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Abstract 20 

Evidence of animal personality and behavioral syndromes is widespread across animals, yet the 21 

development of these traits remains poorly understood.  Previous research has shown that 22 

exposure to predators, heterospecifics, and urbanized environments can influence personality and 23 

behavioral syndromes. Yet, to date, the influence of early social experiences with conspecifics on 24 

the development of adult behavioral traits is far less known. We use swordtail fish (Xiphophorus 25 

nigrensis), a species with three genetically-determined male mating strategies (courtship display, 26 

coercion, or mixed strategy) to assess how different early-life social experiences shape adult 27 

behavioral development. We raised female swordtails from birth to adulthood in density-28 

controlled sexual-social treatments that varied in the presence of the type of male mating tactics 29 

(coercers only, displayers only, coercers and displayers, and mixed-strategists only). At 30 

adulthood, we tested females’ boldness, shyness, aggression, sociality, and activity. We found 31 

that the number of different mating strategies females were raised with (social complexity) 32 

shaped behavioral development more than any individual mating strategy. Females reared in 33 

complex environments with two male mating tactics were bolder, less shy, and less aggressive 34 

than females reared with a single male mating tactic (either courtship only or coercion only). 35 

Complex sexual-social environments produced females with behavioral syndromes (correlations 36 

between aggression and activity, shyness and aggression, and social interaction and activity), 37 

whereas simple environments did not. Importantly, the characteristics of these socially-induced 38 

behavioral syndromes differ from those driven by predation, but converge on characteristics 39 

emerging from animals found in urban environments. Our findings suggest that complexity of 40 

the sexual-social environment shapes the development of personality and behavioral syndromes 41 

to facilitate social information gathering.   Furthermore, our research highlights the previously 42 

overlooked influence of sexual selection as a significant contributing factor to diverse behavioral 43 

development. 44 
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Introduction 46 

Early social experiences are known to have powerful effects on adult physiology (stress-47 

response, Laubach et al. 2021; Murthy and Gould 2018) and behavior (e.g. mate preferences, ten 48 

Cate et al. 2006), and are expected to be important factors shaping a multitude of adult behaviors 49 

(Stamps and Groothuis 2010a; Stamps and Groothuis 2010b; Taborsky 2016; Cabrera et al. 50 

2021). Researchers have manipulated early-life experience with variation in food availability 51 

(Groothuis et al. 2005; Edenbrow and Croft 2013), immune stress (Butler et al. 2012; DiRienzo 52 

et al. 2015), predation (Bell and Sih 2007; Edenbrow and Croft 2013; Niemelä et al. 2012; 53 

Castellano and Friard 2021), heterospecific exposure (Delclos et al. 2020), social isolation 54 

(Liedtke et al. 2015; Naguib et al. 2011), and physical enrichment (Liedtke et al. 2015; Xu et al. 55 

2020) —all showing that these developmental experiences can shape traits like boldness, 56 

activity, aggression, and exploration. These traits are often studied in the context of animal 57 

personality (i.e. consistent inter-individual variation in behavior (Stamps and Groothuis 2010a; 58 

Stamps and Groothuis 2010b; Bergmüller and Taborsky 2010)) and behavioral syndromes (i.e. 59 

correlated behaviors across time and context (Sih et al. 2004a; Sih et al. 2004b)). Yet, there are 60 

few empirical studies that investigate how early-life social experiences affect the development of 61 

personality and behavioral syndromes in adults (Stamps and Groothuis 2010a; Stamps and 62 

Groothuis 2010b; Taborsky 2016; Cabrera et al. 2021). 63 

Surprisingly, one of the untapped areas of research into personality and behavioral syndromes is 64 

how they are shaped by social interactions between the sexes. Sexual behavior is known to lead 65 

to selection for different behavioral traits. For instance, in mating systems that rely on male 66 

coercion, females tend to adopt behavioral strategies to evade sexual harassment (Dadda 2015; 67 

Pilastro et al. 2003; Darden and Croft 2008; Rowe et al. 1994). Meanwhile, in mating systems 68 

that rely on male display or courtship, females adopt cooperative behaviors (e.g. visiting leks 69 

(Uy et al. 2001; Rosenthal 2017; DuVal 2013); solicitation displays (Searcy and Capp 1997)). 70 

Differences in mating systems and specific male mating tactics are expected to lead to changes in 71 

non-reproductive female behaviors such as shoaling (Magurran and Macias Garcia 2000) as well 72 

as cognition (Cummings 2018). However, whether experience with different mating tactics 73 

influences the development of female personality or behavioral syndromes has not yet been 74 

investigated. 75 

In addition, the complexity of the social environment itself may shape personality and behavioral 76 

syndromes. Social complexity has been hypothesized to drive the evolution of cognition (Dunbar 77 

1998) and communication (Freeberg et al. 2012), and correlates with brain evolution in primates 78 

(Dunbar 2009), birds (Burish et al. 2004), and ants (Kamhi et al. 2016). How might complexity 79 

relate to personality and behavioral syndromes? It has been posited that in complex physical 80 

environments (Bengston et al. 2014) constraints on how individuals behave towards the complex 81 

environment have pleiotropic effects on other types of behaviors. Less is known about how 82 

social complexity affects these behavioral traits. At this point, we know that group-housed 83 

animals develop different behaviors as adults than those reared in isolation (Ballen et al. 2014; 84 

Liedtke et al. 2015).  However, it may not simply be the presence or number of conspecifics that 85 

alters behavioral development, but the diversity of interactions individuals have with different 86 

types of conspecifics (Hobson et al. 2019).  87 
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Species with complex mating systems and alternative reproductive tactics allow us to begin to 88 

explore how specific social interactions alter behavioral development. Here, we manipulate 89 

lifetime social experiences (from birth to adulthood) of female El Abra swordtails (Xiphophorus 90 

nigrensis) to test how exposure to specific mating tactics (e.g. coercion, courtship display, or 91 

some combination of the two) as well as differing degrees of social complexity affect the 92 

development of personality and behavioral syndromes. Males of this species exhibit 1 of 3 93 

genetically determined sexual phenotypes: large males are ornamented and court females with 94 

swimming displays, small males are drab and coerce females by chasing after them, and 95 

intermediate-sized males are moderately ornamented and exhibit a mixed strategy that includes 96 

both courtship and coercion (Ryan and Causey 1989). 97 

We raised female swordtails from birth to adulthood (generally > 1 year) in one of five different 98 

social-rearing environments that maintained similar social densities but varied the combination 99 

of different male phenotypes in order to isolate the role of specific male tactics and the number 100 

of male tactics that females were exposed to in shaping female personality and behavioral 101 

syndromes. We ask whether females raised in different sexual-social environments (i) differ in 102 

their activity, sociability, boldness, shyness, and aggression; (ii) whether these behaviors are 103 

repeatable (form personality traits); and (iii) whether they correlate with one another (form a 104 

behavioral syndrome). Furthermore, our design allows us to compare the effects of (iv) specific 105 

sexual-social experiences (courtship only vs coercion only experiences), and (v) simple relative 106 

to complex mating environments (e.g. treatments with a single mating tactic vs treatments with 107 

two mating tactics) on the development of personality and behavioral syndromes. 108 

Methods 109 

Sexual-social rearing treatments 110 

We raised female Xiphophorus nigrensis from birth to adulthood (1-1.5 years) in five socially 111 

controlled rearing treatments followed by behavioral testing in early adulthood.  Experimental 112 

females were first introduced into experimental 30 gallon aquaria as fry (<10 mm) from broods 113 

produced in community tanks with individual broods split across all treatments to control for 114 

genetic effects.  The fifteen experimental aquaria (5 treatments x 3 replicates each) were initially 115 

stocked with 30-40 fry of unknown sex along with 4 adult model females (identified with 116 

elastomer tags) and 4 adult males (see below for more details). Fish were fed Cargill and 117 

TetraMin flakes once daily and were supplemented with brine shrimp periodically. Tanks were 118 

enriched with plastic plants, flower pots, and gravel, and were illuminated with full spectrum 119 

aquarium lights. Experimental tanks were visually inspected 3 times a week to quantify juvenile 120 

densities and remove developing males. Developing males can be identified by a thickening of 121 

the anal fin as it develops into a gonopodium. Juvenile densities increased over time due to 122 

additional brood production by adult model females; and fluctuations in tank densities over time 123 

were due to changes in births, deaths, and removal of developing males. To minimize the 124 

variation in social densities across treatments and replicates over time, fry would be added to or 125 

removed from replicate tanks to maintain similar densities. Adult male stimuli were also moved 126 

between replicate tanks within a social treatment every 3 months to ensure developing females 127 

experienced multiple individual males of a given phenotype.  128 
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Our experimental females were reared in one of five social rearing treatments that varied by the 129 

type of male sexual behavior females experienced. The rearing treatments varied by the different 130 

types of stimulus males present:  large courtship displaying males only (D), small coercive males 131 

only (C), mixed strategy intermediate-sized males only (M), combination of small coercive and 132 

large displaying males (C&D), and females only (F). To control for adult density, each tank had 133 

8 stimulus adults including four male types described above (D, C or M males) and four adult 134 

model females. The C&D group contained two small, coercive males and two large, displaying 135 

males. The M, D, and C groups each had 4 males of their respective phenotype (see Figure 1a-d); 136 

and the F group had 8 adult model females. Adult stimulus (or model) females were selected 137 

from a community tank where they had experience with all types of X. nigrensis males and 138 

served as social learning models for developing females. We selected large adult females 139 

(usually > 30mm) to serve as models in our treatment tanks as avoidance of small males and 140 

preference for courting males increases with female size which is a proxy for age (Rios-Cardenas 141 

et al. 2007; Wong et al. 2011), with preference for associating with large courting males existing 142 

even in the absence of coercive males (Reding and Cummings 2017). Adult model females were 143 

dorsally tagged with white elastomer markings to differentiate them from the developing 144 

experimental females. It takes approximately one year for X. nigrensis females to reach sexual 145 

maturity, and sexually mature females are distinguishable from immature females by a 146 

melanized brood patch on the ventral area near the gonopore. We maintained experimental 147 

females in treatment tanks for 15-18 months in order to characterize developmental effects from 148 

the combined influences of social learning (from observing model females) and their own direct 149 

sexual-social experiences as adults. As mate choice copying has been documented in other 150 

poeciliids (Dugatkin and Godin 1993; Briggs et al. 1996), we expect social learning of mate 151 

preferences to strongly shape developing female preferences in adulthood (Davies et al. 2020; 152 

Dugatkin 1996). We conducted multiple rounds of this social rearing experiment from mid-2016 153 

to 2019.  Juvenile females that were introduced into experimental tanks in mid-2016 were tested 154 

as adults in 2018, and juvenile females introduced into social treatments in 2017-2018 were 155 

tested as adults in 2019. 156 

To quantify the sexual-social interactions females from different social treatments experienced 157 

during their developmental period, we recorded weekly 15 min video recordings of all social 158 

rearing tanks between March 2016 to June 2017 for a total of 149 videos. From each video, we 159 

selected three 10 second video clips (from 1, 6, and 11 min. timestamps) that were then hand-160 

scored by 7 undergraduate researchers naïve to the studies objectives (for a total of 411 scored 161 

video clips).  Observers scored rates of coercive chases and courtship displays oriented toward 162 

adult females in each treatment group, along with average number of female foraging bouts and 163 

activity levels (time spent moving) across the rearing treatments. As expected in a system with 164 

genotypically-determined alternative male reproductive strategies, we were able to verify that 165 

females experienced different rates of coercion and courtship attempts across the different 166 

treatments (Figure 1e,f). However, we were not able to quantify adult female responses to these 167 

attempts (e.g. successful copulations) due to constraints of the video-recordings (see 168 

Supplemental videos 1-5 for representative videos of our social treatment tanks). Nonetheless, an 169 

extensive literature on Xiphophorus female preferences for large displaying males and aversion 170 

of small coercive males leads us to reasonably expect female responses in our experiment to be 171 

consistent with patterns of past research (Ryan and Causey 1989; Cummings and Mollaghan 172 

2006; Rios-Cardenas et al 2007; Wong et al. 2011; Reding and Cummings 2017).  173 
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Behavioral Assessment 174 

After experimental females reached adulthood, we evaluated their shyness, boldness, aggression, 175 

sociability, and activity levels by testing them in 3 assays (scototaxis, mirror aggression, and 176 

shoaling assays described below, see Table 1 for information on which behaviors came from 177 

which assays). In total, we tested 60 experimental females with sample sizes from each treatment 178 

including: D, display-only (n = 15); C, coercive-only (n = 9); C&D, coercive and displayers (n = 179 

20); M, mixed-strategy (n = 10); and F female-only (n = 6). For information on sample sizes 180 

from replicate tanks see Table S1 (Supplementary Information). We used the initial trials from 181 

all experimental females to evaluate how treatment influenced specific behaviors. To assess 182 

consistency of these behavioral traits (e.g. personality), we measured repeatability of these 183 

behaviors from experimental fish tested twice on each of the three assays across a 17 day period 184 

with an interval of 14 days between scototaxis trials, 13 days between mirror/aggression trials, 185 

and 16 days between sociability trials. After removal from treatment tanks for testing, focal 186 

females were individually-housed in adjacent 25 by 24 by 30 cm aquaria that allowed fish to see 187 

and interact with the neighboring fish but remain separate for continuous identification of focal 188 

fish. The visual social interaction was intended to reduce any stress associated with social 189 

isolation. We ran repeat assays for 60 fish with initial sociability assay run on Day 1 while the 190 

initial mirror and scototaxis trials run on Day 2 with a minimum resting interval of 2 hours 191 

between their 1st (aggression) and 2nd (scototaxis) assay of the day (see Table S2 in 192 

Supplementary Information for complete schedule). For 18 fish, we ran females through the 193 

three assays only once (with 12 following the same initial assay schedule as above, and 6 fish 194 

having longer intervals between trials: Day 1 sociability, Day 2 aggression; Day 4 scototaxis). 195 

Due to technical problems with videos, along with some mortality of our experimental fish (n = 196 

4), our final samples sizes for initial behavioral trials included sociability (n = 54), scototaxis (n 197 

= 58), and aggression (n = 54); and final sample sizes for repeat trials included sociability (n = 198 

41), scototaxis (n= 41), and aggression (n = 26). All videos were recorded using Nikon D3300 199 

cameras with 18-55mm lenses. 200 

Scototaxis 201 

We measured shyness and boldness in females using a scototaxis assay (Maximino et al. 2010). 202 

Our scototaxis tank involved a 25 x 50 cm aquarium with one half lined with white felt and the 203 

other half lined with black felt (Figure 2a). The black side is a darker environment and can serve 204 

as a refuge, while the white side is more exposed and activities in this region have been 205 

associated with boldness (Maximino et al. 2010; Ramsey et al. 2014; Etheredge et al. 2018). We 206 

evaluated ‘shyness’ as time spent in the edges of the black half (black thigmotaxis) as it 207 

represents the most sheltered portion of the tank, and we characterized ‘boldness’ as the time 208 

spent in the white center because it represented the most exposed zone (Figure 2a). To start the 209 

trial, the tank is filled with 10 cm of water and the overhead fluorescent lights turned on. The fish 210 

is then introduced to the center of the arena and constrained to a 4cm space by white barrier on 211 

the white side and a black barrier on the black side. After a 5 minute habituation period, the 212 

barriers are removed and the fish’s behavior was recorded for 10 minutes. Full water changes 213 

were conducted between experimental fish to control for accumulation of cortisol in the water. 214 

To quantify boldness and shyness in this assay, we divided the tank into 4 zones: black center, 215 

white center, black thigmotaxis (2cm nearest the walls on the black side, see red dashed area in 216 



 6 

Figure 2a), and white thigmotaxis (2cm nearest the walls on the white side, see blue dashed area 217 

in Figure 2a). We superimposed grids onto scototaxis videos using Microsoft Powerpoint and 218 

iMovie to create the 4 zones and time spent in each zone was scored using cowlog (“CowLog – 219 

Cross-Platform Application for Coding Behaviours from Video” 2016) by a trained 220 

undergraduate (RB). Video names were blinded such that the scorer was uninformed which 221 

treatment the subject female was raised within.  222 

Mirror assay 223 

We tested females’ aggression towards their mirror image following a similar protocol to other 224 

poeciliid studies (Franck et al. 1985; Wilson et al. 2011; Moretz and Morris 2003). Three sides 225 

of a 28 cm x 9 cm tank were lined with grey felt and a mirror was secured to the unfelted end 226 

(Figure 2b), with a video camera recordings collected directly above the tank. A focal female 227 

was introduced to a PVC tube on the opposite end as the mirror for a 5 minute habituation 228 

period. Afterwards, the PVC tube is removed and the fish allowed to explore the tank for 5 min 229 

with an opaque barrier covering the mirror end (movement control). The fish is then gently 230 

constrained back into the PVC tube for 1 min, during which the opaque barrier is removed and 231 

the mirror exposed. After 1 min, the camera is turned on and the trial recorded for 5 minutes. All 232 

water is changed between fish to control for accumulation of cortisol. A single trained 233 

undergraduate (NJ) scored all videos for aggressive behavior towards the mirror by counting the 234 

total number of bites focal fish directed toward their mirror image. Video names were blinded 235 

such that the scorer was uninformed which treatment the subject female was raised within. 236 

Shoaling assay 237 

We measured two behaviors from the shoaling assay: activity and sociability. Activity was 238 

measured in the shoaling assay because it was the least stressful assay and movements in less 239 

risky environments are considered to be better measures of general activity that are 240 

unconfounded by stress (Brown et al. 2007; Etheredge et al 2018). The assay was conducted in a 241 

rectangular glass aquarium measuring 120 cm in length and 30 cm in width and filled with water 242 

to a height of 18 cm (Figure 2c). The walls of the aquarium were lined with blue felt to reduce 243 

stress and maximize video tracking success. The felt also prevents the fish from becoming 244 

distracted by its reflection in the glass. A clear plexiglass partition was inserted 24 cm from the 245 

wall on each side of the tank (lengthwise), creating a 72 cm arena between the barriers.  The tank 246 

was illuminated by four fluorescent aquarium bulbs covered with teal and dark blue filters. A 247 

shoal group, consisting of 5 females was placed on the side of the glass partition opposite of the 248 

focal fish and allowed 30 minutes to acclimate prior to testing. On the other side of the tank, an 249 

artificial plant was inserted on the same side as the focal fish, and the glass partition covered 250 

with brown felt opposite the plant. Between tests, the shoal side and plant side were switched to 251 

prevent side biases. 252 

To begin each assay, the focal fish was placed in a 10cm diameter PVC habituation tube for 5-253 

minutes, and then released and recorded for 10-minutes. Following this initial observation 254 

period, black felted plastic dividers were used to corral the focal fish back into the center of the 255 

arena. The fish was then held between the dividers (separated by 10cm) for an additional 5-256 

minute habituation period. During this time the shoal of five females was moved to the opposite 257 

side of the aquarium and vice versa with the plant. The black felted dividers were then removed, 258 
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and video recordings conducted again for 10-minutes. Focal fish were then subsequently 259 

returned to their home aquaria. 260 

We analyzed the video recordings using EthovisionXT15 (Noldus) behavioral tracking software 261 

to quantify time spent 2 cm adjacent to the plexiglass partition on the shoal side (see red dashed 262 

line in Figure 2c). We quantified female behaviors during the middle 5-minute portion for each 263 

10 min observation period for a total of 10 min of behavioral tracking per subject (5 min from 264 

each observation period). Tracking began approximately 2 minutes after the start of each 265 

observation period to allow fish time to adjust to the new environment following removal of the 266 

habituation tube or black felted dividers. For each observation period, we collected total time 267 

spent in the social interaction zone as well as total distance moved as a measure of activity. 268 

Statistics 269 

All analyses were conducted in R version 4.1.2. To test for personality, we used Spearman’s 270 

Rank correlation to test for repeatability between first and second measures of each behavior 271 

across the females that experienced repeat scototaxis, aggression and shoaling assays (Nakagawa 272 

and Schielzeth 2010). To test for effects of rearing environment on behavioral development, we 273 

used the initial measurements for all subject females’ behavioral data as input into a Principal 274 

Components Analysis (PCA). To understand how rearing environment affected the mean values 275 

of each behavior, we also used ANOVA, using social treatment as the explanatory variable and 276 

behavioral response as the response variable. To evaluate whether mating system complexity 277 

drove differences in behavioral development, we combined measures from simple mating 278 

environments (treatments with only 1 male tactic: C and D) and combined measures from 279 

complex mating environments (treatments with 2 male tactics: C&D and M). We used 280 

generalized linear mixed effect models (GLMMs) with complexity as a fixed effect and 281 

treatment nested within complexity as a random effect to control for the non-independence 282 

between observations from treatment within each level of complexity. We also included replicate 283 

tank ID as a random effect to control for tank effects. Our complexity GLMM model did not 284 

converge for shyness and activity data, so for these analyses we used a non-parametric Kruskal-285 

Wallis test. To evaluate behavioral syndromes (correlations between different behavior 286 

measures), we used bivariate correlation matrices as well as PCA coupled with ANOVA to test 287 

whether differences in loadings on each of the first two axes of variation differed across social 288 

complexity levels. 289 

Results 290 

Sexual-social rearing conditions 291 

Video recordings collected during the developmental period from the experimental tanks 292 

revealed that females from different rearing environments experienced different levels of 293 

courtship (Figure 1e, ANOVA: F = 61.2, p <0.001) and coercion (Figure 1f, ANOVA: F = 10.5, 294 

p <0.001).  Tukey post hoc analysis reveals that females raised in the D, M, and C&D social 295 

treatments experienced higher courtship than females raised in C and F treatments. Conversely, 296 

females raised in C, M, and C&D treatments experienced more coercion than females raised in D 297 

and F treatments, as expected. We also ran these analyses without the F treatment to make sure 298 

the absence of courtship and coercion in these females did not skew our results. Removal of this 299 
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treatment confirmed that the male-exposed rearing environments differed in the amount of 300 

courtship (ANOVA: F = 28.8, p <0.001) and coercion (ANOVA: F = 5.91, p <0.001). Tukey 301 

post hoc analysis without the F-females reveals females raised in D, C&D, and M treatments 302 

experienced more courtship than females reared in C treatments, with no difference in courtship 303 

rates between D, C&D, and M females. Conversely, females raised in C treatments experienced 304 

more coercion than females in M or D, but not C&D treatments (See Figure S1). Measurements 305 

of adult female models in each of the social treatments (while swimming freely within these 306 

experimental tanks) exhibited no significant difference in general activity (e.g. time spent 307 

moving, Figure 1g, p = 0.2397) or foraging rates (Figure 1h, p = 0.1523). 308 

 309 

Density measurements (n = 1184 tri-weekly counts over 18 months across replicate tanks) of 310 

juveniles in the rearing tanks showed that females reared in different sexual-social treatments 311 

experienced similar levels of social densities across their 13-15 month developmental period 312 

(Figure 1i). To assess whether treatments differed in juvenile density, we used linear mixed 313 

effect models using lme4 package in R with treatment as a fixed effect. Across all treatments 314 

(C,D,C&D,M and F groups), there was a borderline statistically significant effect of treatment on 315 

juvenile densities (Χ2 = 9.03, df = 4, p = 0.060 across all treatments), though this effect was 316 

mainly due to the female-only group (F, see Figure 1i, Χ2 = 0.39, df = 3,  p = 0.94 for only male-317 

exposed treatments). Multiple regression analysis revealed no significant difference in slopes 318 

between treatments (p value of slope estimated differences for each treatment relative to the C 319 

social rearing group: p = 0.727 (C&D), p = 0.601 (D), p = 0.668 (M), and p = 0.246 (F)). 320 

Personality 321 

Following the developmental rearing period (13-15 months), experimental females were assessed 322 

in repeat trials of individual aggression, scototaxis and shoaling assays that revealed significant 323 

correlations across trials for some behavior metrics. We found that bites (rho = 0.37, p = 0.03), 324 

shyness (rho = 0.40, p = 0.008), boldness (rho = 0.45, p = 0.003), and activity (distance traveled 325 

in shoaling assay, rho = 0.58, p < 0.0001, Table 1) exhibited significant correlations across 326 

repeat trials.  However, we found no statistically significant correlations between scored social 327 

interaction time between repeat shoaling assay trials (Table 1). 328 

Sexual-social rearing environment shaping behavioral traits 329 

Given the female-only social treatment had the smallest sample size (n = 6) and a marginally 330 

significant trend for lower densities (Figure 1i), we excluded the female-only group from 331 

subsequent analyses.  Restricting our analyses to male-exposed rearing treatments (D, C, C&D,  332 

and M) enables us to compare how exposure to diverse mating types during development 333 

influences female behavioral development, while developing a balanced comparison between 334 

groups that involved a single mating tactic (C, D treatments) and groups that involved two 335 

mating tactics (C&D, M treatments).  Comparisons including the F group can be found in Figure 336 

S2 in Supplementary Information. 337 

Boldness & Shyness 338 

The sexual-social rearing environment had significant effects on boldness (proportion of time 339 

spent in white center, Figure 2d, ANOVA: F = 4.22 p = 0.01) and shyness (proportion of time 340 
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spent in black thigmotaxis zone; Figure 2f, ANOVA: F = 2.90, p = 0.04). Tukey post hoc 341 

analysis shows that females raised in the C&D treatment were bolder than females in the C (p = 342 

0.04) and D (p = 0.02) treatments.   In addition, C&D females were less shy than D females (p = 343 

0.05). When pooling treatment groups based on the number of mating tactics females were 344 

exposed to, we found that females reared with two mating tactics (complex environments: C&D 345 

and M treatments) were significantly bolder (Figure 2e: GLMM: Χ2 = 7.89, p = 0.005) and less 346 

shy (Figure 2g: Kruskal-Wallis: Χ2 = 7.09, p < 0.008) than females raised with only a single 347 

mating tactic (pooled C and D treatments). 348 

Aggression 349 

We found that sexual-social rearing experience affected intrasexual aggression (number of bites 350 

performed at mirror, Figure 2h, ANOVA: F = 3.07, p =0.04). Tukey post hoc analysis shows 351 

females experienced with courtship displaying male types only (D treatment) showed 352 

significantly higher number of bites than C&D females (p = 0.03). Overall, females from 353 

multiple male tactic environments (complex environments) performed fewer bites than females 354 

from single male tactic environments (simple environments; Figure 2i, GLMM: Χ2 = 8.41, p = 355 

0.004). 356 

Activity 357 

There were no significant differences across treatments in the distance moved during the 358 

sociability assay (Figure 2j, ANOVA: F = 0.55, p = 0.65), nor were there differences between 359 

simple and complex groups (Figure 2k, Kruskal-Wallis: Χ2 = 1.02, p = 0.31). 360 

Sociability 361 

There were no significant differences across treatments in the amount of social interaction 362 

(Figure 2l, ANOVA: F = 1.38, p = 0.26), nor were there differences between simple and complex 363 

groups (Figure 2m, GLMM: Χ2 = 0.05, p = 0.82). 364 

Sexual-social-rearing environment shaping behavioral syndromes 365 

When we explored individual bi-variate correlations across the five behavioral metrics, we found 366 

several significant correlations affected by social rearing conditions (Figure 3). The one 367 

consistent trend shared across all treatment groups was a negative relationship between shyness 368 

and boldness (e.g. spearman correlation rho = -0.86, p = 0.003 for C females (Figure 3b); rho = -369 

0.7, p = 0.031 for M females (Figure 3d); with similarly non-significant trends in D (p = 0.08, 370 

Figure 3a) and C&D (p = 0.13, Figure 3c) females). This correlation is expected because these 371 

traits represent opposing ends of the boldness/shyness spectrum, but we interpret this correlation 372 

with caution due to the non-independence of these measures that come from the same assay. 373 

However, we observed variation in correlations between behaviors measured in different 374 

contexts based on sexual-social rearing environment.  Among females reared with displaying 375 

courters (D females), we found no significant correlations between behavioral traits across 376 

contexts. Females raised with coercive males only (C) had a positive trend between social 377 

interaction and aggression (Figure 3b, rho = 0.74, p = 0.058). Meanwhile, females raised with 378 

both types of phenotypes (C&D) revealed a positive correlation between aggression and shyness 379 

(Figure 3c, rho = 0.48 p = 0.039). And females raised with mixed strategy males (M females) 380 
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and both of these phenotypes (C&D females) exhibited a positive correlation between activity 381 

and social interaction (Figure 3d, rho = 0.78, p = 0.012; Figure 3c, rho = 0.56 p = 0.038). 382 

More broadly, we found that females reared in environments with two mating tactics showed 383 

multiple significant correlations between behaviors whereas females reared in simple 384 

environments with a single mating tactic largely did not. Pooling females from simple sexual-385 

social environments (C and D treatments) showed the expected negative correlation between 386 

boldness and shyness (Figure 3e, rho = -0.66, p = 0.001). Meanwhile, pooling females from 387 

complex sexual-social environments with two mating tactics (C&D and M treatments) showed 388 

positive correlations between aggression and activity (Figure 3f, rho = 0.52 p = 0.019), 389 

aggression and shyness (rho = 0.51 p = 0.009), social interaction and activity (rho = 0.62 p = 390 

0.001), along with a near-significant negative correlation between boldness and aggression (rho 391 

= -0.38, p = 0.065) and the expected negative correlation between shyness and boldness (rho = -392 

0.47, p = 0.01). 393 

Principal Components Analysis (PCA) 394 

Incorporating all behavior metrics as inputs into a PCA, we found that the number of mating 395 

tactics females were exposed to during development significantly predicted individual variation 396 

along the primary axis in this multidimensional reduction (Figure 4a). The first two principal 397 

components explain 66.79% of the multivariate variation (PC1 = 42.86 %, PC2 = 23.93%). PC1 398 

primarily captures variation associated with boldness, shyness and aggression while PC2 399 

captures variation associated with social interaction and activity (Figure 4b). Females from 400 

complex sexual-social environments (two mating tactics) had significantly higher PC1 scores 401 

than females from simple, single mating tactic environments (Figure 4c, ANOVA: F = 14.32, p = 402 

0.0006). There was also a non-significant trend for females from complex environments to score 403 

higher on PC2 than those from simple environments (Figure 4d, ANOVA: F = 2.689, p = 404 

0.0835). 405 

Discussion 406 

In this study, we successfully created discrete sexual-social experiences that females encountered 407 

for the entirety of their developmental period (from parturition to adulthood) by manipulating 408 

female exposure to different combinations of alternative male reproductive phenotypes. 409 

Importantly, females raised in these different social groups experienced similar densities (Figure 410 

1i), enabling us to examine the effect of male mating tactic and sexual-social complexity on 411 

female development independent of social density effects. 412 

Personality 413 

We found that aggression, activity, boldness, and shyness were stable over repeat measurements 414 

(Table 1). These findings demonstrate that X. nigrensis possess similarly stable personality traits 415 

as have been reported in other poeciliids. For instance, aggression (Wilson et al. 2011), boldness 416 

(Boulton et al. 2014), activity (Cote et al. 2010; Biro and Adriaenssens 2013; Blake and Gabor 417 

2014), and exploration (Blake and Gabor 2014; Heinen-Kay et al. 2016) have been established as 418 

personality traits in other swordtail and mosquitofish species. Variation in some of these 419 

personality traits such as boldness and aggression has previously been shown to correlate with 420 
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predation (Blake and Gabor 2014; Heinen-Kay et al. 2016; Castellano and Friard 2021; 421 

Huntingford 1976; Dingemanse et al. 2007; Bell 2004), but this is among the first to explore how 422 

specific social experiences shape the development of these traits. 423 

Sexual-social rearing environment shaping personality 424 

We show that social experience during ontogeny leads to long lasting and repeatable changes in 425 

personality during adulthood, adding to a growing body of literature on the ontogeny of 426 

personality (Stamps and Groothuis 2010a; Stamps and Groothuis 2010b; Hedrick 2017; Cabrera 427 

et al. 2021). Importantly, we quantified behavior in the rearing environment (Figure 1) as well as 428 

during adulthood allowing a direct comparison of what type or combination of early-life 429 

experiences affect adult personality (Taborsky 2016). Why would developmental exposure to 430 

both courtship and coercion lead to bolder and less aggressive females? One possible 431 

interpretation is that responding to multiple male sexual behaviors is more cognitively 432 

challenging than responding to males that predictably employ the same tactic. In a complex 433 

sexual-social environment, an increase in boldness and a reduction in aggression may increase 434 

females’ exposure to important social information and thereby allow females to appropriately 435 

respond. Boldness may be required to explore the sexual-social environment, while too much 436 

intrasexual aggression may detract attention away from male behavior and thereby decrease 437 

information gathering related to male conspecifics. Our results are consistent with findings in 438 

other taxa where social isolation leads to lower exploration in individuals relative to individuals 439 

raised with others (Liedtke et al. 2015). Indeed, boldness has been shown to positively correlate 440 

with a number of cognitive traits such as spatial learning in lizards (Carazo et al. 2014) and 441 

learning speed in chickadees (Guillette et al. 2009). Access to information likely explains 442 

differences in aggression in dominance hierarchies (Hobson 2020), and our results suggest that 443 

aggression may be modulated to increase social information gathering when social contexts are 444 

complex. In this study, experience with multiple male mating behaviors leads to bolder and less 445 

aggressive females, which may lead to increased information acquisition. 446 

Sexual-social rearing environment shaping behavioral syndromes 447 

Why might behavioral syndromes emerge from a complex, but not simple, mating environment 448 

during development? According to the social niche specialization hypotheses, behavioral 449 

syndromes may emerge from animals optimizing their behavior in a socioecological context 450 

through state-behavior feedbacks (Bergmüller and Taborsky 2010; Sih et al. 2015; Sih 2011). 451 

Perhaps sexual-social complexity that reflects the natural social conditions of X. nigrensis 452 

requires some constraint on the development of female behavior. If, for example, an increase in 453 

female boldness in response to social complexity aids in information processing and improved 454 

social decision making, behaviors such as aggression might be constrained to lower levels to 455 

facilitate this relationship. In support of this view, social complexity is associated with increased 456 

social competence across taxa (Taborsky and Oliveira 2012). Female behavior from a simple 457 

social environment may be less constrained, with reduced pressure to form behavioral 458 

syndromes. In addition, research on pace-of-life syndromes suggests ecological conditions drive 459 

differences in resource allocation to survival and reproduction that may also affect personality 460 

and behavioral syndromes (Polverino et al. 2018). In this experiment, social complexity may 461 

have shaped female behavior through its effect on pace-of-life syndromes. Physical complexity 462 

in the rearing environment has been shown to affect behavioral syndromes (Liedtke et al. 2015; 463 



 12 

Xu et al. 2020), and here we show that sexual-social complexity is also an important factor in 464 

shaping behavioral syndromes. 465 

Previous research in sticklebacks (Dingemanse et al. 2007; Bell and Sih 2007) has shown that 466 

exposure to predators leads to the formation of behavioral syndromes, whereas predator-naïve 467 

sticklebacks lack behavioral syndromes. Here we find that exposure to multiple mating tactics 468 

leads to the formation of female behavioral syndromes, which are absent in females from 469 

environments with lower mating tactic complexity. Our results suggest that sexual selection 470 

pressures might be just as powerful as natural selection pressures at forming behavioral 471 

syndromes. Interestingly, the correlations we report are in opposite directions as what is 472 

commonly reported in studies where predation pressure is implicated in behavioral syndrome 473 

formation (Huntingford 1976; Bell 2004; Dingemanse et al. 2007). Whereas many predation 474 

studies report a positive correlation between boldness, aggression and activity in focal prey taxa, 475 

we found negative correlations between activity and aggression and between aggression and 476 

boldness in females raised with multiple male mating tactics. This unusual behavioral syndrome 477 

in females reared in complex mating environments may reflect a constraint females face in the 478 

more complex social environment that link together sets of behaviors possibly involved in social 479 

information gathering.  Interestingly, this same pattern of low aggression linked with high 480 

boldness is found among animals experiencing urbanization (eg. northern cardinals (Huang et al. 481 

2020), lizards (Batabyal and Thaker 2019) and several other taxa (Sadoul et al. 2021)). 482 

Researchers have suggested that boldness may emerge in the more complex urban environments 483 

as a result of habituation to humans (Samia et al. 2015); and that lower aggression may facilitate 484 

greater cognitive flexibility required in these more complex urban environments (Sadoul et al. 485 

2021).  The convergence of the same behavioral syndrome traits emerging from socially complex 486 

conspecific environments as those that emerge from exposure to humans may suggest that 487 

complexity in a number of different forms can lead to selection for a specific suite of behavioral 488 

traits. 489 

An alternative, non-mutually exclusive, explanation for how the social environment affects the 490 

development of behavioral syndromes is that diverse social experiences represent different social 491 

stressors that produce different coping styles. Coping styles refers to variation in how individuals 492 

respond behaviorally and physiologically to stressful events with ‘proactive’ animals tending to 493 

be more bold and aggressive, and ‘reactive’ animals tending to be the opposite (Koolhaas et al. 494 

1999; Bensky et al. 2017). The environment is expected to shape behavioral syndromes through 495 

shaping the stress axes in early development (Killen et al. 2013; Careau et al. 2014; Guenther et 496 

al. 2014; Farine et al. 2015; Sih 2011). For example, in the cavy (Cavia aperea), variation in 497 

birth season (associated with different stressors) leads to behavioral syndrome differences in 498 

adults (Guenther et al. 2014). In crickets, agonistic experience during development shapes 499 

individual differences in approach-avoidance behaviors, aggressiveness, and motility, which the 500 

authors argue supports a proactive and reactive coping style syndromes in that species (Balsam 501 

and Stevenson 2021). The social environment can represent different levels of stress, and 502 

certainly variation in the type of mating interactions is likely to be a large source of stress 503 

variation. Further research may be able to determine if these differences in behavioral syndromes 504 

correlate with differences in social information processing and/or differences in stress 505 

physiology (coping styles). 506 

Conclusions 507 
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In summary, we found that sexual-social experiences during development affect the emergence 508 

of behavioral syndromes. We were able to manipulate the type of social interactions females 509 

experienced across development while keeping social group size the same— allowing us to 510 

differentiate the type of social interactions from the quantity. Our results have broad implications 511 

on the power of sexual selection on the evolution and maintenance of behavioral syndromes and 512 

personality. If female experience with single or multiple male mating tactics in the laboratory has 513 

the power to shape behavioral syndromes, then we should also see this pattern in the wild. 514 

Comparative work should examine whether species with single mating tactics repeatedly diverge 515 

in personality and behavioral syndromes from taxa with multiple alternative male mating tactics; 516 

and whether species with multiple mating tactics exhibit stronger evidence for behavioral 517 

syndromes (and whether a boldness-low aggression syndrome is the most dominant).  Moreover, 518 

future studies should consider multiple sources of environmental variation on behavioral 519 

syndrome development including both sexual selection (mating system, social complexity) and 520 

natural selection (predation, habitat complexity) pressures. 521 
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Figures/Tables: 833 

 834 

 835 
 836 

Table 1: Spearman’s rank correlation between the two repeat measurements for each behavior 837 

from each assay. 838 
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 839 
 840 

Figure 1: Social-rearing environment conditions 841 

Schematic of different social rearing environments: D, displayers only (a); C, coercers only (b); 842 

C&D, coercers and displayers together (c); M, mixed strategy males (d); and F, female only 843 

environments (not shown). Females from different rearing environments experienced different 844 

rates of male courtship (e) and coercion (f) while exhibiting no differences in their activity (time 845 

spent moving) (g) or foraging (h) rates. Box and whisker plots show median (center line) and 846 

interquartile range. Letters demonstrate similarity from Tukey post hoc analysis. Data were from 847 

411 video clips (10 secs each) collected from the treatment tanks during the developmental 848 

rearing period (> 1 year) prior to behavioral testing of the experimental females at adulthood 849 

(number of videos per treatment shown above box and whisker plots). Weekly density 850 

measurements across replicate tanks for each treatment (i) reveal that females in the F (female 851 

only treatment) showed a near-significant difference in juvenile densities over time relative to 852 

the male-exposed treatments (p = 0.06). Excluding the female-only treatment group revealed that 853 

females from male-exposure treatments (D, C, C&D, and M) experienced similar density levels 854 

over time (p = 0.94). Bold colored lines represent the average densities across replicate tanks 855 

within a social treatment: (D) blue, (C) red, (C&D) green, (M) yellow, (F) grey, while faint lines 856 

show density counts from individual replicate tanks (represented as lighter colors than the 857 

treatment average line). 858 

 859 

 860 
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 861 
 862 

Figure 2: Behavioral effects of social rearing environment on adult behavior 863 

At adulthood, females were tested in (a) scototaxis, (b) aggression, and (c) shoaling assays. We 864 

measured (d) boldness (white center, proportion of time in white center—denoted by dashed blue 865 

line), and (f) shyness (black thigmotaxis, proportion of time on black side within 2cm of wall—866 

denoted by dashed red line) in the scototaxis assay. We assessed (h) aggression as the number of 867 

bites at the mirror; and activity (j) as the total movement (pixels traversed on video screen: 868 



 24 

arbitrary units) during the shoaling assay; and social interaction (l) as the proportion of time 869 

individuals spent in the social interaction zone (2cm from barrier, see red line in (c)). We used 870 

ANOVA to test for differences across groups for each behavioral metric with associated p value 871 

shown for each test, and significant differences between pair wise comparisons using Tukey-post 872 

hoc test denoted with different letters above each treatment group. We further examined 873 

behavioral developmental differences by social complexity (e,g,i,j,m) by using GLMM (and 874 

Kruskal-Wallis for non-normal data) between ‘simple’ (pooled rearing environments with a 875 

single male mating tactic (C, D) shown in purple) and ‘complex’ (pooled rearing environments 876 

with two male mating tactics (C&D, M) shown in orange).  877 

 878 

 879 

 880 
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 881 
 882 

Figure 3:  Heatmap of behavioral correlations by treatment and complexity 883 

Spearman’s rank correlation of behaviors by treatment (a-d) and sexual-social complexity (e,f) 884 

with negative correlations shown in cooler colors and positive correlations in warmer colors.  885 

Significant spearman’s rank correlations (p < 0.05) are denoted with bold font. A significant or 886 
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near-significant trend for a negative relationship was observed between shyness and boldness 887 

which is expected given the non-independence of these two behavioral characteristics (measured 888 

within the same assay). Evidence for behavioral syndromes (correlations of behaviors measured 889 

between contexts, sensu Sih et al. 2004b) were found only in complex sexual-social rearing 890 

environments (f, aggression and shyness (p = 0.009), aggression and activity (p = 0.019), activity 891 

and social interaction (p = 0.001), and near-significant boldness and aggression (p = 0.065)) but 892 

not in simple sexual-social rearing environments (e). 893 

 894 

 895 

 896 

 897 
 898 

Figure 4: Multivariate analysis of behavioral traits by social complexity 899 

Principal component analysis (PCA) including all 5 behavioral metrics revealed females reared 900 

in simple (purple) and complex (orange) mating environments show behavioral differences in 901 

multidimensional space. (a) The first two principal components explain 66.79% of the 902 

multivariate variation, with PC1 explaining 42.9% of the variance. Points are colored by 903 

treatment and ellipses represent 95% confidence intervals. (b) Vector-plot of PC loadings reveal 904 

that boldness, shyness and aggression load most prominently on PC1, whereas activity and 905 

shoaling tendencies load more strongly onto PC2. (c) ANOVA reveals females from complex 906 

environments (C&D and M groups) score higher on PC1 than females from simple environments 907 

(C and D groups, p = 0.0006); with (d) non-significant trend for complex-reared females to have 908 

higher PC2 scores than simple-reared females (p = 0.08).   909 

 910 


