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SUMMARY

Cognitive variance has been documented across many species. It may stem from constraints imposed by the 

covariation among different traits. We hypothesized that sex could contribute to cognitive variance by 

affecting the traits’ covariation. By applying a network analysis in the guppy (Poecilia reticulata), a fish 

with marked sexual dimorphism, we found that males and females differed along a fast-slow continuum, 

with males exhibiting higher metabolism, higher activity levels, faster learning, and lower cognitive flexibility. 

Moreover, we found more covarying traits in males compared to females (12 versus 7). Pairwise associations 

involving cognitive traits significantly differed in the covariance networks of the two sexes and were stronger 

in males. Various traits, including learning and cognitive flexibility, had different influences in the covariation 

network between males and females. Cognitive traits are embedded in a complex, sex-dependent web of 

covariation, which may be important for the evolution and maintenance of cognitive variance.

INTRODUCTION

Cognitive variance, historically considered a hallmark of human 

psychology,1–3 has now been extensively documented across 

a wide range of vertebrates, including mammals,4–6 birds,6,7

non-avian reptiles,8 and teleost fish,9 as well as in inverte

brates.10 This variability in cognitive abilities is remarkably pro

nounced in certain species. For example, in the guppy, Poecilia 

reticulata, a small teleost fish, some individuals achieved scores 

in an inhibitory control task that were 200 times higher than those 

of others.11 Such variance is certainly critical for individual 

fitness12–17 and cognitive evolution,6,18 yet how it arises and is 

maintained remains unclear.

In many cases, individuals’ scores in different cognitive traits 

have been reported to be correlated.19–21 This can be due to un

derlying cognitive processes, trade-offs, and the involvement of 

the same neural substrates, and it certainly has effects on deter

mining cognitive variance. Moreover, part of the observed 

phenotypic variance in cognition has been linked to covariation 

with traits from other domains. Animals often exhibit relatively 

stable individual differences in behavioral traits, often referred 

to as personalities,22 and in physiological traits.23,24 Variation 

within populations in behavior and physiology is thought to be 

maintained through underlying life-history trade-offs25,26 (see 

also Pace-of-Life hypothesis).27,28 Evidence suggests that 

behavior29–31 and, to a lesser extent, physiology32,33 covary 

with cognition. For example, more active and bolder individuals 

have been reported to be faster learners in various species.34,35

Several studies have found significant correlations between the 

way information processing is divided between the two brain 

hemispheres (e.g., cerebral lateralization) and various behavioral 

traits.36–39 In addition to these correlations, life-history trade-offs 

may also directly influence cognitive variation due to the high 

metabolic costs of neural structures.40,41 Due to these direct 

and indirect links with life-history variation within a species, 

cognitive variation might be affected by factors impacting life 

histories.

One of the factors determining large differences in life histories 

is the sex,42 and evidence suggests that individual differences in 

behavior and physiology are often sex-dependent,43,44 as well as 

their covariation.45–48 Average differences in cognitive traits be

tween the sexes are also frequently documented in the litera

ture.49–52 We therefore hypothesize that sex could be a factor 

contributing to cognitive variation by influencing the structure 

of covariation of cognition with behavior and physiology. Here 

we tested this hypothesis in guppies, a species known for its pro

nounced sexual dimorphism53–55 and significant cognitive varia

tion.11 To this goal, we analyzed in both male and female guppies 

the covariation pattern of five cognitive traits (cerebral lateraliza

tion, visual discrimination learning, spatial discrimination 

learning, and cognitive flexibility in both visual and spatial 

discrimination contexts,39,56–60 two physiological traits (basal 

and stress metabolism61–63), and a set of behavioral traits (activ

ity, swimming velocity, exploration, shyness, and sociability)64–66
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by using a network analysis. The network analysis is a multivar

iate approach that analyses associations considering not only 

specific pairs of traits but simultaneously controlling for all the 

other traits and their relationships, thereby comprehensively 

describing the structure of the system.67

RESULTS

Physiological traits

As physiological traits, we assessed two aspects of metabolism, 

one representing the basal metabolism and the other represent

ing the metabolism under stress.61–63,68,69 These traits were esti

mated using ventilation rate as a proxy.70–73 The basal ventilation 

rate in our experimental subjects was 194.80 ± 36.13 bpm. The 

stress ventilation rate was significantly higher than the basal 

ventilation rate (348.62 ± 71.63 bpm; paired t test: t44 = 16.664, 

p < 0.001). The observed ventilation rates were similar with those 

reported for other poecilid fish, although slightly higher perhaps 

due to higher metabolism or to the fact that our subjects were 

tested in a novel environment.70,74,75 Sex had a significant influ

ence on the basal ventilation rate index, with males having higher 

basal ventilation rates (two-sample t test: t42 = 3.160, p = 0.003; 

Figure 1A), but not on the stress ventilation rate (t43 = 1.486, p = 

0.145; Figure 1B).

Behavioral traits

We assessed guppies’ behavior in three well-established tests: 

exploration, scototaxis, and sociability test.64,65 We also 

checked for the repeatability of the behavioral traits by observing 

each subject in each the test twice. Significant repeatability 

is usually considered evidence that the trait is a personality 

dimension.76 In our exploration test, the activity of the subjects 

(measured as the distance swam) significantly decreased in 

the second trial compared to the first trial (trial 1: 284.26 ± 

81.73 cm; trial 2: 250.48 ± 106.33 cm; t47 = 2.307, p = 0.026). 

Subjects decreased their activity during testing (F1,1869 = 

617.214, p < 0.001) with a steeper decrease in the first trial (inter

action time × trial: F1,1869 = 12.733, p < 0.001; Figure S3A). Ac

tivity was significantly repeatable between trials (repeatability 

estimation via parametric bootstrapping: R = 0.388 [0.093; 

0.606], p = 0.011). On average, males exhibited higher activity 

(t46 = 2.147, p = 0.037; Figure 1C). The second variable obtained 

from the exploration test, the swimming velocity, decreased in 

the second trial (trial 1: 4.79 ± 1.38 cm/s; trial 2: 4.21 ± 

1.83 cm/s; t47 = 2.269, p = 0.028), with temporal trend similar 

to that detected for the activity (time: F1,1869 = 597.322, 

p < 0.001; interaction time × trial: F1,1869 = 12.061, p < 0.001; 

Figure S3B). Subjects showed significant repeatability across tri

als (R = 0.344 [0.065; 0.576], p = 0.016). Significant sex differ

ences emerged for this trait, indicating faster swimming in males 

compared to females (t46 = 2.337, p = 0.024; Figure 1D). Swim

ming velocity resulted strongly correlated to activity 

(rho > 0.99, p < 0.001), suggesting that these two variables 

described the same behavioral trait.

Regarding the spatial behavior of the subjects in the explora

tion test, they showed a significant preference for the edges of 

the experimental arena (time spent in the edge: 0.94 ± 0.03; 

t47 = 104.000, p < 0.001), demonstrating thigmotaxis, a behavior 

considered an indicator of traits such as shyness and anxi

ety.65,77,78 Thigmotaxis decreased between the first and the sec

ond trial (trial 1: 0.96% ± 0.03%; trial 2: 0.93% ± 0.05%; t47 = 

3.943, p < 0.001), and also showed different temporal patterns 

between the trials (interaction time × trial: F1,1869 = 7.859, p = 

0.005; Figure S3C). This trait was not significantly repeatable 

(R = 0.114 [0; 0.375], p = 0.207). There was no significant sex dif

ference in thigmotaxis (t46 = 0.285, p = 0.777; Figure 1E). The last 

variable collected in the first behavioral test was the proportion of 

area covered in the arena, which indicated exploration tendency. 

We found that subjects explored most of the arena (proportion of 

area covered: 0.65 ± 0.08; t47 = 13.193, p < 0.001), with a signif

icant exploration increase in the second trial (trial 1: 0.60% ± 

0.10%; trial 2: 0.69% ± 0.11%; t47 = 4.523, p < 0.001). Subjects 

were also faster to explore over testing time, especially in 

the second trial (interaction time × trial: F1,1869 = 54.793, 

p < 0.001; Figure S3D). Exploration was not significantly repeat

able (R = 0.069 [0; 0.334], p = 0.322) and did not differ between 

the sex (t46 = 1.023, p = 0.312; Figure 1F). The exploration vari

able (i.e., proportion of area covered) was likely affected by the 

same behavioral trait of thigmotaxis (e.g., shyness and/or anxi

ety), as they negatively correlated (rho = − 0.79, p < 0.001).

In the scototaxis test, the subjects displayed the expected sig

nificant preference for the dark sector of the arena (0.57 ± 0.12, 

t47 = 4.473, p < 0.001), a preference usually associated with 

shyness. Scototaxis was significantly repeatable (R = 0.589 

[0.366; 0.757], p = 0.001), with no significant difference between 

trials (trial 1: 0.58 ± 0.14; trial 2: 0.56 ± 0.12; t47 = 0.639, p = 

0.526). Scototaxis response changed during testing time 

(F1,1869 = 37.641, p < 0.001) with a steeper increased in the sec

ond trial (interaction time × trial: F1,1869 = 7.737, p = 0.005; 

Figure S3E). We did not find a significant difference between 

sexes (t46 = 1.010, p = 0.318; Figure 1G).

In the sociability test, the guppies displayed the expected 

preference for the stimulus shoal (one sample t test: 0.95 ± 

0.06, t47 = 48.443, p < 0.001). However, the sociability variable 

was not significantly repeatable (R < 0.001 [0; 0.275], 

p > 0.999). Subjects’ sociability score did not significantly differ 

between trials (trial 1: 0.94 ± 0.09; trial 2: 0.95 ± 0.10; t47 = 

0.549, p = 0.586), but different temporal trends were found be

tween them (interaction time × trial: F1,1853 = 11.478, 

p < 0.001; Figure S3F). No differences were found between 

sexes (t46 = 0.585, p = 0.561; Figure 1H).

In the attempt to reduce the number of behavioral variables for 

the following analyses, we performed an explorative principal- 

components analysis (PCA). Several adequacy measures sug

gested that our dataset was hardly suitable for the analysis 

(Kaiser-MO: overall 0.572; low internal consistency α = 0.12; α 
changed if single-item deleted < 0.70). The parallel analysis sug

gested considering only the first two components (eigenvalues 

significantly greater than 1). The PCA (Table S1) showed that 

both activity and swimming velocity cross-loaded the two signif

icant principal components (loading factors > 0.40), while scoto

taxis and sociability traits failed to load a component (loading 

factors < 0.40). Although the remaining two variables (thigmo

taxis and area covered) separately loaded the two components, 

these eventually resulted as an artifact as they captured individ

ual differences in the same behavioral dimension. Overall, these 
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Figure 1. Sex differences in physiology and 

behavior 

Violin plots with individual data points comparing 

average scores of male and female guppies for 

(A) basal ventilation rate, (B) stress ventilation rate, 

(C) activity, (D) velocity, (E) thigmotaxis, (F) area 

covered, (G) scototaxis, and (H) sociability. As

terisks indicate significant differences. White point 

and error bars represent mean and SEM.
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analyses suggest that principal components were hardly suitable 

for describing behavioral variances on our population79–83; thus, 

we used separate and distinct traits in the following analyses.

Cognitive traits

As the first cognitive trait, we measured lateralization, a trait 

related to how individuals split information processing between 

the two hemispheres.84 We used a test based on the response 

to a social stimulus.11,36,39,56,85 The relative lateralization index 

in the population, which considered directionality of hemispheric 

preferences, was − 0.04 ± 0.20 and did not significantly diverge 

from zero (t47 = 1.329, p = 0.190). The absolute lateralization in

Figure 2. Sex differences in cognitive traits 

Violin plots with individual data points comparing 

average scores of male and female guppies 

for (A) relative lateralization index, (B) absolute 

lateralization index, (C) visual learning, (D) visual 

cognitive flexibility, (E) spatial learning, and 

(F) spatial cognitive flexibility. Asterisks indicate 

significant differences. White points and error bars 

represent mean and SEM.

dex, which accounts only for the strength 

of lateralization regardless of direction

ality, was 0.18 ± 0.10 and was signifi

cantly greater than zero (t47 = 11.724, 

p < 0.001). Both these lateralization 

indices were not significantly repeatable 

across trials (relative lateralization: R = 

0.091 [0; 0.364], p = 0.310; absolute later

alization: R < 0.001 [0; 0.272], p > 0.999). 

The sex did not significantly affect neither 

the relative (t46 = 0.707 p = 0.483; 

Figure 2A) nor the absolute lateralization 

index (t46 = 1.512, p = 0.137; Figure 2B).

To assess visual learning abilities, we 

used a color discrimination task where 

the guppies were rewarded with food 

for selecting a predetermined color from 

two options.59,86 All the guppies partici

pating to the visual learning task (46 out 

of 46; 100%) reached the learning crite

rion. The average number of days to 

reach the criterion was 5.32 ± 3.45. After 

the subjects learned the criterion, we 

conducted a reversal learning test to 

measure cognitive flexibility by switching 

the reward contingency between the two 

colors.58,59 All the subjects tested (45 out 

of 45; 100%) solved the visual reversal 

learning task in 7.20 ± 2.84 days. Simula

tion analyses showed that the occur

rence of subjects reaching the learning 

criterion in both the visual learning and vi

sual reversal learning task was not due to 

chance (simulated subjects reaching the 

criterion in the learning task: 1.11% ± 

1.54%, p < 0.001; in the reversal learning task: 0.96% ± 

1.44%. p < 0.001). Males reached the criterion of the visual 

learning task significantly faster than females (t44 = 2.085, p = 

0.043; Figure 2C). The analyses of a cognitive flexibility index 

corrected for individuals’ learning performance (i.e., positive 

values indicate high flexibility) showed that females reached 

the criterion of the visual reversal learning task significantly faster 

than males (t42 = 2.289, p = 0.027; Figure 2D).

We further characterized cognitive abilities with a spatial 

learning task where the subjects had to learn to select the correct 

arm of a T-maze.57,60,87 The spatial learning task was followed by 

a spatial reversal learning task to assess cognitive flexibility.57 In 
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the spatial tasks, 45 out of 45 participating guppies (100%) 

reached the criterion both in the learning and reversal learning 

phase, taking 3.24 ± 1.82 days and 4.31 ± 3.36 days, respec

tively. The simulation demonstrated that this level of perfor

mance was not due to chance (simulated subjects reaching 

the creation in the learning task: 0.81% ± 1.33%, p < 0.001; in 

the reversal learning task 1.48% ± 1.82%, p < 0.001). Males 

were significantly faster in learning (t43 = 2.147, p = 0.037; 

Figure 2E), although this effect was only marginal after removing 

an outlier subject (t42 = 1.998, p = 0.052). There was no sex dif

ference in the cognitive flexibility performance of the spatial task 

(t43 = 0.380, p = 0.706; Figure 2F).

Network analysis

We investigated covariation among traits using a network 

approach.67,88 The network analysis relied on the correlation co

efficients calculated between each pair of traits and produced a 

series of metrics corrected for the other pairwise relation

ships.89,90 Therefore, the network analysis offers an overall 

view of the association between a set of traits, potentially 

providing novel insights on intricate relationships. The results 

of the network analysis revealed a complex covariation pattern 

among traits and across different domains, with marked differ

ences between the two sexes (Figure 3). In males, almost all 

traits were linked in a single, complex cluster (Figure 3A); 

conversely, in females, associations derived from two linear 

clusters (Figure 3B). Inspection of the correlation matrixes under

ling the networks (Figures 4A and 4B) indicated that females dis

played 7 significant correlations overall, 6 of which involving 

cognitive traits (relative lateralization and thigmotaxis; visual 

learning and stress metabolism; visual learning and visual cogni

tive flexibility; spatial learning and thigmotaxis; spatial learning 

and spatial cognitive flexibility; spatial cognitive flexibility and ac

tivity; Figure 4C). Males showed 12 significant correlations, 8 of 

which involving cognitive traits (spatial learning and spatial 

cognitive flexibility; spatial cognitive flexibility and basal meta

bolism; spatial cognitive flexibility and visual cognitive flexibility; 

spatial cognitive flexibility and visual learning; visual learning and 

visual cognitive flexibility; visual learning and scototaxis; visual 

cognitive flexibility and scototaxis; absolute lateralization and 

stress metabolism; Figure 4D). A stability permutation analysis 

suggested that most of the associations between traits identified 

in the network were highly robust (Figure S4), with the exception 

of two in the males’ network (visual learning versus spatial cogni

tive flexibility; and basal ventilation rate versus spatial cognitive 

flexibility) and one in the females’ network (activity versus spatial 

cognitive flexibility).

A comparison between unweighted networks (i.e., without 

considering the strength of the associations) revealed that males 

and females showed a similar number of connections per trait 

when considering all traits (t22 = 1.758, p = 0.093), while males 

tended to show more associations per trait when considering 

only traits with at least one association in the network (t17 = 

1.982, p = 0.064). In the weighted networks, including all possible 

relationships between traits, females and males showed similar 

average trait weights, and thus, a similar strength of association 

between pairs of traits (considering directionality of the relation

ship: t130 = 0.033, p = 0.974; considering the absolute value of 

the relationship: t130 = 1.149, p = 0.253). This conclusion was sup

ported by a permutation analysis on the whole network (global 

strength invariance test: S = 2.314, p = 0.222). There was a pos

itive correlation between the weight of the traits of the two sexes 

(Pearson’s product moment correlation; considering direction

ality of the relationship: r = 0.245, t64 = 2.021, p = 0.048; consid

ering the absolute value: r = 0.300; t64 = 2.520, p = 0.014). A per

mutation analysis on the weighted networks did not reveal a 

significant sex difference considering the whole network 

(network invariance test: M = 0.911, p = 0.099).

Divergences between the sexes in network parameters 

emerged when considering specific traits, specific pairwise rela

tionships, and specific domains. The weights of the traits were 

significantly affected by the interaction between sex and domain 

(ANOVA with Satterthwaite’s method: F4,60 = 2.897, p = 0.029). 

Post hoc analysis revealed that males showed stronger 

Figure 3. Network structure in male and fe

male guppies 

Network plot with significant correlations of 

(A) females and (B) males. The traits are repre

sented by nodes, and their association by the 

edges connecting the nodes. The thickness of an 

edge represents the strength of the correlation 

between nodes, while the color of edge repre

sented whether the correlation was either negative 

(red) or positive (blue). The three domains were 

differentiated by nodes’ coloring, i.e., physiology 

(blue), behavior (light gray), and cognition (green). 

VCF = visual cognitive flexibility; VSL: visual 

learning; SCF: spatial cognitive flexibility; SPL: 

spatial learning; THG: thigmotaxis; ACT: activity; 

SVR: stress ventilation rate; SCT: scototaxis; BVR: 

basal ventilation rate; RLI: relative lateralization 

index; ALI: absolute lateralization index; SCB: 

sociability.
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connections between pairs of cognitive traits compared to fe

males (t60 = 2.991, p = 0.004; Figure 5A). Permutation analyses 

identified five edges (i.e., pairwise associations between traits) 

that significantly differed between males and females, with an 

additional four showing marginal differences (Table 1). Of these 

edges with some degree of sex difference, 7 involved at least 

one cognitive trait (77.78%). A similar pattern was observed 

when running the permutation analysis on the network based 

on the first 10 min (4 significant and 4 marginals, of whom 6 

involved a cognitive trait) or the last 10 min of behavioral testing 

(6 significant and 5 marginals, of whom 9 involved a cognitive 

trait), suggesting consistency in covariation differences between 

Figure 4. Comparison between female and male guppies in the correlations between traits 

Correlation matrix reporting Spearman’s ρ for (A) females and (B) males. Scatterplot of significant correlations detected in (C) females and (D) males.
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sex. By considering the centrality measures describing the 

network structure on the overall dataset, scototaxis and activity 

had significant differences in strength (i.e., absolute importance 

of a certain trait) and closeness (i.e., proximity of each trait to the 

other traits in the network) in the networks of the two sexes 

(Figure 5B; Table 2). Last, basal metabolism, scototaxis, visual 

learning, and visual cognitive flexibility had different expected in

fluences (i.e., relative importance of a certain trait in the network) 

in the networks of males and females (Figure 5B; Table 2).

DISCUSSION

Phenotypic variance in cognitive traits, whose evolutionary 

causes are not fully understood, is often associated with 

Figure 5. Differences between males and females in edge weight and centrality measures of networks 

(A) Relative weight of associations grouped by domain in the male (blue) and female (red) networks. Data are represented as median and upper and lower 

quartiles. 

(B) Centrality plot represented the three centrality measures describing the influence of each node in the female (red) and male (blue) network: ‘‘closeness’’ 

indicated the proximity of each nodes to the others by summing all nodes’ distance; ‘‘strength’’ quantify how a node is strongly connected to other nodes by 

summing all absolute edge weights from a node; ‘‘expected influence’’ described the relative importance of a node in a network by summing all positive and 

negative edges extending from the certain node. VCF = visual cognitive flexibility; VSL: visual learning; SCF: spatial cognitive flexibility; SPL: spatial learning; THG: 

thigmotaxis; ACT: activity; SVR: stress ventilation rate; SCT: scototaxis; BVR: basal ventilation rate; RLI: relative lateralization index; ALI: absolute lateralization 

index; SCB: sociability.
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individual differences in behavioral and physiological traits, 

potentially due to the underlying effects of intraspecific life-his

tory trade-offs. Given that sexual selection induces significant 

life-history differences between the sexes, and may directly 

affect cognition, behavior, and physiology, we predicted that 

the structure of covariation between traits from these domains 

would differ between the sexes, particularly in highly sexually 

dimorphic species. Our study in guppies substantially supports 

this prediction.

The comparison between male and female guppies revealed 

several sex differences in the average value of the traits. Males 

exhibited higher basal metabolism and, consistent with earlier 

studies, greater activity levels compared to females.91,92 Addi

tionally, males learned faster in a spatial discrimination task, as 

reported by Lucon-Xiccato and Bisazza,93 and in a visual 

discrimination task, an effect not previously documented in the 

literature to the best of our knowledge.94 Conversely, evidence 

suggested that females were more efficient at reversing a 

learned association, supporting the hypothesis of greater cogni

tive flexibility in female guppies.52 While part of the cognitive sex 

differences could be due to sex differences in motivation, this 

cannot be the only factor involved, as the two sexes performed 

differently in the visual learning and reversal learning task, which 

exploited the same reward (i.e., food). Overall, the sex differ

ences align with predictions from two evolutionary hypotheses, 

which suggest that variation in the relationships between physi

ology and behavior27 and between cognition and behavior31 may 

align along a fast-slow continuum. In this specific case, males, 

with higher metabolism and activity, faster learning, and lower 

flexibility, would represent the fast side of the continuum. Inter

estingly, a recent study characterizing phenotypic covariation 

in the European eel, Anguilla anguilla, did not find data support

ing the slow-fast continuum across individuals for cognition, 

behavior, and physiology.33 There has been ongoing debate 

over the generality of the fast-slow continuum hypothesis, as ev

idence both supporting and contradicting it exists.95 Notably, the 

eels in De Russi et al.33 study were tested at an early develop

mental stage (glass eel), where sex differentiation had not yet 

occurred. We propose that at least part of the contrasting find

ings regarding the fast-slow continuum may be attributable to 

the effects of sex, as sex differences can indeed magnify align

ment in trait covariation.

When we looked at the covariation between traits, we found 

several significant relationships, in line with previous studies in 

this species.35,38,39,96–98 It is worth noting that lateralization 

and two behavioral traits were not significantly repeatable. This 

outcome is often observed for lateralization, but less common 

in behavioral traits.99 The lack of repeatability may be ascribed 

to several factors, including methodological ones.99 For 

example, the repeatability test for sociability was influenced by 

low variance across subjects, likely due to the pronounced dif

ference between stimuli that elicited a strong social attraction. 

It is also possible that some of the behavioral traits measured 

were not aspects of personality in our population. We cannot 

exclude that modeling the non-repeatable traits could have 

contributed to an underestimation of trait covariation.

Critically, our analysis on the effects of sex on traits’ covaria

tion revealed several differences between males and females. 

Males displayed more significant correlations (12 versus 7), 

also considering correlations involving cognitive traits. When 

considering all the traits in the networks, we did not detect signif

icant differences between males and females in number of con

nections per trait and the average trait weights. A potential trend 

for more connections in male traits, albeit not significant, has 

emerged after removing the traits without at least one connec

tion. Moreover, the covariations between cognitive traits were 

significantly stronger in males, suggesting more marked individ

ual differences in cognition in this sex. Specific associations of 

cognitive traits with behavior and physiology traits significantly 

differed between sexes in the network, as did the influence of 

certain traits, such as visual learning and cognitive flexibility. 

All these findings overall suggest that cognition covaries with 

traits from other domains in a different way in males and females.

The conclusion of our analyses holds important evolutionary 

implications. When selection acts on a trait involved in the 

observed covariations, evolutionary changes in that trait might 

also indirectly influence the other traits involved in the relation

ship. This scenario might be crucial for maintaining cognitive 

variance because it enables indirect effects. For example, fluctu

ating selection acting on personality100 and physiology101 may 

indirectly affect covarying cognitive traits. Our study suggests 

that such indirect selection differs between males and females. 

Certainly, there is another side to the story. Covarying traits 

may exert contrasting effects on the evolution of the focal trait 

Table 1. Results of the edge invariance test

Pair of traits (dominion) Edge invariance test

Basal ventilation rate (metabolism) Stress ventilation rate (metabolism) E = 0.693, p = 0.023

Basal ventilation rate (metabolism) Relative lateralization index (cognition) E = 0.472, p = 0.093

Absolute lateralization index (cognition) Stress ventilation rate (metabolism) E = 0.624, p = 0.035

Activity (behavior) Scototaxis (behavior) E = 0.775, p = 0.010

Activity (behavior) Spatial cognitive flexibility (cognition) E = 0.520, p = 0.060

Thigmotaxis (behavior) Spatial learning (cognition) E = 0.491, p = 0.078

Visual cognitive flexibility (cognition) Spatial learning (cognition) E = 0.495, p = 0.078

Visual learning (cognition) Spatial cognitive flexibility (cognition) E = 0.677, p = 0.035

Visual cognitive flexibility (cognition) Spatial cognitive flexibility (cognition) E = 0.911, p = 0.006

Comparison of the strength of the relationships between pairs of traits between male and female guppies. The table reports significant and marginally 

significant differences. The full list of invariance edge strength tests is reported in the ESM (Table S1).
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due to co-occurring selective pressures. Our work suggests that 

these constraints are potentially influenced by sex differences in 

the structure of the covariation. The role of indirect selection and 

constraints in maintaining variance has been extensively studied 

in behavioral traits.102 More attention should also be directed to

ward understanding this in the context of cognitive traits.

Notably, the mechanism generating sex-specific covariation 

patterns between cognition and other traits remains unclear. 

One possibility is that cognitive variance is ultimately due to 

life-history variance. Indeed, neural tissues, being among the 

most energetically costly in the animal body,40 are likely subject 

to significant energy trade-offs.41 Given that life-history variance 

also affects behavior and physiology, and considering the often- 

divergent life histories between sexes, this could explain why 

traits from these domains covary. An alternative hypothesis, 

currently underexplored, is that sexual selection directly influ

ences the links involving cognition. Evidence suggests that 

when only one sex is required to solve a specific cognitive 

task, selection may favor the evolution of cognitive sex differ

ences.51 For example, in the polygynous vole Microtus pennsyl

vanicus, males have larger territories and better spatial abilities 

than females, a difference not observed in monogamous voles 

where the two sexes share the same territory.103,104 In guppies, 

several studies have highlighted that the tasks typically 

faced by the two sexes can be distinct, with females spending 

most of their effort foraging and males attempting to obtain 

mates.54,55,105 Sexual selection could drive the evolution of spe

cific cognition-cognition, cognition-behavior, or cognition-phys

iology covariations in one sex due to fitness advantages. This 

latter possibility is particularly intriguing because correlational 

selection is thought to be highly effective in maintaining the ge

netic architectures that determine trait covariation.106

Individual cognition appears to be embedded in a complex 

network of relationships with traits from other domains, which 

might work as constraints and indirect pressures in cognitive 

evolution. The present study suggests that sex plays a major 

role in the structure of this covariation among traits, emphasizing 

the critical direct and indirect role of sexual selection in cognitive 

evolution. It is important to note that the focal species of this 

work is characterized by higher-than-average sexual dimor

phism and likely under strong sexual selection.53 Investigating 

species with varying levels of these two factors is essential to 

assess the relative importance of sex in cognitive covariations.

Limitations of the study

Our sample size is relatively large compared to typical animal 

cognition studies; however, it may be insufficient for reliably esti

mating whether the investigated behaviors should be considered 

personalities (e.g., consistent behavioral tendencies). This limita

tion could explain the lack of repeatability observed in certain 

traits. Additionally, our sociability test yielded very similar scores 

across individuals, indicating that it may not be robust enough to 

effectively assess individual differences. Repeatability was not 

assessed for the physiological traits, although these were ex

pected to be quite consistent in this species.107,108 Lastly, the 

study might underestimate individual differences and covariation 

as it uses laboratory-raised individuals. While these fish were pri

marily expected to exhibit individual differences driven by ge

netic factors, the controlled environment and uniform experi

ences may have reduced individual differences arising from 

phenotypic plasticity.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will 

be fulfilled by the lead contact, Gaia De Russi (gaia.derussi@unife.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

• Datasets are available as supplementary materials (Data S2).

• R Code is available as supplementary material (Data S1).

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact (G.D.R.) upon request.

Table 2. Results of the centrality invariance test

Trait (dominion) Expected influence Closeness Strength

Basal ventilation rate (metabolism) C = 1.383, p = 0.123 C = 0.006, p = 0.175 C = 0.313, p = 0.709

Stress ventilation rate (metabolism) C = 1.852, p = 0.032 C = 0.003, p = 0.595 C = 0.283, p = 0.756

Scototaxis (behavior) C = 2.015, p = 0.018 C = 0.012, p = 0.014 C = 1.955, p = 0.014

Activity (behavior) C = 1.088, p = 0.148 C = 0.010, p = 0.015 C = 1.492, p = 0.015

Thigmotaxis (behavior) C = 0.016, p = 0.984 C = 0.002, p = 0.681 C = 0.033, p = 0.966

Sociability (behavior) C = 0.451, p = 0.583 C = 0.002, p = 0.622 C = 0.368, p = 0.421

Relative lateralization index (cognition) C = 1.063, p = 0.119 C = 0.004, p = 0.391 C = 0.510, p = 0.458

Absolute lateralization index (cognition) C = 0.948, p = 0.293 C = 0.003, p = 0.398 C = 0.344, p = 0.583

Visual learning (cognition) C = 2.023, p = 0.008 C = 0.001, p = 0.796 C = 0.184, p = 0.741

Visual cognitive flexibility (cognition) C = 1.995, p = 0.006 C = 0.001, p = 0.721 C = 0.041, p = 0.948

Spatial learning (cognition) C = 1.080, p = 0.199 C = 0.001, p = 0.736 C = 0.606, p = 0.346

Spatial cognitive flexibility (cognition) C = 0.710, p = 0.318 C < 0.001, p = 0.961 C = 0.146, p = 0.834

Comparison of expected influence, closeness, and strength of each trait in the network between males and females. In bold are reported significant 

differences.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects

The subjects belonged to a laboratory population originated in 2012 from guppies bought in a local shop. This guppy population is 

maintained in large groups (approximately 100 individuals) housed in 400-L aquaria enriched with natural gravel bottom and plants 

(Echinodorus bleheri and Taxiphyllum barbieri). To reduce inbreeding, at least once per year several guppies were moved across the 

different aquaria and new fish were brought from the shop. Fluorescence lamps (Sylvania GRO-LUX, 15 W, Milano, Italy; 12 h:12 h 

light: dark photoperiod), aerators, and mechanical, chemical and biological filters were also provided. Water was kept as follows: 

temperature 27 ± 1◦C, conductivity 606.7 ± 60.18 μS/cm, nitrite levels <0.1 mg/L and nitrate levels <50 mg/L. The guppies were 

fed twice per day with food flakes (Vipan Nature, Sera, Germany) and brine shrimps (Artemia salina).

The subjects were randomly selected from the maintenance aquaria. All the subjects were experimentally naı̈ve and after testing 

were returned to the maintenance aquaria in the facility. At the end of the experiments, each subject was moved to a cup for weighing 

(300 C, Precisa, Switzerland) and then moved into a narrow transparent tank with a reference background where it was photo

graphed. Using ImageJ (https://imagej.net/), we measured the standard length of the subjects.109 The length and weight in the exper

imental subjects were 3.33 ± 0.26 cm and 0.79 ± 0.18 g (mean ± standard deviation), respectively. Females were significantly larger 

than males considering both traits (length: males 3.18 ± 0.21 cm, females 3.50 ± 0.21 cm, t42 = -5.065, p < 0.001; weight: males: 

0.73 ± 0.15 g, females: 0.85 ± 0.18, t42 = 3.160, p = 0.003).

Ethics

The experimental protocols have been revised and approved by University of Ferrara’s Ethical Committee (OPBA UNIFE, permit 

TLX-2020_1 - TLX-2022_1).

METHOD DETAILS

Experimental design

The study was conducted in 2023 in the laboratories of the University of Ferrara. We tested 48 naı̈ve adult guppies, 24 females and 

24 males. For the entire study (approximately 2 months), the subjects were housed in separate housing apparatuses to allow indi

vidual recognition and testing. The learning and flexibility tests were conducted in this housing apparatus. The physiology tests, be

havioural tests, and one cognitive test (lateralisation test) were conducted by moving the subject into different apparatuses, and then 

moving it back to the housing apparatus. The order of the tests was fixed to favour detection of individual differences.110

Housing conditions for the experiments

To allow individual testing, we moved each guppy into a grey plastic housing apparatus (30 × 40 × 22 cm; water level 18 cm). Each 

subject remained in this housing apparatus for approximately 60 days, although the exact period was affected by the length of the 

cognitive testing (described in the main text). The housing apparatuses were kept in a laboratory room separated from the facility 

to reduce external interferences. The room’s light was kept off, and illumination for the subjects was provided by cold white a LED strip 

(TMR, ELCART, Italy; 1180 lux, 9.322 W/m2) placed directly above the apparatus. The testing rooms and water was maintained at 27 ± 

1◦C, and the water was partially changed once a week and replenished when necessary. To lessen stress in subjects, experimental 

tanks were provided with gravel on the bottom and an aerator, while a net was placed over them at night breaks to keep the fish from 

jumping out. Net and aerators were removed an hour before testing to allow the subjects to settle. Guppies received food randomly 

twice a day, unless they were participating in the visual and spatial discrimination tasks, where they were fed Artemia salina as reward.

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Poecilia reticulata University of Ferrara N/A

Software and algorithms

CiclicTimer N/A N/A

ImageJ ImageJ https://imagej.net/ij/

RStudio RStudio https://cloud.r-project.org/
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Physiological traits

The ventilation measurements used to estimate metabolism were conducted upon moving the subjects to an unfamiliar environ

ment,111 a white plastic chamber (5 × 5 cm; water level 4 cm). The chamber was illuminated from above by cold white LEDs 

(TMR, distributed by ELCART, Italy). A HD camera (HC-VX980, Panasonic, Japan) recorded the subject from above for two minutes 

to measure ventilation rate under stress. Subsequently, another recording was conducted after one hour (minutes 60-62) to obtain 

our measure of basal ventilation rate.111 We score the ventilation rate as number of operculum openings per minute (bpm) from the 

recordings played back on a computer using VLC media player (https://www.videolan.org/). A different blind experimenter confirmed 

the adequacy of measures by manually scoring the operculum openings from the video-recording. We considered as the basal meta

bolism the basal ventilation rate normalised by the subject’s weight and the stress metabolism as the ventilation increase from the 

basal to the stress situation: [(stress ventilation rate – basal ventilation rate)/ basal ventilation rate].

Behavioral traits

The behavioural tests were conducted without acclimatisation to observe the response to the novel environment. Each trait was as

sessed twice to investigate repeatability. The interval between the two trials was relatively short (i.e., 10 days) to avoid marked 

changes in the size of the subjects due to growth. Moreover, the testing conditions of the two trials (e.g., temperature, illumination, 

water parameters) were kept as constant as possible. During the interval between trials, the fish were not subjected to other tests and 

were individually maintained following the housing schedule.

Exploration test

We first conducted a novel environment exploration test.35,64,97 We moved the subject to an unfamiliar, empty arena made of white 

plastic (40 × 40 × 15 cm, water level 5 cm; Figure S1A). The testing arenas were placed on a backlight table illuminated from below 

with infrared LEDs (λ > 980 nm; Noldus Information Technology, Wageningen, The Netherlands). An infrared-sensitive camera (Mono

chrome GigE camera, Basler, Germany; resolution: 1280 × 1024) was placed 1 m above the open field arena to record fish behaviour. 

The testing arena was illuminated from above by cold white LEDs (TMR, distributed by ELCART, Italy). A software (Ethovision, Nol

dus, The Netherlands) tracked the position of the subject for 20 minutes, allowing us to calculate distance moved and swimming ve

locity as a proxy of general activity,66 the proportion of time spent in the edge of the arena (at least 5 cm from the edge) as a proxy of 

shyness,65 and the proportion of arena covered.112 These two latter indices had range 0-1 and were higher and lower for shier in

dividuals, respectively.

Scototaxis test

After the completion of the exploration test, we moved the subject into a half white and half black apparatus (56 × 15 × 32 cm; water 

level 5 cm; Figure S1B) illuminated by cold white neon tubes placed above each sector (15 W, Sylvania GRO-LUX, Milano, Italy). This 

apparatus was used to obtain a measure of shyness based on scototaxis, the tendency of shy individuals to avoid white environ

ments.113,114 From a 20-minutes recording performed with a camera on the ceiling (HDR-CX405, SONY, Japan), we obtained the 

time spent in the black sector and the time spent in the white sector. These time variables were scored using a custom software 

(CiclicTimer) with multiple stopwatches activated via a computer keyboard. The scototaxis variable was then computed as: time 

spent in the black sector (in seconds) / total testing time (e.g., 1200 s). This scototaxis index had range 0-1 and was higher for shier 

individuals.

Sociability test

After the scototaxis test, the subject was moved into a three-chamber apparatus (60 × 20 × 36 cm; water level 5 cm; Figure S1C) for 

the sociability test.64,115 The two lateral chambers (10 cm), illuminated by cold white neon tubes (15 W, Sylvania GRO-LUX, Milano, 

Italy), either contained a group of 4 guppies (2 males and 2 females), acting as a social stimulus, or was empty. Subjects’ behaviour 

was video recorded (HC-VX980, Panasonic, Japan or HDR-CX405, SONY, Japan) from above for 20 minutes and analysed with the 

Ethovision software to obtain the time spent in close proximity (i.e., within 4 cm) to the social stimulus and the empty sector. All the 

subjects visited both sectors, and spent at least 94% of time in these sectors. Sociability was calculated as: time spent near the social 

stimulus/(time spent near the social stimulus + time spent near the empty sector).115,116 This sociability index had range 0-1 and was 

higher for more social individuals.

Cognitive traits

Lateralization test

The subject was moved into an apparatus consisting of an octagonal arena (each side: 15 cm, water level: 5 cm; Figure S2A) with 

internal walls covered by mirrors. LEDs provided illumination (cold white light, TMR, distributed by ELCART, Italy) and a video camera 

(HC-VX980, Panasonic, Japan or HDR-CX405, SONY, Japan) recorded the subjects for 20 minutes. The lateralisation trial was con

ducted twice, with a 10-day interval, as described for the behavioural tests. From the recordings played back on a computer, the 

experimenter operating the CiclicTimer software scored the position of the subject to obtain the time spent close to the mirror 

(i.e., 5 cm from the mirrors) swimming in clockwise direction and the time spent close to the mirror swimming in counter-clockwise 

direction. Fish processing social information with, for instance, the left hemisphere, were expected to look the social stimulus (i.e., 

their mirror image), preferentially with the right eyes, thereby swimming mostly in counter-clockwise direction. From the data, we 

calculated two commonly used indices of lateralization117–119: the relative lateralization index as [(Time spent swimming clockwise – 

Time spent swimming counter-clockwise) / (Time spent swimming clockwise + Time spent swimming counter-clockwise)]; and the 
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absolute lateralisation index as the absolute value of the relative lateralisation index. The relative lateralisation index had range -1 

to +1: subjects that preferred to swim clockwise had positive scores, and vice versa.

Visual learning test

The day before the beginning of this test, two trapezoidal-shaped transparent plastic structures were inserted into the housing appa

ratus, delimiting two main sectors linked by a central corridor (Figure S2B). The test lasted multiple days, according to subjects’ per

formance. Each day, the experimenter administered to the subject 12 learning trials, split into two sessions (i.e., morning and after

noon) separated by a 3-hour interval. Consecutive trials within session were separated by a 10-minute interval. In each trial, the 

experimenter simultaneously presented two visual stimuli: a yellow disc and a red disc (Ø = 1.0 cm) mounted on a white card 

(4 × 4 cm) at the end of a transparent plastic stick (26 × 2 cm). The stick allowed to fix the stimuli in correspondence of the corners 

of a short wall of the apparatus.

One rewarded colour (i.e., either the yellow or the red) was assigned to each subject with a pseudo-random scheme, with care to 

counterbalance the number of subjects assigned to each colour between the two sexes. The assigned rewarded colour did not signif

icantly affect subjects’ learning performance (Wilcoxon rank sum test: learning: W = 309.000, p = 0.329). Before the start of the 

learning trials, subjects were allowed to familiarise with the rewarded colour for two days. In the first day of familiarisation, the exper

imenter presented only the rewarded colour stimulus for 12 times and rewarded the subject when it approached the stimulus (i.e., 

within less than 1 body length) with 3-4 A. salina nauplii delivered with a Pasteur pipette. On the second day of familiarisation, the 

non-rewarded colour was presented in at the same time as the rewarded one. Subjects were allowed to investigate both stimuli 

but were rewarded only when they approached the correct one. After a correct choice, the rewarded stimulus was left in the appa

ratus for 5 minutes, while the unrewarded stimulus was removed. After this familiarisation phase, the experimenter began presenting 

both stimuli, but rewarding the subject only if it first approached the correct stimulus within 15 minutes. After a correct choice, the 

rewarded stimulus was left in the apparatus for 5 minutes, while the unrewarded stimulus was immediately removed. In case of an 

incorrect choice, the experimenter immediately removed both stimuli. The learning task continued until the subject reached a learning 

criterion of > 80 % correct responses in two consecutive days (20 correct choices out of 24 trials). This criterion corresponded to a 

statistically significant preference for the correct stimulus (binomial test: p = 0.002) and was thus less likely to be achieved by subjects 

making random choices.

Cognitive flexibility in visual discrimination

To conduct the reversal learning task and assess cognitive flexibility, the experimenter switched the reward between the two colours 

and trained the subject until it reached the same criterion described above. This procedure started the day after a subject reached the 

learning criterion. As a variable for the analyses, we used an index controlled for learning ability calculated as: -(number of days to 

criterion in the visual task - number of days to criterion in the reversal task) / number of days to criterion in the visual task. Higher 

values of the index indicated greater cognitive flexibility. One subject was excluded in this task because it died during testing (final 

sample N = 45).

Spatial learning test

The spatial learning test started two days after the end of the colour discrimination test. The day before the start of the spatial learning 

test, the transparent structures used for the visual tests were removed and a white plastic T maze (Figure S2C) was inserted in the 

housing apparatus. The maze consisted of a 9 × 6.5 cm start box, a 12 × 3 cm corridor, and a choice sector leading to two identical 

arms (9.5 × 4 cm). One of the two arms led to a passage closed by means of a grid net (unrewarded arm). The other arm had a grid net 

that could be opened as a curtain if the subject pushed it, therefore allowing the subject to return to the housing apparatus (rewarded 

arm). The side of the correct arm was randomised and counterbalanced across subjects and sexes and did not affect performance 

(Wilcoxon rank sum test: W = 293.000, p = 0.337). Both arms were blocked outside the trials to prevent the subject from accidentally 

entering the maze. The water level inside the maze was kept at 1.5 cm to motivate the subject to return the housing apparatus.

The testing procedure involved a series of trials administered across consecutive days. The length of this period varied across sub

jects based on the time needed to reach the learning criterion (described below). In each day, the experimenter administered 12 trials 

separated in two sessions (morning and afternoon; 3 hours interval). Trials within sessions were separated by a 10-minute interval. In 

each trial, the experimenter collected the subject with a net and moved it into the start box of the T maze. The subject was let un

disturbed until it exited the maze, while the experimenter recorded the first arm entered (i.e., rewarded or unrewarded arm). The 

learning criteria was as in the previous test: 20 correct choices out of 24 trials in two consecutive days.

Cognitive flexibility in spatial discrimination

After a subject reached the learning criterion in the spatial task, we administered a spatial reversal learning task to assess cognitive 

flexibility.57 The procedure consisted in switching the correct and the incorrect arm of the maze and training the subject to the same 

criterion described for the learning phase.

QUANTIFICATION AND STATISTICAL ANALYSIS

For data analysis, we used RStudio (version 2023.12.1 + 402). The sample size was decided a priori based on a previous study on 

cognitive sex differences in guppy.58 Using G Power 3.1.9.7,120 the required sample size for detecting a large effect size (estimated 

Cohen’s d = 0.98) with a power of 80% and α error probability of 0.05 was 23 subjects per group. Statistical tests were two-tailed and 

the threshold for the statistical significance was set at p = 0.05. 41 subjects completed all the tests, while for the other 7 subjects we 
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have missing data for the visual learning (n = 2), visual cognitive flexibility (n = 3), spatial tasks (n = 3) and physiology measures (n = 4). 

Descriptive statistics are reported in the main text as mean ± standard deviation. We initially applied adjusted generalised linear 

mixed-effects models121 ("rpt" R function, nboot = 1000, nperm = 1000, datatype = Gaussian; grname argument = individual iden

tification name) and two-sample t-tests ("t.test" R function) to assess repeatability by restricted maximum likelihood and average 

differences in performance across trials and sexes, respectively. Asterisks reported in the figures indicated statistical significance 

("*", p < 0.05). Temporal variation of each behavioural trait was analysed via linear mixed-effects models (‘‘lmer’’ R function from 

‘‘lmerTest’’ package, significance of the models’ parameters obtained with the Satterthwaite’s degrees of freedom method) fitted 

with the continuous variable ‘‘time blocks’’ (i.e., 20 temporal blocks of 1 minute) as covariate, ‘‘trial’’ as fixed factor, and subject 

ID as random factor. In the permutation analysis, repeatability of traits was assessed by setting sex and trials as fixed factors. 

One-sample t-tests ("t.test" T function) were used to compare the population score against the one attended by chance for the thig

motaxis (expected value: 0.5), for the scototaxis (expected value = 0.5), and for the relative lateralization index (expected value = 0). 

We performed the PCA on the behavioural traits with the ‘‘prcomp’’ function (‘‘stats’’ R package).

To ensure that the scores observed in the visual and the spatial learning tasks were not due to chance, we conducted a simulation 

analysis following De Russi et al.57 We calculated the number of days necessary to reach the learning criterion in a simulated set of 

subjects that chose randomly between the stimuli. This was done simulating 12 trials using a random binomial distribution (50% prob

ability of success) per day of the simulated experiment. The number of days in the simulation was set to the maximum number of days 

necessary to reach the criterion in the real subjects. The number of subjects was equal to the number of tested guppies. The simu

lation process was repeated for multiple interactions (n = 10000) to compute the percentage of simulated subjects that reached the 

learning criterion. Then, we calculated the probability of obtaining the observed number of successful guppies from the simulated 

population.

To investigate sex differences in the associations between traits, we estimated the structure of the covariation using a network 

analysis. In the network analysis, each trait represented a node and the associations with other nodes (i.e., edge) were controlled 

for the influence of all the other nodes in the network. This approach allowed us to mitigate the problem of spurious correlation of 

the common correlation approaches, i.e., when two variables are not directly associated but are connected through a third 

one,89,90 and does not require assumption on latent variables like for instance the factor analysis.

The input for the network analyses was the correlation matrix between pairs of traits (12 traits) calculated using Spearman rank 

tests ("rcorr " R function, library ‘‘Hmisc’’). For traits measured twice, we used the trials’ means as the variable. In case of non-repeat

able traits, the average score was expected to provide an estimation of individual differences that was more accurate compared to 

the score of a single trial. Based on the results of the PCA, we fit the originally measured behavioural traits, albeit we excluded swim

ming distance and area covered due to strong covariance with activity and thigmotaxis. We obtained a correlation matrix including all 

the traits per each sex. Missing data represented 2.43 % (7 out of 288 observations from 2 subjects) and 3.82 % (11 out of 288 ob

servations from 5 subjects) for the male and female datasets, respectively. To avoid discarding subjects, we imputed the missing data 

using the ‘‘mice’’ package.122 Data imputation via multiple imputations reduces sampling discarding by creating several datasets 

based on the initial distribution of available data without specifying predictor variables.123,124 We performed repeated multiple impu

tations (argument m = 5) for each 50 iteration (argument maxit = 50). Then, we used the univariate imputation method of predictive 

mean matching (argument meth = ‘‘pmm’’, seed = 500) to impute missing data.

We then estimated correlation network structures of measured traits independently for each sex via the ‘‘estimateNetwork’’ func

tion from the bootnet package.90 Preliminary results, indicating a high number of correlated traits, discouraged the use of regularised 

techniques for estimating network structure, which can poorly fit dense networks.125,126 Since we hypothesised that all observed 

traits were biological correlated in such a manner that defined the individual, we computed a non-regularised estimation approach 

to estimate the network via ‘‘cor’’ function from psych package (argument default = cor; argument corMethod = ‘‘cor’’; argument 

corArgs = ‘‘spearman’’). The stability of the significant relationships in the weighted network was assessed using a bootstrap 

method90 ("bootnet" package; samples = 1000). Resulting 95% Confidence Interval of simulated nodes’ relationships that did not 

contain zero, indicated statistical significance (Figure S3). Estimated networks were graphically represented using the plot function 

from qgraph package.127 In the network graphs, nodes’ colour represented the assigned domain, i.e., physiology (blue), behaviour 

(light grey), and cognition (green). The width of the edges represented the strength of the association between nodes. The colour of 

the edges indicated positive (blue) and negative (red) relationships. We compared the number of connections per trait between the 

two networks via two-sample t-tests.

From the estimated weighted networks, we extracted all weights, i.e., numeric value identifying the strength of association be

tween two nodes, to compare the average strength of traits’ relationship between sexes (‘‘cor.test’’ function, method Pearson). 

We also analysed the effect of sex and domain on the traits’ relationship by using a linear mixed-effects model (‘‘lmer’’ function 

from the lmerTest package) fitted with sex and domain as fixed effect, and trait pair as random effect. For the latter analysis, we 

removed the association between the two physiological traits from the datasets. Then, we compared the two estimated networks 

using the package NetworkComparisonTest128 (‘NCT’ function, independent data, number of iterations = 10000). Structural differ

ences were analysed using the network structure invariance test and global strength invariance test; if significant, the first metric 

would indicate a difference in the covariance structure across groups, while the second metric would indicate a difference in the 

strength of covariations. Moreover, structural differences were further compared between sexes considering centrality indices 

that described the importance of each individual node and edge in the network.127 The centrality indices considered were: the 
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proximity of each node to the other nodes in the graph (closeness) calculated as the sum of the length of shorter paths (edges) be

tween them; the absolute importance of a certain node (strength) calculated as the sum of the weights (absolute value) of a target 

node; and the relative importance of a certain node (expected influence) calculated as the sum of the relative weights of a target 

node. Since we estimated the network structure based on traits’ covariances, nodes with a high number of correlations showed 

high values of closeness, while strength and expected influence defined the importance of a node with respect to the strength of 

its correlations with all other nodes. We graphically represented the differences in centrality indices between sexes using the central

ityPlot function from qgraph package.127

e5 iScience 28, 112487, May 16, 2025 

iScience
Article

ll
OPEN ACCESS


	ELS_ISCI112487_annotate_v28i5.pdf
	Sex affects the network of covariances between cognitive, behavioral, and physiological traits in guppies
	Introduction
	Results
	Physiological traits
	Behavioral traits
	Cognitive traits
	Network analysis

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Subjects
	Ethics

	Method details
	Experimental design
	Housing conditions for the experiments
	Physiological traits
	Behavioral traits
	Exploration test
	Scototaxis test
	Sociability test

	Cognitive traits
	Lateralization test
	Visual learning test
	Cognitive flexibility in visual discrimination
	Spatial learning test
	Cognitive flexibility in spatial discrimination


	Quantification and statistical analysis




