always attempt to resist (Rowe et al.
1996), females with lower baseline activity are more likely to en-
gage in mating interactions with males (Wey et al. 2015). And
in guppies (Poecilia reticulata), which have males that coerce and
court, females reared in environments with higher rates of unsoli-
cited male mating attempts were more active (Killen et al. 2016).

In addition to driving variation in female behavioral responses,
divergence in male mating tactics is also expected to affect the
evolutionary trajectory of female cognition (Cummings and
Ramsey 2015; Cummings 2018), which can be broadly defined as
the neuronal processes involved in the acquisition, retention, and
use of information (Shettleworth 2010). Evidence suggesting that
cognitive processes might be involved in coordinating responses
to male mating tactics comes from studies in live-bearing fishes
of the family Poeciliidae. Artificial selection for increased male
gonopodium length (and presumably greater capacity for sexual
coercion) in the all-coercive Gambusia holbrooki showed that fe-
male brain size increased in response (Booksmythe et al. 2016;
Buechel et al. 2016, but see Culumber et al. 2020). In addition,
selection for increased brain size in the guppy (P. reticulata) with
mixed-tactic males that court and coerce revealed that larger
brained females made more optimal mating decisions (Corral-
Lopez et al. 2017, 2020). Developmental studies in swordtails (X.
nigrensis) with distinct male mating phenotypes (courters, co-
ercers, and mixed-tactic males) have shown that different devel-
opmental exposures to these male types can directly influence
cognitive abilities. For instance, female swordtails raised in simple
social environments with single male mating tactics (either all
coercion or all courtship) showed higher spatial accuracy and
better spatial learning performance than females raised in more
complex mating environments with both courtship and coercion
present (Queller et al. 2023). This is somewhat surprising given
that research with birds and mammals has suggested that more
complex social environments place a higher demand on cognitive
flexibility (Bond et al. 2007; Amici et al. 2008; Johnson-Ulrich and
Holekamp 2020). Furthermore, short-term exposure (~30 min)
to different swordtail male mating types revealed that females
exposed to a mix of both courtship and coercive males engaged
in neurogenomic learning pathways more than females exposed
to only coercive types (Wong et al. 2011; Lynch et al. 2012; Wang
et al. 2015; Wong and Cummings 2014).

Despite the fact that many of the behavioral and cognitive
traits examined in relation to male mating behavior transcend a
single context (Dochtermann and Dingemanse 2013), we lack an
understanding of how variation in male mating behavior across
species affects the evolution of female behavioral and cognitive
traits outside of the mating context. Live-bearing fishes of the
family Poeciliidae are an excellent taxonomic group to examine
patterns generated by sexual selection because of the exten-
sive variation in male mating tactics across species (Culumber
and Tobler 2017). In most species of poeciliids, the sexes show
large disparities in reproductive investment, as females have
internal gestation over several weeks, whereas males con-
tribute only sperm. As a result of this disparity in investment,
male poeciliids have evolved divergent reproductive tactics to

increase their likelihood of mating. The 2 primary mating tac-
tics in poeciliids are courtship, in which males conspicuously
display prominent dorsal or caudal fins, and sneak copulations,
in which males approach females from behind and attempt
to force them into mating. In some poeciliids, males flexibly
switch between coercive and courtship tactics or fall into 2 or
more fixed male types that exclusively employ either coercive
or courtship tactics (Farr and Travis 1986; Ryan and Causey
1989; Erbelding-Denk et al. 1994). Such mixed-tactic mating
systems involve higher social complexity, as females must learn
and respond appropriately to a wider range of mating behaviors
(Griebling et al. 2020). In other species, males do not display
to females and instead rely exclusively on sneak copulations
(Bisazza 1993; Plath et al. 2007). Although all male mating tac-
tics can be costly to female poeciliids in terms of time away
from foraging, coercive tactics are more disruptive than court-
ship to female foraging behavior (Yang et al. 2023), prevent fe-
males from exercising mate choice (Bisazza and Marin 1995),
and may use gonopodial claws to overcome female resistance
(Kwan et al 2013) increasing the likelihood of physical costs to
females.

In this study, we utilize mating system variation present
across 4 different poeciliid species from distinct clades (Fig. 1) to
study its potential consequences for female behavior and cog-
nition. We conduct behavioral and cognition experiments on 2
species with a mix of courtship and coercive mating tactics, X.
nigrensis and Limia perugiae (Ryan and Causey 1989; Erbelding-
Denk et al. 1994), and 2 species with only coercion, Gambusia
vittata and Heterandria formosa (Bisazza 1993; Schrader et al.
2012). We carefully selected coercive taxa that were as phylo-
genetically distant as our mixed-tactic taxa. All 4 species come
from distinct genera with similar levels of relatedness to one
another (30 to 40 million years diverged; Reznick et al. 2017,
Furness et al. 2019, Fig. 1). Although our limited, but phylogen-
etically broad, sampling approach prohibits us from conducting
phylogenetic contrasts, it does allow us to detect potential
mating system-associated patterns broadly found across clades.
In our effort to identify cognitive and behavioral traits influ-
enced by male mating tactics, we collected all females from
multigenerational, single-species populations experiencing no
fish predation (and limited avian predation) in similar ecological
conditions (800-gallon outdoor mesocosms) at Brackenridge
Field Laboratories in Austin, TX. Although behavioral and cog-
nitive traits may differ from those found in wild-caught fish
in their ancestral populations (D'Amore et al. 2019), our use of
these source populations allows us to begin identifying vari-
ation by mating system while minimizing species-specific dif-
ferences due to ecological variables such as predation (Brown
et al. 2007; Burns and Rodd 2008; Magnhagen et al. 2012) and
habitat (White and Brown 2014; He et al. 2019, but see Roth et al.
2011). Using females from these populations, we measure 4 be-
havioral traits (activity, movement under stress, sociability, and
boldness) along with performance in 2 cognitive tasks (spatial
learning and cognitive flexibility). We hypothesize that females
with shared mating systems (either all-coercive or mixed-tactic)
will show similar behavioral and cognitive traits. Based on prior
research, we make the following predictions for behavioral and
cognitive traits across the 4 species. Specifically, we predict that

(1) sociability will be higher in the all-coercive taxa based on
comparative work across poeciliids (Dadda 2015),

(2) activity will be higher in all-coercive species based on pre-
vious work in guppies (Killen et al. 2016),
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Fig. 1. Phylogeny of the family Poeciliidae. Modified with permission from Furness et al. (2019). This phylogeny shows the distribution of our 4
experimental species among the major clades of poeciliids. The phylogeny also shows the distribution of male mating tactics (blue for the presence
of courtship, gray for the absence of the courtship). Limia perugiae large male and female images courtesy of Rodet Rodriguez-Silva. Heterandria formosa
female image courtesy of NCFishes.com © Scott A. Smith, CC BY-SA- 4.0. Male image courtesy of Flickr © Brett Albanese, CC BY-NC-ND- 2.0. Gambusia

vittata male image courtesy of Michi Tobler.

(3) boldness will be lower in all-coercive mating systems
based on social manipulation rearing experiments in
swordtails (Queller et al. 2022),

(4) spatial learning will be more advanced in the all-coercive
species based on social manipulation rearing experiments
in swordtails (Queller et al. 2023), and

(5) cognitive flexibility will be greater in mixed-tactic species
based on correlations between social complexity and cog-
nitive flexibility observed across bird and mammal spe-
cies (Bond et al. 2007; Amici et al. 2008).

Methods

For testing in the battery of behavioral and cognitive assays,
we first collected a total of 151 adult females of the 4 species
(sample sizes of 29 X. nigrensis, 58 L. perugiae, 34 H. formosa, and 30
G. vittata) from single-species, mixed-sex, outdoor breeding tanks

(> 800 gallons) at Brackenridge Field Laboratories (BFL) in Austin,
Texas. These enclosures are seminatural environments that lack
fish predators and are inaccessible to wading birds due to their
depth (>1 m depth). The X. nigrensis and G. vittata populations
were originally collected at the source of the Rio Choy in northern
Mexico over 12 years prior to this study. The L. perugiae population
was provided by the International Stock Center for Livebearing
Fishes and was originally collected in 2016 from Lake Enriquillo,
a hypersaline lake in the Dominican Republic. The H. formosa
population was collected in northern Florida in 2016. To begin
our comparative behavior and cognition assays, we collected the
abovementioned X. nigrensis, H. formosa, and G. vittata populations
from the BFL enclosures in May 2021. We collected 29 of the L.
perugiae individuals in November 2020 for participation in the so-
ciability and detour reaching tasks, and we collected the other 29
individuals in November 2021 for participation in scototaxis and
route learning.
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Behavioral and cognitive testing

We collected fish from each species-specific enclosure at BFL and
acclimated them to laboratory conditions in Patterson Labs at
UT Austin for at least 1 week prior to testing. Following this ac-
climation period, fish were socially isolated for 3 days prior to
testing. Fish could interact with individuals in neighboring iso-
lation tanks (via a shared transparent tank wall), but only 1 in-
dividual was present in each tank. Following the acclimation
period, we tested individual fish on a battery of 4 different assays:
sociability (shoaling), cognitive flexibility (detour reaching), bold-
ness (scototaxis), and spatial learning (route learning). In total,
we tested 151 females across the 4 species (see numbers above in
collection info). We tested the first 30 L. perugiae females on soci-
ability and detour reaching in November and December of 2020.
We tested X. nigrensis, G. vittata, and H. formosa females on all 4
assays from June to August of 2021. We tested the second group of
L. perugiae females (n = 30) on scototaxis and route learning from
November to December of 2021. We isolated each individual for
a period of 3 days prior to starting the battery of tests. Each in-
dividual underwent one assay per day over the course of 4 days.
To reduce the potential carryover effects of a stressful assay on
behavior in a subsequent assay (Bell 2013), we arranged assays in
order of least stress-inducing to most stress-inducing: sociability
assay (first), detour reaching (second), route learning (third), and
scototaxis (fourth). We reasoned that the sociability assay was
the least stressful due to the presence of a shoal of female con-
specifics. And we reasoned that the scototaxis assay would be the
most stressful assay due to the well-documented aversive prop-
erties of brightly lit environments for fish (Maximino et al. 2010)
and the lack of female conspecifics.

Sociability

To evaluate general activity levels and social tendencies of all focal
females, we conducted a sociability assay (Fig. 1a) using a shoal
group of 5 conspecific females as in Queller et al. (2022) and with a
similar design to Agrillo et al. (2006) and Plath and Schlupp (2008).
We used an infrared camera (IR-Capable Monochrome GigE) to
record videos of each trial and illuminated the tank with IR LED
strips placed underneath the tank. Before the first assay of a given
day, we placed 5 adult female reward fish on the “shoal” side of the
transparent barrier for a 20-min habituation period. Next, the first
focal fish was placed in an opaque PVC tube 10 cm in diameter
on the opposite side of the plexiglass barrier from the shoal group
for 5 min prior to the beginning of their trial. Once the habituation
period was over, we removed the PVC tube, and the focal fish was
recorded using the IR camera for a 10-min period.

We used EthovisionXT15 (Noldus) behavioral tracking soft-
ware to quantify the behavior of each focal fish, including time
spent in the 2 cm region adjacent to the reward shoal’s plexiglass
barrier known as the interaction zone (Fig. 2a) and total distance
moved. We evaluated focal female social behavior as the total
time spent in the interaction zone and focal female activity levels
by the total distance moved throughout the entire shoaling tank.
We used this metric as a baseline measure of activity because it
characterizes movement in a nonthreatening environment.

Detour reaching

We also measure cognitive flexibility, or the ability to shift atten-
tion and behavioral responses according to new contingencies
(Badre and Wagner 2006), using a detour reaching task. This task
assesses the facet of cognitive flexibility known as inhibitory con-
trol, or the ability to inhibit a preexisting response to a stimulus
according to new information (van Horik et al. 2018).

We began the detour reaching assay (Fig. 2b) by placing a con-
specific female reward fish in a transparent glass cylinder on the
opposite end of the tank from the runway. We placed the focal fish
behind a blue-felted habituation barrier 10 cm from the end of
the runway and approximately 42 cm away from the reward fish
on the opposite side of the glass barrier. The focal fish underwent
a 5-min habituation period behind the felted barrier. To start each
trial, the barrier was removed, and the focal fish was recorded for
a 10-min observation period using a Nikon D3300 camera.

Detour video recordings were hand-scored by observers un-
aware of the study’s objectives for 2 measures (social motivation
and problem-solving speed). We measured social motivation as
the time it took each focal fish to travel from the start position
(release from habituation) to the glass barrier (within 2 cm; see
Fig. 2b). We measured problem-solving speed as the time it took
each fish to travel from the glass barrier to entering the reward
zone (defined as more than half of its body passing through the
reward zone entryway).

Route learning

To begin the assay, we placed 2 conspecific female reward fish
in the transparent tube in Zone 3 (Fig. 2c). Following a 5-min ha-
bituation period for the reward fish, we placed the focal fish in a
transparent habituation tube in Zone 1, from which the reward
fish are visible. To evaluate spatial learning, we ran each focal
fish through 5 consecutive route learning trials, with accuracy
and solve time recorded for each trial. Before the first trial, we
habituated each fish for 5min in the transparent habituation
tube in Zone 1. After the habituation period, we removed the tube
and began filming for a period of 10 min. If the fish successfully
solved the task (entered Zone 3) before the 10-min period ended,
we contained the focal fish within the reward zone by placing
a felted barrier to the reward entrance, and we gave it 5 min to
spend interacting with the reward fish (to increase motivation to
solve in subsequent rounds). If the focal fish did not solve the trial
in 10 min, we gently nudged it with a hand net toward Zone 3 (to
show the fish the correct route). For trials 2 to 5, we gave the focal
fish a 2-min habituation period and a 5-min social interaction
time with the reward at the end of each trial (except trial 5). If fish
did not solve for 3 consecutive trials, they were considered “non-
solvers,” and we ended the assay after their third unsolved trial.
Between trials, we completed a partial water change (one-fourth
of tank water) to limit the possible effect of stress hormones
from previously tested fish on route learning performance. We re-
placed each reward fish with a new reward fish after each focal
fish completed their trials. Observers naive to the hypotheses
being tested in this study hand-scored route learning videos for
the number of times each fish approached and passed through
both wrong and correct doors in a given trial.

Scototaxis

To evaluate boldness tendencies and activity levels in a
threatening environment (stress movement), we measured space
use and total distance moved in a scototaxis tank (Fig. 2d). The
scototaxis tank is divided into a brighter, more exposed white half
and a darker, black half that can serve as a refuge. The majority
of small fish species assessed on scototaxis, including zebrafish,
swordtails, and guppies, show a consistent preference for the
black compartment (Maximino et al. 2010; Queller et al. 2022),
and anxiolytic compounds have been shown to alter the amount
of time zebrafish spend in each half of the tank (Maximino et al.
2011; Ramsey et al. 2014). In our scototaxis assay, we considered
individuals that spent more time in the exposed, white half of the
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Fig. 2. Experimental tank schematics. (a) Shoaling assay tank. Five live conspecific females are placed to the left of the plexiglass barrier to serve as
a shoal group. Subject females are released from a habituation tube placed in the center of the tank (not shown), video recordings are collected from
above for 10 min, and movement (total distance moved in cm) and position (time spent in interaction zone) are tracked using Ethovision. (b) Detour
reaching tank. One live conspecific female is placed in the glass tube on the right side of the tank to serve as the reward fish. Subject females are
released from behind a barrier (not shown) placed 5 cm from the left end of the alley. After the fish finishes habituating in the left alley for 5 min,
social motivation (time taken to reach the glass barrier in seconds) and solve time (time taken to reach the reward from the barrier) are recorded
during a 10-min trial. (c) Route learning tank. Two conspecific female fish are placed in the transparent tube in Zone 3 of the experimental tank to
serve as rewards. Subject females are released from the habituation tube in Zone 1, and time to Zone 3 and a number of wrong door entries are
recorded across a 10-min trial. (d) Scototaxis tank. Subject females are initially habituated between 2 barriers straddling the boundary between the
white and black zones (not shown). After a 5-min habituation period, female subjects are released and movement (total distance moved in cm) and
position (time spent in the white and black zones) are tracked across a 10-min trial.

tank to be bolder. To begin each trial, we placed the focal fish in
the middle of the tank (see Fig. 2d) between a black barrier and a
white barrier for a 5-min habituation period (not shown in figure).
Following habituation, we removed the barriers, and we began re-
cording for a 10-min period. After each individual trial, we com-
pleted a full water change of the scototaxis tank to eliminate the
effects of stress hormones in the water between different females
undergoing scototaxis trials. We used Ethovision XT15 to quantify
the total distance moved (stress movement) and total time spent
in the white zone (boldness).

Statistical analysis

We analyzed behavioral and cognitive data using R (v4.2.0).
According to results from the Shapiro-Wilk tests, none of the be-
havioral and cognitive variables measured across species were
normally distributed. Thus, we used nonparametric Kruskal-
Wallis tests to assess behavioral and cognitive traits across spe-
cies and pairwise Dunn'’s tests for comparisons between species.
For each Dunn’s test result, we calculated a P-value that was ad-
justed for multiple comparisons using a Bonferroni correction.
Additionally, to account for variation in body size within and
among species, we constructed a set of general linear models
(GLMs) for each behavioral and cognitive trait as the response
variable, using standard length and mating system as fixed

effects (for a list of models constructed, see Table S1). For each
response variable, we assessed model fit using the Akaike infor-
mation criterion (AIC) and ranked models from best fit to worst
using A-AIC. We also computed Akaike weights to provide add-
itional information about the strength of evidence in favor of one
competitive model over another (Wagenmakers and Farrell 2004).
For route learning performance across trials, we used a linear
mixed-effects model to determine the effect of trial and species
on the number of wrong door entries per trial. We also used a
simple linear regression model to calculate the average slope of
wrong door entries for each species between trials 1 and 3. To as-
sess behavioral and cognitive-behavioral syndromes, we first con-
ducted a linear discriminant analysis (LDA) to determine which
behavioral and cognitive traits maximized differences among
species in multivariate space. To assess behavioral and cognitive-
behavioral syndrome structure within each species, we then em-
ployed structural equation modeling (henceforth SEM) facilitated
by the R package lavaan (Rosseel 2012). For both LDA and SEM
approaches, data from the species L. perugiae were excluded due
to technical issues in the data collection process that prevented
each individual from undergoing all 4 assays.

In our SEM approach to identify cognitive-behavioral syn-
dromes, we determined the best-fit model of syndrome structure
for each species independently. For each species, we constructed
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all possible models of syndrome structure (57 models total)
formed by at least 2 of the behavioral and cognitive traits we
measured. The behavioral syndrome was treated as the latent
variable in each model, and each of the behavioral and cognitive
traits included was an observed variable. We used 3 fit indices to
determine model fit (Huang et al. 2020). The first fit index we used
was a chi-squared test that measures the discrepancy between
the sample and fitted covariance matrices of the model (Bentler
and Bonett 1980). The second was a goodness-of-fit index (GFI)
that checks the variances and covariances accounted for by the
model to see how closely the model can replicate the observed
covariance matrix (Hu and Bentler 1999). And the third was a root
mean square error of approximation (RMSEA) that tests how well
the model fits the population’s covariance matrix (Sugawara and
MacCallum 1993). Because these 3 fit indices incorporate slightly
different aspects of model fit and have distinct biases, a model
was deemed to be a good fit only if it met acceptable fit criteria for
all 3 indices: a nonsignificant P-value from the chi-squared test,
a GFI value > 0.9, and an RMSEA value < 0.5 (Schermelleh-Engel
et al. 2003). For all models that met these 3 fit criteria, we used
AIC to select the most parsimonious model of syndrome struc-
ture. The model with the lowest AIC score was deemed the best-fit
model. Models with a<2 A-AIC were considered equally good fits.

Results

Shoaling: activity

We found that species differed in activity (total distance moved in
a nonthreatening shoaling assay; Kruskal-Wallis test, H = 24.453,
df =3, P<0.001; Fig. 3a). Xiphophorus nigrensis moved a signifi-
cantly greater distance than both G. vittata and H. formosa but
did not differ from L. perugiae (Fig. 3a, Table S1). Additionally, L.
perugiae showed higher movement than G. vittata but not H. for-
mosa. Consistent with these results, the best-fit GLM for activity
included mating system as the sole fixed effect (Table 1). The
other competitive (A-AIC <2) model contained mating system
and standard length as fixed effects, but only the effect of the
mating system was significant when controlling for standard
length (x? = 23.69, Table 1).

Shoaling: sociability

We found interspecific variation in time spent interacting with
the conspecific shoal in the sociability assay (Kruskal-Wallis test,
H=31.82, df =3, P<0.001; Fig. 3c). Limia perugiae spent signifi-
cantly less time in the interaction zone than each of the other
species tested. Xiphophorus nigrensis and H. formosa spent the
greatest amount of time interacting with conspecific females,
but only H. formosa differed significantly from the intermediate
G. vittata (Fig. 3c, Table S1). Consistent with the divergence of
L. perugiae in sociability from the other 3 species, mating system
and standard length were present in the best-fit GLM explaining
sociability variation, but only mating system had a significant ef-
fect (Table 1).

Scototaxis: movement under stress

Species also differed significantly in their movement patterns
under stress (total distance moved during scototaxis: Kruskal-
Wallis test, H=54.003, P <0.001; Fig. 3b). Xiphophorus nigrensis
moved a greater distance than all other species tested. Limia
perugiae moved a greater distance than H. formosa but not G.
vittata (Fig. 3b, Table S1). The best-fit GLM explaining stress move-
ment variation included mating system and standard length as

separate fixed effects, and the other competitive model included
mating system, standard length, and an interaction term be-
tween the 2 variables. In both cases, only mating system showed
a significant effect when accounting for other variables (Table 1).

Scototaxis: boldness

Species differed significantly in boldness during a scototaxis assay
measured as time spent in the white half of the scototaxis tank
(Kruskal-Wallis test, H = 27.451, P < 0.001; Fig. 2d). Limia perugiae
spent less time in the white zone than each of the other species
tested. The other 3 did not differ from one another in boldness
(Fig. 3d, Table S1). The best-fit GLM for boldness included mating
system as the sole fixed effect, whereas the other competitive
model included mating system and standard length. In that
model, only mating system showed a significant effect on bold-
ness when controlling for standard length (Table 1).

Route learning

Examination of error rate (number of wrong door entries) across
S5 trials revealed no statistically significant effect of trial on
the number of wrong door entries (linear mixed-effects model,
F=1.10, n=122, P=0.267), but did show a significant effect of
species (F=4.64, n=122, P=0.0046; Fig. 3f). Because most re-
duction in errors occurred over the initial 3 trials, we examined
slopes across trials 1 through 3. Both G. vittata and L. perugiae
had a significant reduction in errors across trials 1 to 3 (i.e. error
rate slope that significantly differed from 0 [G. vittata: F = 13.84,
B=-0.70, df =71, P<0.001; L. perugiae: F =9.54, B=-0.67, df = 85,
P =0.003]). Meanwhile, H. formosa did not have a slope that signifi-
cantly differed from 0 (F=0.96, B =-0.20, df =75, P = 0.33); and X.
nigrensis had a near-significant positive slope (F=3.846, $=0.47,
df =85, P=0.05). In GLMs, the best-fit model explaining error
rate slope included solely standard length; however, the effect
of standard length was not significant. Fixed effects in the other
competitive models were not significant, aside from an effect of
standard length when accounting for both mating system and an
interaction between mating system and standard length (Table 2).

Route learning: total errors across trials

Species also differed significantly in total number of errors across
trials 2 to 5 (Kruskal-Wallis test: H=29.83, df =3, P<0.001;
Fig. 3h). Gambusia vittata made fewer errors than all other species
(Fig. 3h, Table S2). Each of the other species did not differ from one
another in total errors across trials. The best-fit GLM explaining
variation in total errors included mating system alone, and the
effect of mating system on total errors was significant. This effect
held when accounting for variation in standard length (Table 2).

Detour reaching: social motivation

During the detour reaching task, species differed in social mo-
tivation (time to reach the barrier: Kruskal-Wallis test, H = 36.47,
df =3, P<0.001, Fig. 3g). Limia perugiae took a significantly longer
time to reach the barrier than all other species. All other spe-
cies showed similar social motivation times (Fig. 3e, Table S2). The
best-fit GLM explaining variation in social motivation included
mating system, standard length, and an interaction term be-
tween the 2 variables. Only the interaction term was significant
(Table 2).

Detour reaching: cognitive flexibility

Species differed significantly in their solve time in the detour
reaching assay (time from barrier to social reward: Kruskal-Wallis
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Fig. 3. Behavioral and cognitive traits across species. Species differed in (a) activity (total distance moved in cm) during the shoaling assay, (b) stress
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results and are reported in Tables 1 and 2.
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Table 1. GLM results for behavioral assays. The 4 different GLMs constructed for each response variable measured in the behavioral
assays (shoaling and scototaxis). For each trait, the models are ranked by AIC from best fit to worst fit. We also include AIC weight as a
measure of the likelihood that a given model is the best fit for that response variable. For each trait’s 2 best-fit models, the chi-squared
value and P-value associated with each fixed effect generated by the ANOVA run on each GLM are reported.

Model AIC A-AIC  AIC weight Fixed effect X2 (P-value)

Activity ~ Mating System 1,256.32  0.00 0.54 Mating System 22.94 (1.67e-06)

Activity ~ Mating System + Standard Length 1,257.28 095 0.34 Mating System 23.69 (1.13e-06)
Standard Length 1.02 (0.31)

Activity ~ Mating System * Standard Length 1,259.25 293 0.12

Activity ~ Standard Length 1,276.83 20.50 0.00

Sociability ~ Mating System + Standard Length 1,131.92 0.00 0.44 Mating System 8.03 (4.61e-03)
Standard Length 3.1(7.83e-02)

Sociability ~ Mating System*Standard Length 1,132.87 095 0.28 Mating System 0.32 (0.57)
Standard Length 0.50 (0.48)
Mating System * Standard Length 1.00 (0.32)

Sociability ~ Mating System 1,133.07 1.15 0.25

Sociability ~ Standard Length 1,137.86 595 0.02

Stress Movement ~ Mating System + Standard Length  1,454.66  0.00 0.41 Mating System 46.19 (1.08e-11)
Standard Length 3.68 (0.06)

Stress Movement ~ Mating System * Standard Length  1,454.69  0.02 0.41 Mating System 6.48 (0.01)
Standard Length 0.0083 (0.93)
Mating System * Standard Length 1.91 (0.17)

Stress Movement ~ Mating System 1,456.39 173 0.18

Stress Movement ~ Standard Length 1,491.18 36.52 0.00

Boldness ~ Mating System 1,194.54 0.00 0.49 Mating System 4.29 (0.04)

Boldness ~ Mating System + Standard Length 1,195.70 1.16 0.28 Mating System 6.26 (0.01)
Standard Length 0.82 (0.37)

Boldness ~ Mating System * Standard Length 1,196.83  2.29 0.16

Boldness ~ Standard Length 1,199.95 541 0.03

test, H=15.015, df =3, P =0.002; Fig. 3h) with H. formosa taking a
significantly longer time to solve than X. nigrensis. There were no
differences between G. vittata and H. formosa or between L. perugiae
and X. nigrensis (Fig. 3g, Table S2). The 2 best-fit GLMs explaining
variation in cognitive flexibility were one that included mating
system, standard length, and an interaction term and a second
that included mating system alone. In the first model, when con-
trolling for the other 2 variables, mating system had a significant
effect on cognitive flexibility, as did the interaction term. In the
second model, mating system alone had a near-significant effect
on cognitive flexibility (Table 2).

Cognitive-behavioral syndromes

We evaluated cognitive-behavioral syndromes with 2 multi-
variate approaches: LDA and SEM. Both approaches converged on
“stress movement” as being one of the largest factors separating
species and mating systems in behavior and cognition.

Linear discriminant analysis

We found that behavioral and cognitive traits loaded onto 2 dis-
tinct axes of variation in an LDA that included 6 measures across
our 4 assays: stress movement (total movement in scototaxis),
activity (total movement in sociability), boldness (time in white
in scototaxis), sociability (time interacting with shoal), cogni-
tive flexibility (detour solve time), and spatial learning (error
rate across trials 1 to 3; Fig. 3a). Note for the LDA, we were only
able to include species for which we had a complete multivariate
dataset at the level of the individual (X. nigrensis, G. vittata, and
H. formosa). The primary axis (LD1) accounted for 84.6% of the

trait variation across species and secondary axis (LD2) accounted
for 15.4% (Fig. 4b). LD1 was largely determined by stress move-
ment, whereas LD2 was primarily determined by boldness and,
to a lesser extent, sociability (Fig. 4a). The 3 species differed sig-
nificantly in LD1 scores (ANOVA, F=76.45, df =2, P<0.001; Fig.
4c). Xiphophorus nigrensis had the highest LD1 score (1.89 + 0.16),
diverging from both G. vittata (—0.87 +0.31; Tukey test, Z=2.76,
P <0.001) and H. formosa (-1.81+0.21; Z=3.71, P <0.001), which
had the lowest LD1 scores (and significantly lower than G. vittata
(Z=-0.94, P=0.019). Species also significantly differed in LD2
scores (ANOVA, F=12.1, P<0.001; Fig. 4d). Gambusia vittata fe-
males exhibited the highest LD2 scores (0.86 +0.26), differing
from X. nigrensis (=0.17 + 0.21; Tukey test, Z=-1.04, P = 0.003) and
H. formosa (-0.76 + 0.17; Z = -1.63, P < 0.001). Xiphophorus nigrensis
and H. formosa did not differ in their LD2 scores (Z = 0.59, P = 0.17).

Structural equation modeling

To assess the overall syndrome structure, we first standardized
the 6 behavioral and cognitive variables in H. formosa and G.
vittata, due to large differences in variance between variables that
would affect model convergence. We then constructed 57 models
of syndrome structure for each of the 3 species (X. nigrensis, G.
vittata, and H. formosa) that underwent all 4 assays. The models
included some combination (between 3 and 6 variables) of stress
movement, boldness, activity, sociability, cognitive flexibility, and
spatial learning. Because we collected data on only 2 assays at a
time with L. perugiae (sociability and detour for the 2020 group
of 30 individuals and route learning and scototaxis for the 2021
group of 30 individuals), we did not construct models of syndrome
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Table 2. GLM results for cognitive assays. The 4 different GLMs constructed for each response variable measured in the cognitive
assays (detour reaching and route learning). For each trait, the models are ranked by AIC from best fit to worst fit and include AIC
weight as a measure of the likelihood that a given model is the best fit for that response variable. For each trait’s 2 best-fit models, the
chi-squared value and P-value associated with each fixed effect generated by the ANOVA run on each GLM are reported.

Model AIC A-AIC AIC weight Fixed effect X2 (P-value)
Social Motivation ~ Mating System * Standard 960.48 0.00 0.59 Mating System 3.47 (0.06)
Length Standard Length 3.16 (0.08)
Mating System * 4.41 (0.04)
Standard Length
Social Motivation ~ Standard Length 962.23 1.75 0.24 Standard Length 41.60 (1.10e-10)
Social Motivation ~ Mating System + Standard 962.98 2.50 0.17
Length
Social Motivation ~ Mating System 990.18 29.70 0.00
Cognitive Flexibility ~ Mating System * Standard  1,247.99 0.00 0.36 Mating System 5.27 (0.02)
Length Standard Length 1.74 (0.19)
Mating System * 3.89 (0.05)
Standard Length
Cognitive Flexibility ~ Mating System 1,248.20 0.21 0.32 Mating System 3.70 (0.05)
Cognitive Flexibility ~ Mating System + Standard 1,249.97 1.98 0.13
Length
Cognitive Flexibility ~ Standard Length 1,251.89 3.90 0.05
Spatial Learning (error rate slope trials 1 to 3) ~ 279.59 0.00 0.24 Standard Length 1.99 (0.16)
Standard Length
Spatial Learning (error rate slope trials 1 to 3) ~ 279.88 0.29 0.21 Mating System 1.70 (0.19)
Mating System * Standard Length Standard Length 438 (0.04)
Mating System * 2.28 (0.13)
Standard Length
Spatial Learning (error rate slope trials 1 to 3) ~ 280.24 0.65 0.17
Mating System + Standard Length
Spatial Learning (error rate slope trials 1 to 3) ~ 280.72 1.13 0.14
Mating System
Spatial Learning (total errors trials 1 to 3) ~ 479.21 0.00 0.60 Mating System 14.25 (1.60e-04)
Mating System
Spatial Learning (total errors trials 1 to 3) ~ 480.75 1.54 0.28 Mating System 14.14 (1.70e-04)
Mating System + Standard Length Standard Length 0.44 (0.51)
Spatial Learning (total errors trials 1 to 3) ~ 482.53 3.32 0.11
Mating System * Standard Length
Spatial Learning (total errors trials 1 to 3) ~ 492.23 13.03 0.00

Standard Length

structure for that species. After filtering out models that did not
meet our 3 fit criteria, we compared AIC values across 11 models
in G. vittata, 10 models in H. formosa, and 7 models in X. nigrensis.
We found that each species had a single top-performing model
as determined by A-AIC. The best-fit model for X. nigrensis con-
sisted of detour speed, sociability, boldness, and spatial learning
(Fig. 5a). The best-fit model for G. vittata consisted of stress move-
ment, activity, detour speed, and sociability (Fig. 5b). The best-fit
model for H. formosa consisted of stress movement, activity, de-
tour speed, and boldness (Fig. 5¢).

Discussion

Comparing these 4 poeciliid fish species, we found (i) no support
for our behavioral predictions (sociability, activity, and boldness),
(ii) compelling support for our cognitive predictions (cognitive
flexibility and spatial learning), and (iii) novel emergent pat-
terns identifying multivariate differences between species with
different mating systems. Specifically, although not part of our
original predictions, the strongest pattern we found was reduced
movement in both a threatening (scototaxis) and nonthreatening

(shoaling) context in the 2 all-coercive species relative to mixed-
tactic species. Movement traits were also the primary features
that differed between all-coercive and mixed-tactic species in
cognitive-behavioral syndromes (Table 1; Figs 3, 4 and 5).

Behavioral variation across mating systems

Sociability results only partially conformed to our original pre-
dictions, that sociability would be stronger in the all-coercive
species. The mixed-tactic species, L. perugiae, tended to have the
lowest sociability. While this pattern was driven more strongly by
mating system when controlling for standard length (Table 1), the
mixed-tactic X. nigrensis showed a comparable level of sociability
to that of the all-coercive species (Fig. 3c). It is possible that a pat-
tern by mating system would have emerged had we used a male
stimulus to induce shoaling behavior, such as in previous work
(Dadda et al. 2005; Dadda 2015), or if we had tested individuals in
free-swimming pairs, rather than focal and stimulus fish separ-
ated by a transparent barrier. Boldness patterns also failed to meet
our prediction that females from mixed-tactic mating systems
would be bolder based on a developmental rearing experiment
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with X. nigrensis (Queller et al. 2022). Both coercive-only (G.
vittata) and mixed-tactic (X. nigrensis) species showed high levels
of boldness. The strongest behavioral pattern by mating system,
however, was lower movement in all-coercive species in both a
threatening context (stress movement during scototaxis, Fig. 3b;
Table 1) and a neutral context (activity during shoaling; Fig. 3a,
Table 1). Although species showed a similar pattern of variation
in both contexts, the difference between the most active species
(the mixed-tactic X. nigrensis) and the 2 all-coercive species (G.
vittata and H. formosa) more than doubled in the threatening con-
text (Fig. 3a and b). Importantly, mating system had a strong ef-
fect on stress movement and activity even when controlling for
standard length (Table 1). This covariation of movement pattern
with mating system across species runs counter to our predic-
tion that baseline activity would be higher in all-coercive species.
It differs from findings with water striders (Wey et al. 2015) and
guppies (Killen et al. 2016), wherein lower activity females appear
more vulnerable to unsolicited mating attempts by males.

We suggest a novel explanation for the unexpected pat-
tern of reduced movement in females of all-coercive species.
Specifically, females in exclusively coercive environments may
have lower movement as a means of avoiding detection by co-
ercive males.

Because females in all-coercive mating systems have reduced
opportunities to choose mates prior to mating (Ojanguren and

Magurran 2007; Yang et al. 2023), they are under strong selective
pressure to avoid male harassment and reduce the likelihood of
unwanted mating attempts. One means of avoiding male harass-
ment might involve “freezing,” or evading detection by a threat
through background matching or other forms of crypsis (Eilam
2005; Staudinger et al. 2011; Yilmaz and Meister 2013; Brunyé et
al. 2018). Because freezing involves preempting a threat rather
than reacting to it, it often carries over to baseline activity meas-
ures (Edut and Eilam 2004; Eilam 2005). Comparative work on
anuran tadpoles (Lawler 1989; Richardson 2001), dragonfly larvae
(McPeek 1990), and damselfly larvae (Strobbe et al. 2011; Jiang and
Mikolajewski 2018) has shown that high-predation environments
favor reduced movement across contexts. Here, we suggest that,
in the absence of predation, generalized freezing behavior may
also play a role in a social context by facilitating female avoid-
ance of costly interactions with males. To confirm the potential
role of movement in mating interactions, future studies will have
to assess whether females with lower baseline activity and stress
movement are indeed more effective at preemptively avoiding
male harassment in all-coercive poeciliid mating systems.

Cognitive variation by mating system

The females of mixed-tactic species tended to outperform all-
coercive species in a measure of inhibitory control or cognitive
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flexibility (latency to solve the detour task; Fig. 3g). These results
align with the idea that female cognitive flexibility will be higher
in mixed-tactic mating systems that place greater demands on fe-
male social cognition to make complex mating decisions (Houde
1997; Cummings and Ramsey 2015; Corral-Lopez et al. 2017). A
broad array of comparative studies has shown links between
various measures of cognitive flexibility and social complexity, in
corvids (Bond et al. 2007), primates (Amici et al. 2008), and hyenas
(Johnson-Ulrich and Holekamp 2020).

Variation in cognitive flexibility can also be understood in re-
lation to different levels of complexity in male-female communi-
cation. In the 2 species with courtship (X. nigrensis and L. perugiae),
females receive and must appropriately respond to courtship dis-
plays by males; whereas males in coercive mating systems do
not display and attempt to avoid detection to successfully copu-
late with females. Across a wide range of taxa, social complexity
drives the evolution of both communicative complexity and
enhanced learning of novel signals (Freeberg et al. 2012; Sewall
2015). For example, avian species that have more complex vocal
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learning abilities associated with greater male signal elaboration
have been shown to have higher cognitive flexibility and problem-
solving abilities (Audet et al. 2023). This is likely linked to increases
in neuronal density and computational power that improve both
communication and cognition (Audet et al. 2023). Thus, greater
cognitive flexibility might also evolve in tandem with these traits
as either a byproduct of selection for improved signal learning or
because of advantages it confers in a more complex social realm.

While the 2 mixed-tactic species outperformed the 2 all-
coercive species in a measure of cognitive flexibility, we found a
very different pattern when examining spatial learning. Our find-
ings suggest that spatial learning performance may trade off with
cognitive flexibility in some of these species. The species with the
best evidence of spatial learning in females (G. vittata, Fig. 3f and h)
is an exclusively coercive species with high rates of male coercion
(see supplemental material). Gambusia vittata females showed
the strongest evidence for learning in the spatial task, coupled
with lower cognitive flexibility performance in the detour task.
Meanwhile, females from the mixed-tactic X. nigrensis were both
the fastest of the 4 species to solve the cognitive flexibility task
while showing no evidence for learning in the spatial learning
task. Our results mirror a developmental study in X. nigrensis that
found higher spatial learning accuracy in females raised in the
presence of males employing a single mating tactic (coercion or
courtship) than females raised in environments with both male
tactics (Queller et al. 2023). These results conform to the broad
pattern of memory-flexibility tradeoffs across bird species (Tello-
Ramos et al. 2019). Bird species and populations with high rates
of food caching have higher spatial memory (Tello-Ramos et al.
2018) but are worse than those with lower food caching at cog-
nitive flexibility tasks (Hampton et al. 1998; Croston et al. 2017).
Proactive interference, in which previously learned information
interferes with learning new information, might explain why fe-
males of all-coercive species have low cognitive flexibility but
stronger spatial learning as they may benefit from retaining in-
formation about safe refuges from harassment. Stable environ-
ments are expected to favor memory retention over cognitive
flexibility due to the reliability of cues in the environment, and
perhaps social environments with single mating tactics fit that
mold. On the other hand, species that are met with constantly
changing information about the environment, such as females in
mixed-tactic mating systems, might benefit from having neural
processes favoring flexibility over memory so that new associ-
ations can be more easily learned (Lewis and Kamil 2006; Tello-
Ramos et al. 2019). While additional work will be required to
confirm a link between cognitive performance and female mating
decisions, our cognition results suggest that retention of informa-
tion might be favored in highly coercive environments, whereas
dynamic, mixed-tactic environments favor flexibility and respon-
siveness to novel inputs.

Cognitive-behavioral syndromes

Our characterization of female cognitive-behavioral syn-
dromes across species (Fig. 4) and within species (Fig. 5) re-
vealed that a specific combination of movement and cognition
traits best defined the differences between all-coercive and
mixed-tactic species in this study. Our multivariate analysis
of cognitive-behavioral profiles revealed stress movement as
the largest contributor to divergence among species, separ-
ating X. nigrensis from the 2 all-coercive species (LD1 scores in
Fig. 4). Movement patterns (both activity and stress movement)
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along with spatial learning contributed to cognitive-behavioral
syndrome structure only in the all-coercive species, G. vittata
and H. formosa (Fig. 5). The presence of spatial learning and
the 2 movement traits in the best-fit syndrome structure
found using SEM suggests that all-coercive species might show
a movement-cognition syndrome. This is consistent with a
broader pattern of “slow” and “fast” behavioral types (Sih and
Del Giudice 2012). “Slow” behavioral types tend to be less ac-
tive and more accurate at solving tasks, whereas “fast” animals
tend to be more active and faster at solving tasks. As a result,
“Fast” animals tend to reap more short-term rewards while also
incurring more risks. On the other hand, “slow” animals tend to
be safer, but collect fewer rewards in the short term. Because
females of all-coercive species inhabit environments where
they are subject to high rates of male harassment, females
might benefit from reduced movement to avoid detection by
males and improved memory retention when movement (and
increased exposure) is costly. Thus, the 2 all-coercive species
seem to show a distinct “slow” cognitive-behavioral syndrome
that is consistent with theory (Sih 1992) and empirical studies
(Burns and Rodd 2008) about optimal decision-making in risky
environments.

Conclusions and future directions

While our results derive from a limited number of poeciliid
species, and thus cannot be generalized across the family, they
provide some interesting possibilities as to the consequences
of mating system variation for female behavior and cognition
outside of mating. Specifically, our findings suggest that male
mating tactics might play a role in shaping female movement
and 2 domains of cognitive performance. Cognitive-behavioral
syndrome structures mirror these findings: movement traits
and spatial learning contribute to syndrome structure in both
all-coercive species studied here. Meanwhile, cognitive flexi-
bility contributes to syndrome structure uniquely in the mixed-
tactic species, X. nigrensis. Notably, we observed these patterns
in populations experiencing uniform, low-predation condi-
tions for multiple generations in our outdoor mesocosms. By
limiting the influence of confounding ecological variables that
might affect behavioral development and evolution, our com-
parative study suggests that female behavior, cognition, and
cognitive-behavioral syndromes can covary with male mating
tactics and highlights the potential role of sexual selection in
the emergence of these traits. While our findings across 4 spe-
cies from disparate poeciliid clades are suggestive of important
patterns by mating system, it will be crucial for future compara-
tive studies to broaden sampling by examining these traits in
other members of the family. Future studies should also con-
sider finer-scale comparisons among members of the same
genus with different mating systems, which allows for differ-
ences in phylogenetic relatedness to be more easily controlled.
Additionally, while our study controlled for the influence of
predation regime and habitat complexity on developmental
and short evolutionary timescales by comparing species from
predation-free and ecologically identical mesocosms, we cannot
fully rule out the historical influence of ecological variables as
contributors to species differences in behavior and cognition.
Determining whether these findings in seminatural conditions
hold among wild populations of poeciliids that experience pre-
dation and other variable ecological conditions will be critical in
assessing the relative contributions of sexual selection and nat-
ural selection to behavioral and cognitive traits across species.
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Supplementary material is available at Behavioral Ecology online.
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