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Abstract  16 

 17 

Predation risk perception can alter mating behaviours in males and females, but the consequences for sexual 18 

selection remain underexplored. We have previously shown that in experimental populations of Trinidadian 19 

guppies Poecilia reticulata the opportunity for sexual selection (i.e. the variance in male reproductive fitness) 20 

was higher following exposure to a simulated risk of predation than in a no-risk condition. We build upon this 21 

result by exploring whether imminent predation risk affects: 1) the relationship between the opportunity for 22 

sexual selection and the actual strength of selection on male traits and 2) the traits contributing to male 23 

fitness, and he shape of selection on these traits. While predation risk increased the variance in male fitness, 24 

realised selection on traits remained unaffected. Pre- and postcopulatory traits follow complex patterns of 25 

nonlinear and correlational selection in both treatments. Differences in selection gradients deviate from 26 

predictions based on evolutionary responses to predation, the most notable being stronger selection on 27 

courtship rate under predation risk. Our results demonstrate that the operation of sexual selection can be 28 

altered by perception of an imminent predation risk and reinforce the notion that both trait-based and 29 

variance-based metrics should be employed for an informative quantification.  30 
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Introduction 48 

 49 

Non-lethal effects of predation are increasingly more often recognised as relevant drivers of changes in prey 50 

populations (1-3). Perception of predator cues can affect provisioning of offspring, ultimately determining their 51 

fitness (4-6). Other non-lethal effects consist of changes in mating behaviour in both males and females, with 52 

the potential to impact sexual selection trajectories. Changes in female choosiness and/or preference for 53 

conspicuous male traits following predator threat perception have been reported in variable field crickets 54 

Gryllus lineaticeps (7), lesser waxmoths Achroia grisella (8), and swordtails Xiphophorus helleri (9, 10). 55 

Exposure to predator cues is associated with a higher number of failed copulations in Pardosa milvina wolf 56 

spiders (11) and with a reduction in male courtship in Schizocosa wolf spiders (12). Predation threat 57 

perception can intensify sexual conflict if females engaged in antipredator behaviours  are not able to evade 58 

unwanted mating attempts(13). For example, female water striders perceiving a risk of predation are more 59 

likely to accept matings they would otherwise avoid, particularly with large males (14, 15). Similarly, females 60 

of pygmy squid Idiosepius paradoxus remove fewer forcibly-inserted spermatangia in the presence of 61 

predator cues (16), with possible effects for sperm competition.  62 

Whether or not non-lethal effects of predation do influence the operation of sexual selection (e.g. its strength, 63 

shape, targeted traits) remains underexplored (17). This is perhaps surprising, given the increasing 64 

awareness of how ecological factors affect sexual selection dynamics (18-21) and the omnipresence of 65 

predation risk in the wild. Moreover, immediate predation risk can vary over short time scales irrespective of 66 

the background predation intensity characteristic of the habitat (22, 23), therefore it is plausible that the same 67 

population experiences consecutive reproductive episodes under different levels of predation risk, with 68 

potentially different outcomes for the shape and strength of sexual selection and the traits involved. 69 

One species in which the effects of predation risk on aspects of reproduction are extensively documented is 70 

the guppy Poecilia reticulata. On its native island of Trinidad, this small freshwater fish with internal 71 

fertilisation inhabits rivers and pools along a predation gradient, with consequences for ecology and life-72 

history traits (24, 25). Males from low-predation localities reach maturation at a larger body size, are more 73 

brightly-coloured and perform courtship behaviours (sigmoid displays; SDs hereafter) at relatively high 74 

frequencies, while males from high-predation populations are smaller, duller and rely more heavily on forced 75 

copulation attempts (gonopodial thrusts; GTs hereafter)(24). In addition, predation regime indirectly affects 76 

postcopulatory traits linked to guppy sperm performance (26). Observations in the lab indicate that more 77 

colourful males with a higher courtship rate are usually preferred by females and have a higher reproductive 78 

success (25, 27). In the presence of predator cues, males reduce the frequency SDs while increasing the 79 

rate of GTs (28). This change in male mating tactic is partly mediated by a reduction in female receptiveness 80 

(29) and preference for conspicuous male colouration (30). At the same time, if given the chance to observe 81 

male behaviour in the presence of predators, females prefer bolder males (that show a higher propensity to 82 

take risks, i.e. (31)), who indeed benefit from a higher reproductive success compared to their shier 83 

counterparts (32).  84 

We have previously shown that simulation of immediate predation risk increases the strength of sexual 85 

selection (expressed as the standardised variance in male reproductive success, IRS) on guppy males (33). 86 

This was mainly driven by a higher variance in mating success, suggesting that, at least in our experimental 87 
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conditions, predation risk may be associated with stronger sexual selection on male precopulatory traits. The 88 

variance in male reproductive success, however, does not necessarily represent the realised selection on 89 

traits, but rather an estimation of the upper limit of the strength of sexual selection (34-36), and does not 90 

distinguish between contributions from male traits and random variation in reproductive success not 91 

attributable to sexual selection (37).  92 

Despite intense debate regarding the use of trait-based statistics (such as selection gradients) or variance-93 

based statistics (for example the opportunity of sexual selection) for quantifying sexual selection (38, 39), 94 

comparisons between the two methods have been largely based on simulated datasets (40), while empirical 95 

tests have yielded mixed results (41-43). 96 

Here we build on our previous findings by aiming to quantify the effects of immediate predation risk on: 1) the 97 

relationship between the total opportunity for sexual selection (standardised variance in reproductive 98 

success, IRS) and the actual strength of selection on male traits and 2) the targets and shape of selection. 99 

We conduct multivariate selection analyses followed by canonical rotations, focusing on male traits known to 100 

contribute to pre and postmating success in the guppy (20, 31, 44-48).  101 

The effect of immediate predation risk on the strength and shape of selection on male traits will be influenced 102 

by female choosiness and polyandry, although the exact pattern is not easily predictable. If predation risk 103 

causes a decrease in female choosiness, then mating should be more random with respect to male 104 

precopulatory traits (such as body size, colouration and courtship behaviour), leading to weaker sexual 105 

selection on these traits (49, 50). On the other hand, if polyandry decreases in response to predation risk (as 106 

observed in our guppy population), then the potential for selection on male precopulatory traits should 107 

increase (51) while the importance of postcopulatory traits for male reproductive fitness should decrease.  108 

Based on observations of guppies in the wild and in the laboratory (see above), and considering the complex 109 

patterns of linear and nonlinear selection identified in our population (20, 52), we can predict that the 110 

combinations of traits advantaged under perceived predation risk include boldness and GTs, while in control 111 

conditions they comprise orange colouration, SDs, gonopodium length, iridescence and GTs. In addition, in 112 

accordance with the reduction in female polyandry observed previously (33), we expect that postcopulatory 113 

traits would be less relevant for male fitness in the presence of predation compared to control conditions.  114 

 115 

Materials and methods 116 

 117 

(a) Experiment overview 118 

As described in (33), mating trials in the presence and absence of predation risk were carried out in 119 

populations consisting of six males and six virgin females (hereafter “replicates”, see below). Males were 120 

selected from stock tanks ensuring that, within the same experimental population, they could be individually 121 

recognisable by the human observer from colour patterns. The sequence of data collection is presented in 122 

supplementary Figure S1. Briefly, males were isolated individually for three days, then subject to two 123 

boldness tests (see below), photographed and stripped of sperm to standardize their initial sperm reserves. 124 

Five days after photography, males were subject to mating trials in the first treatment, with the second 125 

treatment following six days after. We tested a total of 20 male replicates both in the presence and absence 126 
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of predation cues (i.e. a repeated-measure design), while the groups of females differed between treatments. 127 

Fin clips for the purpose of DNA extraction were obtained from males at the end of behavioural observations 128 

and from females after they produced a brood. Offspring were euthanised at 24-48h of age and preserved in 129 

pure ethanol at -20°C until processing. Following data collection, all adults were released into post-130 

experimental tanks and not reused in further experiments. Predation risk simulation, observations of mating 131 

behaviour and paternity assignment are the same as in (33) and also described in the supplementary 132 

material.  133 

 134 

(b) Boldness test 135 

We measured boldness using a modified version of the open-field test. Our setup consisted of a white circular 136 

arena, 40 cm in diameter filled with water to a depth of 2.5 cm. The arena contained a 3.5 cm diameter refuge 137 

in the centre, manufactured from a plastic bottle cap. A 15-W neon light on each side provided illumination. 138 

The plain white background and shallow water very likely generates fear in guppies, which is central to 139 

boldness measurement (53). The fish was released close to the refuge and its behaviour recorded for 10 140 

minutes with a Panasonic HCV180 video camera mounted 1m above the arena. Two boldness tests, 141 

separated by 48h, were performed for each male. The latency to leave the refuge and the total time spent 142 

underneath the refuge were scored from videos using BORIS 7.1.3 ((54), 143 

http://www.boris.unito.it/pages/download.html). Both behaviours were repeatable (r ≥ 0.3 according to the 144 

formula proposed by (55)). For each behaviour, we calculated the average between the two observations 145 

and reduced them to a single variable using a principal component analysis. The loading factor of each 146 

original variable was 0.94 and the resulting principal component, hereafter referred to as boldness, explained 147 

89% of the total variance.  148 

 149 

(c) Morphology and sperm assays  150 

Males were anesthetised in a bath of MS-222, placed on a grid-lined slide under a dissection microscope 151 

equipped with a Canon 450D camera and their left sides photographed. The ejaculates were stripped into a 152 

drop of 0.9% saline solution by swinging the gonopodia (intromittent organs) back and forth and applying 153 

gentle pressure to the abdomen. In this species, sperm is organised in discrete bundles (spermatozeugmata), 154 

each containing ~22000 sperm cells (56). All bundles were photographed for the purpose of sperm counting. 155 

Male body area, gonopodium length, area of colouration (orange and iridescent) and sperm number where 156 

scored from pictures using ImageJ software (https://imagej.nih.gov/ij/download.html).  157 

Three sperm bundles were placed on a multi -well slide coated with 1% polyvinyl alcohol to prevent sperm 158 

cells from sticking to the glass (47) and activated by 3 µl of water containing 150 mM KCl and 2 mg/L bovine 159 

serum albumin (57). Sperm velocity was measured using a CEROS sperm tracker (Hamilton-Thorne 160 

Research, Beverly, MA, USA) as cells were swimming away from the dissolving bundle. The sperm tracker 161 

provides a series of sperm velocity parameters of which we retained VAP (average path velocity) for further 162 

analyses (26). Sperm velocity for each male was measured from 295 ± 14.2 (mean ± S.E.) cells. 163 

Sperm viability was measured with a VitalTest kit (Halotech, Spain). Forty  sperm bundles were placed in a 164 

0.5 ml Eppendorf tube containing 40 µl saline solution and broken by vortexing for 90 seconds  (58). We 165 
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transferred 6 µl of the resulting mixture into a 0.5 ml Eppendorf tube to which we added 0.5 µl acridine orange, 166 

which stains live cells in green, and 0.5 µl propidium iodide which stains dead cells in red. Fluorescent images 167 

of the sample were taken with a Leica 5000 B microscope (Leica Microsystems, Wetzlar, Germany) equipped 168 

with a digital camera (DFC480; Leica Microsystems, UK). Sperm cells were counted using ImageJ software 169 

and viability was calculated as the proportion of live sperm out of the total, from at least 200 cells.  170 

A summary of the phenotypic characteristics of the males used in this experiment is given in the 171 

supplementary material (Table S1). 172 

 173 

(d) Statistical analyses  174 

We estimated the relationships between male relative fitness and phenotype using separate multivariate 175 

selection analyses (59) for each predation treatment followed by canonical rotations (60). We calculated 176 

fitness as the proportion of offspring sired by each male out of the total number of offspring produced within 177 

each replicate. We included (i) body area, (ii) gonopodium length, (iii) area of orange colouration, (iv) area of 178 

iridescent colouration, (v) sperm number, (vi) sperm velocity, (vii) sperm viability, (viii) number of sigmoid 179 

displays, (ix) number of gonopodial thrusts and (x) boldness as predictor variables in both models. The sets 180 

of males were repeated across the two conditions, therefore the values for boldness, morphological and 181 

ejaculate traits are the same for the control and predation treatments, while sexual behaviour was measured 182 

during mating trials, therefore values for SDs and GTs differed between treatments. While predation risk was 183 

associated with a reduced average courtship rate (33), between-individual differences remained constant 184 

(see supplementary material). We standardised response variables to a mean of one and trait values to a 185 

mean of zero and standard deviation of one (59).  186 

First, we conducted linear regressions including all trait estimates to obtain linear selection gradients (ᵦ). We 187 

then fitted second-order regressions including all linear, quadratic and correlational terms to estimate the 188 

matrices of nonlinear selection gradients (hereafter referred to as gamma matrices). Statistical packages 189 

underestimate quadratic coefficients by 0.5, therefore we doubled these estimates to obtain the correct values 190 

(61).  191 

We compared the linear, quadratic and correlational coefficients between treatments with a Monte-Carlo 192 

simulation with 10000 iterations. We compared the observed differences (predation – control) in the 193 

coefficients with a random distribution of differences obtained by shuffling each male’s reproductive success 194 

across treatments. Significance was calculated as the proportion of iterations in which the observ ed 195 

difference exceeded the 95% distribution in the random differences. We used a similar procedure to estimate 196 

differences in standardised variance in reproductive success (IRS; see also (33)), proportion of variance 197 

explained by male traits (R2 from full quadratic regressions) and total amount of variance explained by traits 198 

(IRS * R2). We obtained standard errors of these point estimators with a bootstrap procedure based on 10000 199 

samples. 200 

Interpreting the size and significance of individual coefficients can underestimate the strength of nonlinear 201 

selection (62). To overcome this problem, we conducted canonical rotations of the gamma matrices by 202 

multiplying them with the matrices of standardised traits (60). Canonical rotations produce new axes of 203 

nonlinear selection characterised by loadings of the original traits, similarly to loadings of original variables 204 
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on principal components obtained by PCA, and identify combinations of traits under selection beyond 205 

pairwise comparisons (63, 64). The number of canonical axes obtained is equal to the number of traits 206 

included in the analysis (eigenvectors M1 – M10 in each treatment; see below). Each eigenvector has an 207 

associated eigenvalue (λ), equivalent to the quadratic selection coefficient along the new axis. The strength 208 

of selection (curvature) along each eigenvector is given by its eigenvalue and the shape of selection by its 209 

sign, with positive eigenvalues indicating disrupting selection and negative eigenvalues stabilising selection. 210 

We also rotated original linear selection coefficients (ᵦ) onto the new traits in order to obtain estimates of 211 

linear selection along the new axes (θ) (65). We used the permutation procedure proposed by (66) to 212 

calculate the significance of each eigenvector. Analyses were conducted with R 4.0.3 (67) and PopTools 3.2 213 

(68) in Microsoft Excel. We visualised fitness surfaces using the ‘Tps’ function of the ‘fields’ package in R 214 

(69). 215 

 216 

Results 217 

 218 

In a previous paper (33) we demonstrated that the standardised variance in male reproductive fitness is 219 

significantly higher in the predation treatment (IRS = 1.073) compared to control (IRS = 0.633; Figure 1. See 220 

also (33)). Of this total variance, the proportion explained by traits, as estimated by the multiple regression 221 

analyses, was significantly higher in the control treatment (R2 = 0.709) compared to predation (R2 = 0.546; 222 

delta ± SE = - 0.162 ± 0.096, p = 0.026; Figure 1). By multiplying the standardised variance in reproductive 223 

fitness observed in the two treatments by the proportion of variance explained by traits, we obtained an 224 

estimate of the strength of overall sexual selection on the male traits considered in this study. We found that 225 

sexual selection on traits was higher in the predation treatment (IRS * R2 = 0.586) compared to control (IRS * 226 

R2 = 0.449), although this difference was not statistically significant (delta ± SE = 0.138 ± 0.103, p = 0.127; 227 

Figure 1).  228 

When reproductive fitness was analysed separately for each treatment, we did not find any significant linear 229 

selection gradients (ᵦ) (Table S2). We identified significant quadratic selection on body area (disruptive) and 230 

GTs (stabilising) in the control treatment and on SDs (disruptive) in the predation treatment. In the control 231 

treatment, all male traits apart from sexual behaviour were involved in significant correlational selection 232 

(Table S2), whereas a single negative correlational gradient, between sperm number and boldness, was 233 

significant in the predation treatment (Table S2). When we compared the multiple regression coefficients 234 

between treatments, we identified significant differences in two linear coefficients (GTs and boldness), two 235 

quadratic coefficients (sperm velocity and SDs) and four correlational coefficients associated with sperm 236 

number in combination with body area, iridescence, sperm velocity and SDs, respectively. Among these, SDs 237 

showed the most pronounced difference between treatments (Table S3). In summary, we identified different 238 

predictors of fitness in the two treatments whose coefficients, in turn, are associated with significant between-239 

treatment differences. Thus, in the predation treatment, high and low frequencies of SDs predict high fitness 240 

(i.e. disruptive selection), whereas reproductive success in the control treatment is associated with a positive 241 

correlation between body area and sperm number and a negative corelation between area of iridescence 242 

and sperm number. Canonical rotations produced ten new axes of selection in each treatment (Table 1). A 243 
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curvature different from 0 (given by the lambda value) indicates significant selection along the respective 244 

axis. This was the case for five axes in each treatment (M1, M2, M8, M9, M10). Note that the eigenvectors 245 

in each treatment are obtained from separate canonical rotations and are not equivalent, so M1 from the 246 

control treatment represents a different axis in canonical space than M1 from the predation treatment. For 247 

simplicity, we restrict our discussion to the strongest (highest absolute lambda value) and most significant 248 

(lowest p value)  two axes in each treatment (70). Thus, the highest lambda values in the control treatment 249 

corresponded to M1 and M10, which described disruptive and stabilising selection, respectively. Axis M1 was 250 

primarily loaded by body area (positive) and sperm number (negative), while axis M10 was mainly loaded by 251 

area of iridescence (positive) and sperm viability (negative). The fitness surface defined by these two axes 252 

(Figure 3) reveals peaks at extreme values of M1 and average values of M10. The highest peak is associated 253 

with small body area and high sperm count in combination with intermediate values for area of iridescence 254 

and sperm viability, whereas the lower peak corresponds to males with large body area, low sperm count, 255 

and again intermediate values of sperm viability and iridescent colouration (Figure 3). The most significant 256 

axes in the predation treatment (with the highest associated lambda values) were M1 and M10, describing 257 

disruptive and stabilising selection, respectively (Figure 3). Axis M1 was mainly loaded by SDs (negative) 258 

and body area (positive) and axis M10 was primarily described by sperm number (positive) followed by GTs 259 

(positive) and boldness (positive). The surface built by these vectors indicates that most successful 260 

phenotypes concentrate around extreme negative values of M1 and intermediate values of M10. These males 261 

are small, perform SDs at high frequencies and have intermediate values for sperm count, gonopodial thrusts 262 

and boldness. A secondary area of high relative fitness, at the positive end of M1 and average values of M10, 263 

is associated with intermediate to low sperm count, GT frequency and boldness and also large body area 264 

and low SD frequency (Figure 3).  265 

In summary, in the control treatment sexual selection is nonlinear, in accordance with previous results (20, 266 

52): the fitness surface has a nearly symmetrical saddle shape, with the two peaks at extreme values of M1 267 

of comparable height, suggesting that the alternative phenotypes benefit from similar reproductive success  268 

(Figure 3). In contrast, under predation risk sexual selection tends to be more sloped, as the surface built by 269 

the two main axes of selection identifies a phenotype (negative extreme of the M1 axis) which represents a 270 

main fitness peak, higher than the one at the positive end, suggesting that relatively small males performing 271 

a high frequency of SDs are better favoured compared to males showing the reverse combination of traits  272 

(Figure 3). 273 

 274 

Discussion 275 

 276 

In a previous study (33) we demonstrated that the perception of an imminent predation risk increases the 277 

opportunity for sexual selection, as estimated from the standardized variance in male reproductive success 278 

(35, 38). This result was due to an increased variance in male mating success and a reduced polyandry (as 279 

derived from the number of sires per brood), confirming that polyandry is negatively associated with variance 280 

in male reproductive success (51). In the present study, we used the data on male reproductive success to 281 

test whether sexual selection differed in strength and shape in response to predation risk. Specifically, we 282 
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aimed to explore: 1) whether the greater opportunity for (sexual) selection in the presence of predation risk 283 

resulted in stronger overall selection on male traits and 2) whether the perception of imminent predation risk 284 

affected the importance of male traits and combinations of traits for reproductive success. 285 

Our results suggest that, despite the larger IRS under imminent predation risk, the overall strength of sexual 286 

selection on male traits (expressed as the proportion of the variance explained by traits multiplied by the total 287 

variance) did not differ significantly between treatments. This was because in the predation treatment, male 288 

traits explained a lower proportion of the total variance in reproductive success compared to the control 289 

treatment (Figure 1). Therefore, although predation risk nearly doubled the opportunity for sexual selection, 290 

there was no corresponding increase in the strength of sexual selection on male traits. A widespread limitation 291 

of studies aiming to quantify selection in small experimental populations (as in the current work) consists of 292 

the noise generated by random variation in trait values. Here we overcame this issue by using a repeated 293 

measures design (71), therefore our quantification of sexual selection indices under different levels of 294 

predation is particularly informative. Our results provide reliable experimental evidence for the theoretical 295 

notion that the opportunity for sexual selection (and selection in general) does not necessarily equal realised 296 

sexual selection (38, 39, 72).  297 

There are multiple non-mutually exclusive explanations for the observed relationships between the sexual 298 

selection metrics we computed in the two treatments. Here we discuss three. First, our result may be 299 

explained by the reduced female mating rate under predation risk and the consequent reduction in the 300 

contribution of traits under postcopulatory selection towards the variance in male reproductive success (33). 301 

Second, female mate assessment could be less accurate under predation risk. Guppies are an extreme 302 

example of multiple male ornaments under simultaneous selection by female choice (20, 52). Evaluating 303 

complex phenotypes requires time and cognitive effort (73, 74) that may be limited under an imminent 304 

predation threat. Therefore, assuming a theoretically preferred male phenotype, “errors” in mate choice could 305 

occur more frequently in these conditions. Stochasticity in female choice should reduce the variance in male 306 

reproductive success (if female mate choice was purely stochastic the variance in male reproductive success 307 

should tend to zero), which contrasts with our observation that predation risk was associated with an 308 

increased variance in both male mating and reproductive success (33). A higher variance in male mating 309 

success, however, may arise due to a higher importance of mate choice copying, which has been 310 

documented in female guppies  both in the presence and absence of predator cues (30, 75). In this scenario, 311 

the initial choice of the first mating female in each replicate may benefit the first male to mate, irrespective of 312 

his phenotype, as suggested by previous results from our population (Morbiato, Cattelan, Pilastro, 313 

unpublished data). Thus, the variance in male mating and reproductive success under predation risk would 314 

increase (as observed) without affecting the overall strength of sexual selection on male traits, if females tend 315 

to copy the choice of other females more frequently under predation risk. Third, the higher portion of 316 

unexplained variance in the presence of predation could be a by-product of traits we did not quantify 317 

becoming more important for male fitness under these circumstances. Since it is difficult to know whether 318 

analyses of the type conducted here capture all components of male reproductive phenotype, this explanation 319 

cannot be ruled out.  320 
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Our second aim was to test whether predation risk influences the traits that contribute towards male fitness 321 

and/or the shape of selection on these traits. Previous analyses (33) indicate that, under predation risk, 322 

selection on postcopulatory traits such as sperm number, velocity, and viability should be weaker and 323 

selection on precopulatory traits should be stronger. We did find significant differences between the selection 324 

gradients under the two conditions (Table S3), but our results partly deviated from this prediction. One 325 

important consideration is that the values for morphological traits are the same in both treatments, as they 326 

are unlikely to vary substantially over the duration of the experiment (Figure S1) and are not influenced by 327 

predation risk. In addition, our interpretation of the relationship between boldness and fitness is based on the 328 

assumption that our boldness estimate in standard conditions reflects male propensity to take risks in other 329 

contexts, including mating trials. In contrast, male sexual behaviour was recorded during mating trials and is 330 

significantly affected by predation risk (33). It is therefore not surprising that the largest difference in selection 331 

gradients involved sexual behaviour, although not in the expected direction (Table S3). 332 

In agreement with previous work on the same population of guppies in conditions similar to our control 333 

treatment (20, 52), we found that sexual selection was largely correlational and non-linear. While we found 334 

no significant linear β regression coefficients or θ coefficients on the M vectors in either treatment (Table 1 335 

and Table S2), comparisons between treatments revealed that selection on GTs and boldness was more 336 

strongly linear in the predation treatment, and opposite in direction, compared with control (Table S3). At the 337 

same time, males with high and low values for body area and intermediate values of GTs were advantaged 338 

in the control treatment. In addition, eight combinations of traits were under correlational selection. In 339 

agreement with our expectation that postcopulatory traits should be more important for male reproductive 340 

success in the absence of predation, all ejaculate traits contributed towards male fitness in the control 341 

treatment, in combinations with morphological traits or boldness (Table S1). Canonical rotations confirmed 342 

these patterns: phenotypes under strongest selection in the control treatment were characterized by 343 

intermediate values for area of iridescence and sperm viability (M10) and either large body area and low 344 

sperm number, or small body area and large sperm number (M1, Figure 2).  345 

Extreme (high and low) frequencies of SDs were advantaged under predation risk. We also identified negative 346 

correlational selection between boldness and sperm number in the same treatment (Table S2), indicating 347 

that bolder males with low sperm count or shy males with high sperm reserves had a higher reproductive 348 

success. Canonical rotations confirmed disruptive selection on SDs under predation risk: axis M1 was loaded 349 

positively by body area and negatively by SDs, with the highest relative fitness concentrated around the 350 

negative extreme (Figure 3). The most advantageous phenotype in the presence of predation risk consisted 351 

of small body area, high SD frequency and intermediate sperm number, boldness and GT frequency (Figure 352 

3).  353 

Our results regarding the traits under selection only partly reflect the expected patterns. We did not find a 354 

relationship between GTs and male fitness in either treatment, despite a significant difference (yet in the 355 

unexpected direction) in linear gradients (Table S3). We did not observe any successful coercive mating but 356 

note that observations only covered 50% of the duration of the trials (33), thus we cannot exclude that forced 357 

copulations occurred. Even so, their contribution to male reproductive success was most likely limited, given 358 

the low insemination success of this mating tactic (76, 77) and considering that females were virgin and 359 
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therefore expected to be sexually receptive (i.e. to mate cooperatively more often). This was necessary in 360 

order to avoid the production of offspring from previously stored sperm that would have biased our measures 361 

of male reproductive success, but it has to be noted that in the wild, virgin females are a minority and their 362 

mating behaviour may not be representative to that of the population at large (27). In addition, the stronger 363 

positive correlation between SDs and reproductive success in the same treatment is surprising, considering 364 

that on average males reduced their courtship effort in the presence of predator cues (33). This observation, 365 

coupled with the lower polyandry, suggests that cooperative female mating rate is a key determinant of the 366 

strength of sexual selection on male traits while sexual conflict plays a minimal role, at least in our population 367 

under these experimental conditions.  368 

In conclusion, our study demonstrates that, although imminent predation risk was associated with a higher 369 

opportunity for sexual selection and a stronger association between male mating and reproductive success 370 

(33), sexual selection on male reproductive phenotype is not significantly stronger and largely similar in shape 371 

to that observed in control conditions. The most notable difference in the operation of sexual selection regards 372 

the increased relevance of courtship rate under predation risk compared to the control treatment. This is 373 

particularly instructive, in our opinion, because it highlights a situation in which males respond to the presence 374 

of predator cues by reducing, on average, the frequency of the behaviour (33), yet its importance for male 375 

reproductive success increases. Our results therefore demonstrate that non-lethal effects of predation can 376 

influence sexual selection trajectories, but in ways that can neither be deduced from lethal effects (e.g. 377 

selection against more conspicuous male phenotypes), nor predicted by behavioural responses of males and 378 

females to the perception of an imminent predation risk. Finally, our results confirm that, on its own, the 379 

variance in male reproductive success is not a sufficiently informative predictor of the strength of sexual 380 

selection, at least in polyandrous species (38, 39, 72). 381 

 382 

Ethical note. Our data collection protocol was approved by the University of Padova Institutional Ethical 383 

Committee (permit no. 256 /2018). 384 

Data availability. The dataset is available as supplementary material.  385 

Author contributions. AG, AP and SC conceptualised the study. AG performed the experiment and 386 

collected the data. All authors contributed to analyses. AG led the writing, with contributions from all authors 387 

who approved the final version of the manuscript.   388 

Funding. AG was supported by a CARIPARO scholarship for non-Italian PhD students and by a MIUR PRIN 389 

Grant (no. 20178T2PSW). SC was funded by a post-doc fellowship from the University of Padova. AD was 390 

supported by a STARS-CoG-2019 grant from the University of Padova. AP was supported by grants from 391 

University of Padova (PRAT-CPDA120105-2012 and BIRD-175144-2017) 392 

Acknowledgments. We are grateful to graduate students Martina Bonaldi and Marta Guerra for their 393 

valuable help with male traits quantification and paternity analyses, respectively.  394 

 395 

References 396 

1. Jordan LA, Ryan MJ. The sensory ecology of adaptive landscapes. Biol Letters. 397 

2015;11(5):20141054. 398 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 5, 2022. ; https://doi.org/10.1101/2022.04.03.486867doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.03.486867


11 

 

2. Matassa CM, Trussell GC. Landscape of fear influences the relative importance of consumptive and 399 

nonconsumptive predator effects. Ecology. 2011;92(12):2258-66. 400 

3. Daversa D, Hechinger RF, Madin E, Fenton A, Dell A, Ritchie E, et al. Broadening the ecology of 401 

fear: non-lethal effects arise from diverse responses to predation and parasitism. Proceedings of the Royal 402 

Society B. 2021;288(1945):20202966. 403 

4. Magnhagen C. Predation risk as a cost of reproduction. Trends Ecol Evol. 1991;6(6):183-5. 404 

5. Cresswell W. Non‐lethal effects of predation in birds. . Ibis. 2008;150(1):2-17. 405 

6. Hallinger KK, Vitousek MN, Winkler DW. Differences in perceived predation risk associated with 406 

variation in relative size of extra‐pair and within‐pair offspring. J Evolution Biol. 2020;33(3):282-96. 407 

7. Atwell A, Wagner WE, Jr. Along came a spider who sat down beside her: Perceived predation risk, 408 

but not female age, affects female mate choosiness. Behav Processes. 2015;115:143-8. 409 

8. Edomwande C, Barbosa F. The influence of predation risk on mate signaling and mate choice in the 410 

lesser waxmoth Achroia grisella. Sci Rep. 2020;10(1):524. 411 

9. Johnson JB, Basolo AL. Predator exposure alters female mate choice in the green swordtail. Behav 412 

Ecol. 2003;14(5):619-25. 413 

10. Pilakouta N, Alonzo SH. Predator exposure leads to a short-term reversal in female mate 414 

preferences in the green swordtail, Xiphophorus helleri. Behav Ecol. 2014;25(2):306-12. 415 

11. Taylor AR, Persons MH, Rypstra AL. The effect of perceived predation risk on male courtship and 416 

copulatory behavior in the wolf spider Pardosa milvina (Araneae, Lycosidae). The Journal of Arachnology. 417 

2005;33(1):76-81. 418 

12. Fowler-Finn KD, Hebets EA. The degree of response to increased predation risk corresponds to 419 

male secondary sexual traits. Behav Ecol. 2011;22(2):268-75. 420 

13. Boulton RA, Zuk M, Shuker DM. An Inconvenient Truth: The Unconsidered Benefits of Convenience 421 

Polyandry. Trends in Ecology & Evolution. 2018;33(12):904-15. 422 

14. Sih A, Krupa JJ. Predation risk, food deprivation and non-random mating by size in the stream 423 

water strider, Aquarius remigis. Behavioural Ecology and Sociobiology. 1992;31(1):51-6. 424 

15. Han CS, Jablonski PG. Male water striders attract predators to intimidate females into copulation. 425 

Nature Communications. 2010;1(1):1-6. 426 

16. Sato N, Uchida Y, Takegaki T. The effect of predation risk on post-copulatory sexual selection in the 427 

Japanese pygmy squid. Behav Ecol Sociobiol. 2018;72(8). 428 

17. Lind J, Cresswell W. Determining the fitness consequences of antipredation behavior. Behav Ecol. 429 

2005;16(5):945-56. 430 

18. Evans JP, Garcia-Gonzalez F. The total opportunity for sexual selection and the integration of pre- 431 

and post-mating episodes of sexual selection in a complex world. J Evol Biol. 2016;29(12):2338-61. 432 

19. McCullough EL, Buzatto BA, Simmons LW. Population density mediates the interaction between 433 

pre- and postmating sexual selection. Evolution. 2018;72(4):893-905. 434 

20. Cattelan S, Evans JP, Garcia‐Gonzalez F, Morbiato E, Pilastro A. Dietary stress increases the total 435 

opportunity for sexual selection and modifies selection on condition‐dependent traits. Ecol Lett. 436 

2020;23(3):447-56. 437 

21. Janicke T, David P, Chapuis E. Environment-Dependent Sexual Selection: Bateman's Parameters 438 

under Varying Levels of Food Availability. Am Nat. 2015;185(6):756-68. 439 

22. Chuard PJC, Brown GE, Grant JWA. The effects of adult sex ratio on mating competition in male 440 

and female guppies (Poecilia reticulata) in two wild populations. Behav Processes. 2016;129:1-10. 441 

23. Devigili A, Fernlund Isaksson E, Puniamoorthy N, Fitzpatrick JL. Behavioral variation in the pygmy 442 

halfbeak Dermogenys collettei: comparing shoals with contrasting ecologies. Front Ecol Evol. 2021;9:137. 443 

24. Endler JA. Multiple-trait coevolution and environmental gradients in guppies. Trends Ecol Evol. 444 

1995;10(1):22-9. 445 

25. Magurran AE. Evolutionary ecology: the Trinidadian guppy: Oxford University Press on Demand; 446 

2005. 447 

26. Devigili A, Evans JP, Fitzpatrick JL. Predation shapes sperm performance surfaces in guppies. Proc 448 

Biol Sci. 2019;286(1905):20190869. 449 

27. Houde AE. Sex, color, and mate choice in guppies. Princeton, N.J.: Princeton University Press; 450 

1997. xii, 210 p. p. 451 

28. Godin JGJ. Predation Risk and Alternative Mating Tactics in Male Trinidadian Guppies (Poecilia-452 

Reticulata). Oecologia. 1995;103(2):224-9. 453 

29. Evans J, Kelley J, Ramnarine I, Pilastro A. Female behaviour mediates male courtship under 454 

predation risk in the guppy ( Poecilia reticulata ). Behav Ecol Sociobiol. 2002;52(6):496-502. 455 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 5, 2022. ; https://doi.org/10.1101/2022.04.03.486867doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.03.486867


12 

 

30. Godin J-GJ, Briggs SE. Female mate choice under predation risk in the guppy. Anim Behav. 456 

1996;51(1):117-30. 457 

31. Godin JG, Dugatkin LA. Female mating preference for bold males in the guppy, Poecilia reticulata. 458 

Proceedings of the National Academy of Sciences. 1996;93(19):10262-7. 459 

32. Herdegen-Radwan M. Bolder guppies do not have more mating partners, yet sire more offspring. 460 

BMC Evolutionary Biology. 2019;19(1). 461 

33. Glavaschi A, Cattelan S, Grapputo A, Pilastro A. Imminent risk of predation reduces the relative 462 

strength of postcopulatory sexual selection in the guppy. Philos T R Soc B. 2020;375(1813).  463 

34. Arnold SJ, Wade MJ. On the measurement of natural and sexual selection: theory. Evolution. 464 

1984:709-19. 465 

35. Jones AG. On the opportunity for sexual selection, the Bateman gradient and the maximum 466 

intensity of sexual selection. Evolution. 2009;63(7):1673-84. 467 

36. Sutherland WJ. Chance can produce a sex difference in variance in mating success and explain 468 

Bateman's data. Anim Behav. 1985;33(4):1349-52. 469 

37. Koenig WD, Albano SS. On the measurement of sexual selection. The American Naturalist. 470 

1986;127:403-9. 471 

38. Krakauer AH, Webster MS, Duval EH, Jones AG, Shuster SM. The opportunity for sexual selection: 472 

not mismeasured, just misunderstood. J Evol Biol. 2011;24(9):2064-71. 473 

39. Jennions MD, Kokko H, Klug H. The opportunity to be misled in studies of sexual selection. J Evol 474 

Biol. 2012;25(3):591-8. 475 

40. Henshaw JM, Kahn AT, Fritzsche K. A rigorous comparison of sexual selection indexes via 476 

simulations of diverse mating systems. Proc Natl Acad Sci U S A. 2016;113(3):E300-8. 477 

41. Jones AG, Arguello JR, Arnold SJ. Molecular Parentage Analysis in Experimental Newt Populations: 478 

The Response of Mating System Measures to Variation in the Operational Sex Ratio. The American 479 

Naturalist. 2004;164(4):444-56. 480 

42. Mills SC, Grapputo A, Koskela E, Mappes T. Quantitative measure of sexual selection with respect 481 

to the operational sex ratio: a comparison of selection indices. Proceedings of the Royal Society B: 482 

Biological Sciences. 2007;274(1606):143-50. 483 

43. Fitze PS, Le Galliard JF. Inconsistency between different measures of sexual selection. Am Nat. 484 

2011;178(2):256-68. 485 

44. Auld HL, Pusiak RJP, Godin J-GJ, Hebets E. Independent Mating Preferences for Male Body Size 486 

and Coloration in Female Trinidadian Guppies. Ethology. 2016;122(7):597-608. 487 

45. Gasparini C, Pilastro A, Evans JP. Male Genital Morphology and Its Influence on Female Mating 488 

Preferences and Paternity Success in Guppies. Plos One. 2011;6(7). 489 

46. Kodric-Brown A. Female preference and sexual selection for male coloration in the guppy (Poecilia 490 

reticulata). Behavioural Ecology and Sociobiology. 1985;17(3):199-205. 491 

47. Boschetto C, Gasparini C, Pilastro A. Sperm number and velocity affect sperm competition success 492 

in the guppy (Poecilia reticulata). Behav Ecol Sociobiol. 2011;65(4):813-21. 493 

48. Locatello L, Rasotto MB, Evans JP, Pilastro A. Colourful male guppies produce faster and more 494 

viable sperm. J Evol Biol. 2006;19(5):1595-602. 495 

49. Koga T, Backwell PRY, Jennions MD, Christy JH. Elevated predation risk changes mating 496 

behaviour and courtship in a fiddler crab. Proceedings of the Royal Society of London Series B: Biological 497 

Sciences. 1998;265(1404):1385-90. 498 

50. Pfennig KS, Tinsley RC. Different mate preferences by parasitized and unparasitized females 499 

potentially reduces sexual selection. J Evolution Biol. 2002;15(3):399-406. 500 

51. Collet J, Richardson DS, Worley K, Pizzari T. Sexual selection and the differential effect of 501 

polyandry. Proc Natl Acad Sci U S A. 2012;109(22):8641-5. 502 

52. Devigili A, Evans JP, Di Nisio A, Pilastro A. Multivariate selection drives concordant patterns of pre-503 

and postcopulatory sexual selection in a livebearing fish. Nature communications. 2015;6(1):1-9. 504 

53. Ariyomo TO, Watt PJ. Disassortative mating for boldness decreases reproductive success in the 505 

guppy. Behav Ecol. 2013;24(6):1320-6. 506 

54. Friard O, Gamba M. BORIS: a free, versatile open-source event-logging software for video/audio 507 

coding and live observations. Methods Ecol Evol. 2016;7(11):1325-30. 508 

55. Lessells C, Boag PT. Unrepeatable repeatabilities: a common mistake. The Auk. 1987;104(1):116-509 

21. 510 

56. Cattelan S, Di Nisio A, Pilastro A. Stabilizing selection on sperm number revealed by artificial 511 

selection and experimental evolution. Evolution. 2018;72(3):698-706. 512 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 5, 2022. ; https://doi.org/10.1101/2022.04.03.486867doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.03.486867


13 

 

57. Billard R, Cosson M, Gagnon C. The energetics of fish sperm motility. Controls of sperm motility: 513 

biological and clinical aspects. 1990:153-73. 514 

58. Herdegen‐Radwan M, Cattelan S, Buda J, Raubic J, Radwan J. What do orange spots reveal about 515 

male (and female) guppies? A test using correlated responses to selection. Evolution. 2021.  516 

59. Lande R, Arnold SJ. The measurement of selection on correlated characters. Evolution. 1983:1210-517 

26. 518 

60. Phillips PC, Arnold SJ. Visualizing multivariate selection. Evolution. 1989;43(6):1209-22. 519 

61. Stinchcombe JR, Agrawal AF, Hohenlohe PA, Arnold SJ, Blows MW. Estimating nonlinear selection 520 

gradients using quadratic regression coefficients: double or nothing? Evolution. 2008;62(9):2435-40. 521 

62. Blows MW, Brooks R. Measuring nonlinear selection. The American Naturalist. 2003;162(6):815-20. 522 

63. Blows MW, Chenoweth SF, Hine E. Orientation of the genetic variance-covariance matrix and the 523 

fitness surface for multiple male sexually selected traits. The American Naturalist. 2004;163(3):329-40. 524 

64. Blows MW. A tale of two matrices: multivariate approaches in evolutionary biology. J Evolution Biol. 525 

2007;20(1):1-8. 526 

65. Lymbery RA, Kennington WJ, Evans JP. Multivariate Sexual Selection on Ejaculate Traits under 527 

Sperm Competition. Am Nat. 2018;192(1):94-104. 528 

66. Lewis Z, Wedell N, Hunt J. Evidence for strong intralocus sexual conflict in the Indian meal moth, 529 

Plodia interpunctella. Evolution. 2011;65(7):2085-97. 530 

67. R Development Core Team. R: A language and environment for statistical computing. Vienna, 531 

Austria. : R Foundation for Statistical Computing. URL https://www.R-project.org/. 2020. 532 

68. Hood G. PopTools version 3.2. 3. Available on the internet. URL: http://www poptools org. 2010. 533 

69. Nychka D, Furrer R, Paige J, Sain S. fields: tools for spatial data. R Package Version 10.3. 2017.  534 

70. Hall MD, Bussière LF, Hunt J, Brooks R. Experimental evidence that sexual conflict influences the 535 

opportunity, form and intensity of sexual selection. Evolution: International Journal of Organic Evolution. 536 

2008;62(9):2305-15. 537 

71. Marie-Orleach L, Vellnow N, Scharer L. The repeatable opportunity for selection differs between 538 

pre- and postcopulatory fitness components. Evol Lett. 2021;5(1):101-14. 539 

72. Klug H, Heuschele J, Jennions MD, Kokko H. The mismeasurement of sexual selection. J Evol Biol. 540 

2010;23(3):447-62. 541 

73. Bateson M, Healy SD. Comparative evaluation and its implications for mate choice. Trends in 542 

Ecology & Evolution. 2005;20(12):659-64. 543 

74. Corral-López A, Bloch NI, Kotrschal A, van der Bijl W, Buechel SD, Mank JE, et al. Female brain 544 

size affects the assessment of male attractiveness during mate choice. Science Advances. 545 

2017;3(3):e1601990. 546 

75. Briggs SE, Godin JG, Dugatkin LA. Mate-choice copying under predation risk in the Trinigadian 547 

guppy (Poecilia reticulata). Behavioural Ecology. 1996;7(2):151-7. 548 

76. Pilastro A, Bisazza A. Insemination efficiency of two alternative male mating tactics in the guppy 549 

(Poecilia reticulata). P Roy Soc B-Biol Sci. 1999;266(1431):1887-91. 550 

77. Pilastro A, Mandelli M, Gasparini C, Dadda M, Bisazza A. Copulation duration, insemination 551 

efficiency and male attractiveness in guppies. Anim Behav. 2007;74(2):321-8. 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 5, 2022. ; https://doi.org/10.1101/2022.04.03.486867doi: bioRxiv preprint 

https://www.r-project.org/
http://www/
https://doi.org/10.1101/2022.04.03.486867


14 

 

 565 

Figures and tables  566 

 567 

Figure 1. Differences between treatments in standardised variance in fitness (opportunity for selection, IRS ), 568 

amount of standardised variance explained by male traits (IRS * R2 from second-order regressions), and 569 

proportion of variance (R2 from second-order regressions) explained by male traits (white bar). Asterisks 570 

indicate significant values (p < 0.05). 571 
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 596 

Figure 2. Fitness surface (A) and two-dimensional contour plot (B) illustrating the relationships between 597 

relative fitness and major axes of selection in the control treatment. Axis M1 represents disruptive selection 598 

and M10 stabilising selection.  599 
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 631 

 632 

Figure 3. Fitness surface (A) and two-dimensional contour plot (B) illustrating the relationships between 633 

relative fitness and major axes of selection in the predation treatment. Axis M1 represents disruptive selection 634 

and M10 stabilising selection. 635 
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Table 1.  Eigenvectors obtained by canonical rotations of the gamma matrices and estimates of linear (theta) and nonlinear (lambda) selection 

gradients along each axis (M1-M10) in each predation treatment. Trait loadings on each eigenvector can be interpreted similarly to those obtained 

by a principal component analysis. The strength of selection (curvature of the surface) is given by eigenvalues and the shape by their signs 

(positive=disruptive; negative=stabilising). Significant lambda values (p < 0.05) are indicated in bold. P values obtained with permutation tests (5000 

iterations) following (66).  

Control 
 

Theta (P value) Lambda (P value) Body area Gonopodium Orange Iridescent Sperm 
number 

Sperm 
velocity 

Sperm 
viability 

SD GT Boldness 

             
M1 -0.038 (0.739) 2.000 (<0.010) 0.694 -0.020 -0.171 -0.277 -0.536 -0.157 -0.284 -0.071 0.079 0.093 

M2 -0.068 (0.414) 0.854 (0.020) -0.040 -0.071 -0.416 -0.281 0.212 0.412 -0.382 0.116 0.129 -0.593 

M3 0.102 (0.171) 0.342 (0.086) 0.578 -0.230 0.377 0.140 0.504 -0.174 0.009 0.186 -0.208 -0.298 

M4 -0.046 (0.533) 0.204 (0.296) -0.186 -0.670 0.286 -0.429 -0.260 0.212 0.110 0.253 -0.235 0.078 

M5 0.002 (0.992) -0.077 (0.690) -0.360 -0.196 0.052 -0.133 0.062 -0.712 -0.496 -0.193 -0.045 -0.126 

M6 -0.019 (0.788) -0.183 (0.216) 0.089 -0.286 -0.291 0.083 0.108 0.160 0.102 -0.738 -0.474 0.030 

M7 0.046 (0.583) -0.338 (0.128) -0.006 0.210 -0.243 -0.028 0.193 0.055 -0.369 0.400 -0.595 0.453 

M8 0.028 (0.744) -0.585 (<0.010) 0.040 -0.428 -0.640 0.190 0.098 -0.323 0.329 0.314 0.193 0.110 

M9 0.094 (0.353) -0.996 (<0.010) 0.095 -0.011 0.033 -0.544 0.533 0.031 0.030 -0.199 0.387 0.468 

M10 0.069 (0.445) -1.096 (<0.010) 0.017 -0.381 0.131 0.531 0.009 0.300 -0.509 -0.048 0.333 0.304 

 

Predation 

 Theta (P value) Lambda (P value) 
 

Body area Gonopodium Orange Iridescent  
Sperm 
number 

Sperm 
velocity 

Sperm 
viability 

SD GT Boldness 

              

M1 -0.159 (0.246) 1.501 (0.010)  0.405 -0.124 0.070 -0.100 0.222 -0.386 0.040 -0.774 0.076 -0.026 

M2 0.15 (0.253) 1.412 (0.014)  0.405 -0.254 -0.519 -0.248 0.041 -0.226 -0.184 0.307 -0.339 0.380 

M3 0.065 (0.584) 0.679 (0.206)  0.033 -0.112 0.427 0.598 0.213 -0.326 -0.446 0.171 -0.246 0.073 

M4 -0.111 (0.309) 0.220 (0.597)  0.021 0.245 0.231 0.076 -0.556 -0.341 0.287 -0.002 0.105 0.601 

M5 -0.041 (0.66) 0.036 (0.910)  -0.457 -0.396 -0.167 0.005 -0.286 0.164 -0.505 -0.380 0.114 0.291 

M6 -0.009 (0.946) -0.034 (0.898)  0.495 -0.466 0.169 0.298 -0.085 0.547 0.205 0.038 0.203 0.170 

M7 0.023 (0.819) -0.247 (0.202)  -0.048 0.323 0.092 0.006 0.193 0.446 0.077 -0.308 -0.656 0.343 

M8 0.048 (0.629) -0.524 (0.040)  -0.238 -0.534 0.503 -0.476 0.009 -0.116 0.250 0.114 -0.296 -0.031 

M9 -0.061 (0.631) -0.913 (0.032)  -0.389 -0.256 -0.365 0.411 0.350 -0.179 0.546 -0.036 0.005 0.167 

M10 -0.173 (0.127) -1.715 (<0.010)  -0.074 0.132 0.196 -0.283 0.588 0.077 -0.139 0.149 0.486 0.479 
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