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 62 

ABSTRACT 63 

The strength of sexual selection is often linked to genetic mating system and is thought to 64 

be a driving force in the evolution of sexual dimorphism. Here, we compared selection between 65 

males and females across three closely related species: the dusky (Syngnathus floridae), 66 

Northern (S. fuscus), and Gulf (S. scovelli) pipefishes, using new and previously published 67 

datasets. These three species exhibit male pregnancy but vary in mating systems and sexual 68 

dimorphism, enabling us to test if (i) the species differ in their opportunities for pre- and post-69 

copulatory selection, (ii) females demonstrate a steeper Bateman gradient in polyandrous 70 

species, and (iii) sexually dimorphic traits are targets of selection. We quantified pre- and post-71 

copulatory selection using a variance decomposition of the opportunity of selection, Bateman 72 

gradients, and selection differentials on snout-vent length. Pre-copulatory fitness was estimated 73 

with genetic mating success and post-copulatory fitness with the number of eggs stored and 74 

proportion of developed eggs. We found polygynandrous species had higher opportunities for 75 

selection in both sexes than the polyandrous species, S. scovelli. Despite S. scovelli showing 76 

large sex differences in the opportunity for selection and selection differentials, Bateman 77 

gradients varied little between sexes and across species. Pre-copulatory selection accounted 78 

for the largest opportunity for selection across all three species; however, we identified potential 79 

sexually antagonistic selection acting on body size in S. floridae and S. fuscus, and a trade-off 80 

between pre- and post-copulatory selection for female S. fuscus and S. scovelli. Overall, the 81 
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largest differences emerged between polygynandrous and polyandrous species, with potential 82 

trade-offs across episodes of selection. 83 

 84 

INTRODUCTION 85 

Sexual selection is an important driver of the evolution of secondary sexual characteristics, 86 

especially ornaments and armaments. Sexually selected traits often differ between the sexes, a 87 

phenomenon known as sexual dimorphism, and are presumed to evolve due to selection 88 

favoring different trait values in each sex (Hedrick & Temeles, 1989; Mori et al., 2017; Punzalan 89 

& Hosken, 2010; Tosto et al., 2023). The intensity of sexual selection and magnitude of sexual 90 

dimorphism are thought to be closely related to an organism’s genetic mating system 91 

(Björklund, 1991; Jones & Avise, 2001; Shuster, 2009; Wiegmann & Nguyen, 2006). Sexual 92 

selection theory predicts strong selection arising when reproductive success is highly variable, 93 

with a few individuals achieving high mating success and others failing to mate or producing few 94 

offspring (Jones, 2009; Jones & Ratterman, 2009). Following this prediction, strong sexual 95 

selection in one sex and extreme sexual dimorphism may be linked to the extent of multiple 96 

mating, whereas monogamous mating systems or lower variation in mating success may result 97 

in lower selection strengths and minor differences in selection strengths between males and 98 

females (Shuster, 2009). Therefore, uncovering the dynamics of animal mating systems is vital 99 

for developing a complete understanding of sexual selection strengths in any system. 100 

Quantifying sexual selection and its effects on trait evolution has been a central component 101 

of mating system research (Anthes et al., 2017; Henshaw et al., 2018; Jones, 2009; Krakauer et 102 

al., 2011). A powerful set of inferential tools for the study of sexual selection, with a strong focus 103 

on pre-copulatory sexual selection, has been produced (reviewed in Henshaw et al., 2018). One 104 

commonly used approach involves the incorporation of three metrics based on Bateman’s 105 

principles (Bateman, 1948), including the opportunity for selection (Crow, 1958), the opportunity 106 
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for sexual selection (Wade, 1979), and the Bateman gradient (Arnold & Duvall, 1994). The 107 

opportunity for selection (𝐼) and the opportunity for sexual selection (𝐼ௌ) are defined as the 108 

variance in relative reproductive success (total number of offspring produced by an individual 109 

divided by the population mean) and relative mating success (number of successful mates an 110 

individual acquires within a set period divided by the population mean), respectively. The 111 

Bateman gradient (𝛽ௌௌ) relates relative reproductive success to relative mating success, 112 

commonly estimated as a least-squares regression of reproductive success on mating success 113 

(Arnold & Duvall, 1994). A shallow slope in the Bateman gradient implies a low fitness gain with 114 

each additional mating event, and therefore weak or no sexual selection acting on traits related 115 

to mating success, while a steeper Bateman gradient shows the reverse (Bateman, 1948; 116 

Jones, 2009). The Jones Index (𝑠′௠௔௫) incorporates the Bateman gradient and the opportunity 117 

for sexual selection and has been shown to be the leading metric for identifying sex differences 118 

in the strength of sexual selection (Henshaw et al., 2016; Jones, 2009).  119 

These approaches for quantifying sexual selection have been predominantly used to 120 

measure pre-copulatory sexual selection, i.e., selection related to mate competition and mate 121 

choice (Jones, 2009). However, behavioral, morphological, and physiological traits can be 122 

targets of sexual selection after mating through mechanisms including sperm competition and 123 

cryptic female choice (Birkhead, 2010). Therefore, a full understanding of sexual selection 124 

requires its decomposition into multiple episodes, at least one of which incorporates the 125 

influence of post-copulatory sexual selection (Evans & Garcia-Gonzalez, 2016). To do this, an 126 

individual’s total reproductive success can be divided into distinct fitness components (Arnold & 127 

Wade, 1984b, 1984a). With this framework, previous research has demonstrated the different 128 

contributions of pre- and post-copulatory selection in a variety of organisms (hermaphroditic 129 

plants: Barbot et al., 2025; brown anoles: Bhave et al., 2024; red junglefowl: Collet et al., 2012; 130 

guppies: Devigili et al., 2015; snails: Janicke et al., 2015; flatworms: Marie-Orleach et al., 2016; 131 

fruit fly: Morimoto et al., 2016; snails: Pélissié et al., 2014; fruit fly: Pischedda & Rice, 2012; 132 
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pipefish: Rose et al., 2013a; crickets: Turnell & Shaw, 2015; flour beetles: Winkler et al., 2023). 133 

For example, in the transparent flatworm (Macrostomum lignano), male reproductive success 134 

was most limited through their ability to convert achieved matings into successful fertilization 135 

events (post-copulatory selection), rather than the number of copulations they could obtain (pre-136 

copulatory selection; Marie-Orleach et al., 2016). In contrast, in brown anoles (Anolis sagrei), 137 

larger males obtained more mates, resulting in pre-copulatory selection driving reproductive 138 

success (Bhave et al., 2024). The relative importance of pre- and post-copulatory selection 139 

differing across species emphasizes the importance of quantifying both. 140 

Males typically experience stronger sexual selection compared to females, but this is not 141 

always the case (Fromonteil et al., 2023). Within the fish family Syngnathidae (seahorses, 142 

pipefish, and seadragons), male parental care in the form of male pregnancy exists and can 143 

limit females’ access to receptive mates, resulting in increased sexual selection on females, the 144 

evolution of female sexual signals (particularly ornamentation), and sex-role-reversal (Berglund 145 

& Rosenqvist, 2003; Rosenqvist & Berglund, 2011). Sex-role-reversal is defined here as species 146 

with steeper sexual selection gradients and higher opportunities for sexual selection in females 147 

compared to males (Jones et al., 2000), as opposed to a definition dependent on stereotyped 148 

behaviors (Ah-King & Ahnesjö, 2013; Fritzsche et al., 2021). Syngnathid mating systems range 149 

from monogamous to polyandrous and polygynandrous (Jones & Avise, 2001; Rosenqvist & 150 

Berglund, 2011), presenting the opportunity to compare selection strengths across closely 151 

related species that span a continuum of sexual dimorphism and mating systems. 152 

In this study we investigated the relationship between sexual selection, sexual dimorphism 153 

in body size, and mating systems across three species of pipefish from one genus: the dusky 154 

pipefish (Syngnathus floridae), the Northern pipefish (Syngnathus fuscus), and the Gulf pipefish 155 

(Syngnathus scovelli). The species used in this study fall in the western-Atlantic clade with S. 156 

fuscus and S. scovelli being the closest in relation (Hamilton et al., 2017; Stiller et al., 2022; 157 

Wilson & Orr, 2011). In the wild, all three species have shown evidence of multiple matings in at 158 
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least one sex, with the highest reported rates of multiple mating in both sexes present in S. 159 

floridae (Jones & Avise, 1997b; Paczolt et al., 2016). The three species additionally range in 160 

degree of ornamentation, from the more monomorphic S. floridae to the highly dimorphic S. 161 

scovelli, which possess a permanent, sexually selected female ornament that is absent in males 162 

(Flanagan et al., 2014; Jones et al., 2001). S. scovelli is the only species to be previously 163 

documented as polyandrous (Jones et al., 2001), while the other two are polygynandrous 164 

(Jones & Avise, 1997b; Paczolt et al., 2016). With these three species, we set out to answer 165 

several questions: (1) How do opportunities for pre- and post-copulatory sexual selection differ 166 

among species; will certain episodes be more prominent for the different species? (2) In a group 167 

of species with obligate male parental care and female secondary sexual traits, will females 168 

demonstrate a steeper Bateman gradient compared to males, and will sex differences in the 169 

gradient reflect the mating system? (3) Can we identify traits that may be a target of pre- and 170 

post-copulatory sexual selection? 171 

To answer these questions, we established experimental breeding populations of male 172 

and female pipefish and used molecular parentage analysis to determine mating and 173 

reproductive success for S. fuscus, combining the results with publicly accessible data on 174 

mating and reproductive success for S. scovelli and S. floridae (Rose et al., 2013a; Tosto et al., 175 

2025). We compared the relative strength of sexual selection in males and females within each 176 

species using Bateman gradients. Selection was further quantified by partitioning the 177 

opportunity for selection into variance arising from genetic mating success, the number of eggs 178 

stored per mate, and the proportion of stored eggs that developed. While the definition of sexual 179 

selection is subject to debate (Janicke, 2024, 2026; Shuker & Kvarnemo, 2021, 2025; and other 180 

commentaries), regardless of which definition is used, these episodes of fitness likely reflect 181 

both natural and sexual selection in pipefish (Table 1). For clarity, in this manuscript we have 182 

adopted the approach recommended by Simmons (2025), namely that we will refer to ‘narrow-183 

sense sexual selection’ to specify competition over gametes alone and ‘broad-sense sexual 184 
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selection’ when we cannot differentiate between fitness benefits arising from gametes or other 185 

resources provided by the mating partner. In the case of pipefishes, broad-sense sexual 186 

selection would include competition for nutrient provisioning of offspring, either transferred along 187 

with gametes (in the case of females) or provided during male parental care (Kvarnemo et al., 188 

2011; Ripley & Foran, 2006a). As the limiting resource is likely the space in male brood pouches 189 

rather than sperm, pre-copulatory selection on females would be broad-sense sexual selection 190 

but narrow-sense for males (Janicke, 2024; Shuker & Kvarnemo, 2021; Simmons, 2025; Table 191 

1). We also measured selection differentials on male and female body size in terms of snout-192 

vent length, partitioning these differentials into the same pre- and post-copulatory components. 193 

The combination of the different quantification techniques across males and females from three 194 

species of pipefish allows for a more holistic view on the relationship that exists between sexual 195 

selection, genetic mating systems, and sexual dimorphism. 196 

Table 1. A summary of the decomposition of selection used in this manuscript, with some guidance on the 197 
biological interpretations of each episode for females and males in the three focal pipefish species for this 198 
study. Note that mechanistic data is lacking so many of these interpretations are hypothetical possibilities. 199 
𝑊ଵ = relative mating success; 𝑊ଵ𝑊ଶ= relative number of eggs stored; 𝑊ଵ𝑊ଶ𝑊ଷ = relative number of 200 
developed eggs (relative values were calculated by dividing by the average value).  201 

 202 
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  203 

Partitioned 
Fitness 

estimate 

Quantitative definition Types of selection in female 
pipefish 

Types of selection in male 
pipefish 

Genetic mating 
success 

𝑤ଵ = 𝑊ଵ  

Pre-copulatory broad-sense sexual 
selection (competition for access to 
mates, including male choice), but 
does not reflect any individuals that 
mated but did not produce zygotes, 
which means that it could include 
some elements of post-copulatory 
selection. 

Pre-copulatory narrow-sense 
sexual selection (competition for 
access to mates, including female 
choice), but does not reflect any 
individuals that mated but did not 
produce zygotes, which means that 
it could include some elements of 
post-copulatory selection. 

Number of eggs 
stored per mate 

𝑤ଶ =
𝑊ଵ𝑊ଶ

𝑊ଵ
 

 

Fecundity selection and sexual 
selection (either narrow- or broad-
sense) arising from copulation 
duration or other factors such as 
male choice or female-female 
competition. 

Natural selection on body size 
and/or brood pouch size, along with 
fecundity selection, if sperm 
production is a limiting factor. 
 
Could also reflect narrow-sense 
sexual selection arising from 
copulation duration or other factors 
such as female choice 

Proportion of 
eggs developed 

𝑤ଷ =
𝑊ଵ𝑊ଶ𝑊ଷ

𝑊ଵ𝑊ଶ
 

 

Sexual selection (either narrow or 
broad) arising from male 
provisioning of the female’s eggs, 
mediated through female 
manipulation and/or cryptic male 
choice.  
 
Could also capture natural 
selection arising from genetic 
incompatibilities, congenital 
diseases, or other factors that 
impact offspring survivorship. 

Selection on male provisioning of 
embryos. 
 
Could reflect provisioning of eggs 
by females and/or transfer of 
compounds to manipulate 
provisioning of other females’ eggs, 
which would likely capture broad-
sense sexual selection.  
 
Could also capture natural 
selection arising from genetic 
incompatibilities, congenital 
diseases, or other factors that 
impact offspring survivorship. 
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MATERIAL AND METHODS 204 

Collection of specimens 205 

Adult Syngnathus fuscus were collected using 1.3m wide push-nets with a 6mm mesh 206 

size at two timepoints, in late June and mid-July 2021, from a single continuous seagrass bed in 207 

Cape Charles, Virginia, United States of America (Figure 1). To ensure sexual maturity, only 208 

pregnant males were collected and only females larger than 125mm standard length (Figure 209 

S1A) were retained (Ripley & Foran, 2006b). Pipefish were transported to the University of 210 

Tampa in 150L aerated coolers and sustained with food caught during collection until arrival in 211 

the lab. Once in the laboratory, all pipefish received a freshwater bath lasting three minutes to 212 

remove external parasites and were acclimated to 38L sex-specific holding tanks held at 213 

conditions to mimic their natural environment (24°C and 25 parts per thousand) until males gave 214 

birth. Pouches were visually inspected to ensure absence of eggs after birth.  215 
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 216 

Figure 1. Description of the three Syngnathus spp. and the corresponding collection locations. (A) Shown 217 
here is the phylogenetic relationship between the three species of Syngnathus (Adapted from Hamilton et 218 
al., 2017 and Stiller et al., 2022) and examples of female (top) and male (bottom) pipefish from each 219 
species. The images are scaled to represent accurate proportional differences between both sexes and 220 
species using averages for standard length (SL), SVL, torso depth (TD), and pouch length. Traits that 221 
differed significantly between females and males are listed in parentheses following the species name. (B) 222 
S. floridae were collected in three locations, including the Saint Joseph Sound (28.0516324, -82.7921436), 223 
the southern region of Old Tampa Bay (27.8730210, -82.5397645), and off Fort De Soto (27.6273507, -224 
82.7002240). (C) S. fuscus were collected off the coast of Cherrystone Family Camping Resort in Cape 225 
Charles, VA (37.3927330, -76.0139170). (D) S. scovelli were collected off Aransas Pass in Port Aransas, 226 
TX (27.8941861111, -97.131025). 227 

Alt text: In A, a phylogenetic tree shows Syngnathus scovelli and S. fuscus as most closely related, with 228 
S. floridae as a close outgroup. Drawings of male and female individuals of each species are pictured, 229 
scaled by actual size – showing S. floridae is the largest and S. scovelli is the smallest species. The image 230 
also shows that S. floridae has a sex difference in SVL, S. fuscus shows sexual dimorphism in standard 231 
length and SVL, and S. scovelli is sexually dimorphic in standard length, SVL, and torso depth. Panel B 232 
shows a map with the collection location of S. floridae in Tampa Bay, C shows the collection location of S. 233 
fuscus in the Chesapeake Bay, and D shows the collection location of S. scovelli in the Gulf of Mexico on 234 
the Texas coastline. 235 
  236 
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Experimental breeding populations with Syngnathus fuscus 237 

The experimental protocol outlined here mirrored a similar experiment conducted with 238 

Gulf pipefish, Syngnathus scovelli (Rose et al., 2013a). To individually identify individuals, all 239 

pipefish were anesthetized with a 0.01% clove oil solution for one minute and marked with three 240 

visible implant fluorescent tags (Northwest Marine Technology) along the left side of their dorsal 241 

fins. Protocols for marking followed those outlined in Woods & Martin-Smith, (2004). Two colors 242 

were used in a combination of six unique patterns which contained at least one mark of each 243 

color on each individual to limit mating preference based on tag color. Photographs were taken 244 

immediately after marking the fish before placing them back in their original sex-specific holding 245 

tanks and then again following the three-day recovery period prior to the start of trials. 246 

Sixteen replicates were completed, involving a total of 192 S. fuscus. Each replicate 247 

included six sexually mature females and six nonpregnant males housed together in a 140-L 248 

tank (77cm x 30.5cm x 56cm) for 6 weeks. Tanks were equipped with three sources of 249 

biological filtration and activated charcoal with 10% water changes performed daily. Pipefish 250 

were sustained with a mixed diet of day-old artemia, 14-day-old artemia, and various grass 251 

shrimp, zooplankton, and copepods collected from the local seagrass beds. Males were 252 

checked daily for pregnancies. Once eyespots had developed in at least two-thirds of the visible 253 

eggs, the pregnant male was euthanized in a 0.05% clove oil solution until ventilation rates 254 

dropped to zero. At this stage in the male’s pregnancy, any eggs that failed to develop can be 255 

easily distinguished from those which were successfully developing (Paczolt & Jones, 2010). At 256 

the end of the trial period all remaining male and female pipefish were euthanized. Pipefish 257 

were stored in 70% ETOH at either 4°C or -20°C. Twelve of the 16 trials resulted in at least one 258 

successful mating and were used in the analyses outlined below. 259 

  260 
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Morphological analyses 261 

Photos taken of S. fuscus prior to entering the trials were analyzed in ImageJ v1.53t 262 

(Schneider et al., 2012) to measure standard length, dorso-ventral torso depth, and snout-vent 263 

length (SVL) for each individual (Figure S1). Raw measurements were analyzed as follows 264 

using R v 4.4.2 (R Core Team 2025). Torso depth was adjusted by SVL (depth/SVL) prior to 265 

analysis. Morphometric data were first analyzed for normality and equal variances and then 266 

compared between males and females via a two-sample t-test to identify significant differences 267 

between the sexes (i.e., degree of sexual dimorphism). If assumptions were not met, a Wilcoxon 268 

rank sum test was used instead.  269 

 270 

Molecular parentage analysis 271 

Parentage analysis was conducted on the pregnant S. fuscus males resulting from the 272 

mesocosm trials following protocols outlined in Jones & Avise (2001) and Tosto et al. (2025). 273 

Briefly, each male’s pouch was dissected into 14 roughly equal sections with three randomly 274 

sampled developed eggs per section and all remaining eggs were counted and stored 275 

separately (Figure S2). When a brood pouch was not full (~25% of pregnant males), only the 276 

sections containing eggs were sampled, resulting in fewer embryos being genotyped, but often 277 

a higher proportion of the embryos sampled (Table S1, Figure S2). Embryo and adult pipefish 278 

DNA were extracted using a Chelex-based method and the Qiagen Puregene extraction kit, 279 

respectively (Tosto et al., 2025). Three polymorphic microsatellite loci (micro25.10, micro25.22, 280 

and micro22.3; Table S2) were used to genotype all sexually mature adults and embryos (Jones 281 

& Avise, 1997a, 1997b). The markers were amplified using polymerase chain reaction (PCR) 282 

conditions modified from Jones & Avise (1997a), with the primer concentration doubled for 283 

micro25.22 (See supplemental methods). Primers were labeled with fluorescent dyes and 284 

analyzed on a 3130xl Genetic Analyzer at the University of Canterbury, Christchurch, New 285 
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Zealand, using the GeneScan 500 LIZ (Applied Biosystems) as the size standard. Alleles were 286 

called and sized with the Geneious Prime microsatellite plugin (v1.4.7) using the automatic bins. 287 

Alleles sizes were exported from Geneious, and maternity was assigned using Cervus v3.0.7 288 

(Kalinowski et al., 2007).  289 

Cervus computed the number of alleles, observed and expected heterozygosity, and the 290 

likelihood ratio (LOD scores) between the offspring and candidate parents by comparing their 291 

genotypes. LOD scores necessary to assign parentage with either 90% or 95% confidence were 292 

determined by simulating maternity assignments for 100,000 offspring with the following 293 

parameters: the number of candidate females in each experimental breeding population (6), 294 

100% of the candidate females sampled, and the default 1% of loci mistyped. The proportion of 295 

typed loci for the simulation was 66.9%. Known fathers were included in the analysis, since 296 

paternity was known from the dissections. Cervus assignments were evaluated using trio LOD 297 

scores which considered potential genotyping errors and the genotypes of the known fathers 298 

when assigning maternity. All offspring were required to have a minimum of two typed loci to be 299 

included in the analysis. 300 

Previous studies have shown that eggs are spatially segregated by maternity in the 301 

brood pouches of S. fuscus (Paczolt et al., 2016). Therefore, if only one maternal genotype was 302 

found for the three embryos from a section, all eggs counted in that section were allocated to 303 

that female. In the sections in which multiple mothers were detected, one-third and two-thirds of 304 

the total counted eggs were assigned to each mother depending upon the proportion of 305 

genotyped embryos that were assigned genetically to each mother. Female reproductive 306 

contribution was then calculated by summing all eggs assigned to each mother across all the 307 

sections and all the fathers. Note that we are using these estimates of genetic mating success 308 

for all our analyses, rather than observations of mating rates. We were unable to assign 309 

parentage for two males due to lower rates of heterozygosity, therefore, while they were 310 
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included in the analysis of selection in males, they were omitted in the calculation of selection in 311 

females (as we cannot identify the mother). 312 

 313 

Analyzing publicly accessible data for Syngnathus scovelli and Syngnathus floridae 314 

Previous studies have quantified sexual selection strengths in male and female 315 

Syngnathus scovelli and Syngnathus floridae using similar set-ups to those outlined here 316 

(Flanagan et al., 2014; Rose et al., 2013a; Tosto et al., 2025), including the estimation of 317 

maternity using subsets of offspring. The datasets used in Rose et al. 2013a and Tosto et al. 318 

2025 were included here to assess patterns across species with different extents of sexual 319 

dimorphism. Following Rose et al. 2013a, two male S. scovelli who died during their pregnancy 320 

and one female S. scovelli whose only mate died were removed prior to analysis. Additionally, 321 

two males experienced complete brood loss throughout the trials. While they were included in 322 

the calculation of opportunity for selection in males, due to the inability to genotype any of the 323 

offspring, they were omitted in the calculation of opportunity for selection in females. The 324 

resulting S. scovelli dataset included a total of 55 females and 54 males across seven 325 

experimental breeding populations. For the S. floridae dataset (Tosto et al., 2025), only trials 326 

with at least one successful pregnancy were included, resulting in a total of 56 males and 56 327 

females across seven experimental breeding populations. All the following analyses were 328 

conducted in R v 4.4.2 (R core team 2025), using packages magick (Ooms, 2021) and spfTools 329 

(Flanagan, 2026) for visualization. In our analyses, mating success was measured as the 330 

number of genetic mates. Because we partitioned post-copulatory episodes into two 331 

components (Table 1), two possible measures of reproductive success are available. We will 332 

use ‘reproductive success’ to refer to the number of eggs developed, which is the final episode 333 

of selection captured in this study. 334 

 335 
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Estimating the relative strength of sexual selection in males and females using Bateman 336 

gradients 337 

We calculated the Bateman gradient (𝛽ௌௌ) for males and females separately as the slope 338 

of a linear mixed effects model of relative reproductive success (total number of developed eggs 339 

stored/mean number of developed eggs) on relative mating success (number of mates/mean 340 

number of mates), with the trial number included as a random effect. The model was run using 341 

the R package lme4 (Bates et al., 2015). Because trials were independent, relative reproductive 342 

and mating success were calculated within trials. To compare Bateman gradients across groups 343 

(i.e., sex or species), the group was added as an interaction term in the linear mixed effects 344 

model. Non-mated individuals were included in both the calculation of relative fitness (i.e., 345 

included in the mean) and the calculation of the Bateman gradient (as zeroes). To further 346 

investigate fitness gain or loss associated with obtaining more than one mate without the 347 

influence of the fitness gain corresponding to obtaining a single mate, the analysis was done 348 

with and without the males and females who secured no mates. In addition, we performed 349 

Wilcoxon rank sum tests with continuity correction to compare the proportion of eggs developed 350 

between singly mated and multiply mated females within each species. 351 

 352 

Decomposing the opportunity for selection in males and females 353 

We calculated opportunity for selection (𝐼) as the variance in relative reproductive fitness 354 

(number of eggs that developed during the male’s pregnancy) and decomposed this calculation 355 

into the same selection episodes outlined above for the selection differentials using equations 356 

14 – 16 outlined in Arnold and Wade (1984b). For the specific fitness components, we first set 357 

relative mating success as 𝑊ଵ, relative number of eggs stored as 𝑊ଵ𝑊ଶ, and relative number of 358 

developed eggs as 𝑊ଵ𝑊ଶ𝑊ଷ (similar to the data in Table 1 of Arnold and Wade 1984a). Those 359 

initial fitness components were then used to generate the variables employed in equations 14 – 360 
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16 and A1 – A11 (𝑤௜) for the decomposition of the opportunity for selection and calculating the 361 

co-variances (Arnold and Wade, 1984b). The final fitness components were calculated as 1) 362 

Relative mating success, 𝑤ଵ = 𝑊ଵ; 2) Relative number of eggs stored per mate, 𝑤ଶ =
ௐభௐమ

ௐభ
; 3) 363 

Relative proportion of eggs developed, 𝑤ଷ =
ௐభௐమௐయ

ௐభௐమ
 (Table 1). As each trial provides an 364 

independent “population” (i.e., pipefish from one trial could not mate with pipefish from another 365 

trial) fitness decompositions were calculated separately for each trial and then averaged across 366 

all trials to get the final measures of opportunity for selection.  367 

 368 

Calculating selection differentials on snout-vent length in males and females 369 

For all three species, the absolute and standardized selection differentials (𝑠 and 𝑠′) 370 

were calculated as the covariance between SVL (Figure S1C) and relative fitness (Lande & 371 

Arnold, 1983). We decomposed the total selection differential into three successive, 372 

multiplicative episodes (Arnold & Wade, 1984b, 1984a). In this study, the episodes included pre-373 

copulatory selection (number of genetic mates, 𝑠ଵ and 𝑠′ଵ) and two episodes of post-copulatory 374 

selection (number of eggs stored per mate, 𝑠ଶ and 𝑠′ଶ, and the proportion of eggs developed 375 

within the brood pouch during mid-pregnancy, 𝑠ଷ and 𝑠′ଷ). Individuals who did not mate were 376 

included in the calculations for pre-copulatory selection (the first episode) but not for the 377 

following episodes of post-copulatory selection. 378 

Although we aimed to capture sexual selection primarily, sexual selection in either the 379 

narrow- or broad-sense definitions (Simmons, 2025) cannot be fully differentiated from natural 380 

selection in all episodes (Table 1). The first episode of selection, although mostly reflecting pre-381 

copulatory sexual selection, does not reflect any individuals that mated but did not produce 382 

zygotes, which means that it could include some elements of post-copulatory selection. The 383 

second episode of selection likely captures fecundity selection in females and selection on 384 

brood pouch size, as well as some elements of sexual selection related to choice in mating 385 
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duration and/or post-copulatory male choice. The ‘maternity share’ of the population (the 386 

proportion of eggs stored per female per male brood) is very similar to this estimate, and in this 387 

experimental design is equivalent to the relative number of eggs stored. The final post-388 

copulatory episode of selection also likely includes a mix of natural and sexual selection, as 389 

embryos might not develop due to congenital defects (natural selection), although pipefish 390 

males have been demonstrated to absorb nutrients from embryos (Ripley & Foran, 2006a; 391 

Sagebakken et al., 2010) and exhibit post-copulatory choice (Paczolt & Jones, 2010), which 392 

could reflect sexual selection.  393 

Finally, we estimated the maximum strength of selection a trait may experience related 394 

to that trait’s involvement in obtaining a mate by calculating the maximum standardized sexual 395 

selection differential (𝑠′௠௔௫ or the Jones Index; Jones, 2009). This metric is the product of the 396 

Bateman gradient and the square root of the opportunity for sexual selection (𝐼௦ or 𝐼ଵ). We used 397 

the averaged 𝐼ଵ across all trials for this calculation. 398 

 399 

Generating 95% confidence intervals for the selection differentials and opportunity for 400 

sexual selection 401 

We estimated confidence intervals for the opportunity for selection and selection 402 

differentials using a bootstrapping approach. Specifically, we randomly sub-sampled each trial 403 

to retain 5 individuals. From this sub-sample, we re-calculated the metrics for the opportunity for 404 

sexual selection partitions and the decomposed selection differentials, as described above. We 405 

repeated this sub-sampling 1000 times and used those 1000 estimates to calculate the mean 406 

for each metric and estimated the 95% confidence intervals as the values corresponding to the 407 

2.5% and 97.5% quantiles. If the confidence intervals for the same metric from males and 408 

females did not overlap, we concluded that the estimates of those metrics were significantly 409 
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different between the sexes. Similarly, selection differentials with confidence intervals not 410 

overlapping zero were considered significant. 411 

 412 

RESULTS 413 

Variation in genetic mating success and sexual dimorphism across Syngnathus 414 

In S. fuscus, an average of 30.6% of males mated in each trial with the number of 415 

pregnant males per trial ranging from 1 – 3 of the six potential males. Only one male sired 416 

offspring with two females (Figure S2). While male S. floridae sired offspring with more females 417 

per brood (Table 2, Figure S2) compared to S. fuscus, the average brood size for pregnant 418 

males was about the same (253 ± 28.4 and 252 ± 34.9 respectively) between the two species. 419 

 420 

Table 2. Summary of genetic mating success and two components of reproductive success (eggs stored 421 
per mate and proportion of eggs developed) for the three different species of Syngnathus. Reported are 422 
the means ± standard error. All averages were calculated within the successfully mated individuals (omitting 423 
individuals who did not mate). 424 

 425 
 426 

An average of 26.4% of the S. fuscus females mated at least once per trial, with a range 427 

of 1 – 3 of the six females per trial and two females siring offspring with two males (Figure S2). 428 

In S. floridae, six of the broods had multiple mothers, with two females siring offspring with three 429 

males (Figure S2). Female S. scovelli had higher mating success than the other species but had 430 

 Mating Success Eggs stored per Mate Percent of Eggs Developed 

Species Male Female Male Female Male Female 

S. floridae 

           Males = 24 
       Females = 21 

1.25 ± 0.09 1.42 ± 0.15 215 ± 24.1 202 ± 24.0 84.9 % ± 4.31 82.0 % ± 4.95 

S. fuscus 

           Males = 22 
       Females = 19 

1.05 ± 0.05 1.10 ± 0.07 249 ± 35.6 244 ± 36.5 92.4 % ± 2.36 93.8 % ± 1.72 

S. scovelli 

           Males = 49 
       Females = 29 

1.00 ± 0.00 1.62 ± 0.14 28.5 ± 1.42 30.1 ± 1.78 87.3 % ± 3.29 92.8 % ± 1.98 
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the lowest number of eggs stored per mate (Table 2). The lower egg quantity in S. scovelli is 431 

likely linked to the differences in body and egg size between the three species (Figure 1A). 432 

The least sexual dimorphism was found in Syngnathus floridae (Figure 1A, Table S3), 433 

which demonstrated no obvious ornamental differences between the sexes, no significant 434 

difference in standard length (Wilcoxon rank sum: W = 3930, p = 0.478, nMale = 86, nFemale = 86) 435 

or adjusted torso depth (Two sample t-test: t169 = 1.37, p = 0.173), but a larger female SVL than 436 

males (Welch two sample t-test: t149.6 = 3.86, p < 0.001). We found a slightly greater degree of 437 

sexual dimorphism in S. fuscus (Figure 1A, Table S3), which showed a previously 438 

undocumented temporary female ornament: an increased contrast of their torsos to show 439 

alternating light and dark bands (Figure S3), only displayed during courtship. Female S. fuscus 440 

also had a significantly larger standard length (Wilcoxon rank sum: W = 5828, p < 0.001, nMale = 441 

92, nFemale = 91) and SVL (Two sample t-test: t181 = 10.6, p < 0.001) than males, but no 442 

difference in adjusted torso depth (Wilcoxon rank sum: W = 4382, p = 0.585, nMale = 92, nFemale = 443 

91). Syngnathus scovelli was the most sexually dimorphic as females possess a permanent, 444 

sexually selected, iridescent ornament that is fully absent in the males (Flanagan et al., 2014), 445 

and were significantly larger than males in terms of standard length (Wilcoxon rank sum: W = 446 

2531, p < 0.001, nMale = 54, nFemale = 55), SVL (Wilcoxon rank sum: W = 2801, p < 0.001, nMale = 447 

54, nFemale = 55), and adjusted torso depth (Welch two sample t-test: t94.5 = 14.983, p < 0.001). 448 

 449 

 Differences in selection across the three species of pipefish - 𝛽ௌௌ  and 𝐼 450 

Female pipefish from all three species exhibited a significant positive relationship 451 

between relative number of eggs stored and relative mating success, resulting in significantly 452 

positive slopes of Bateman gradients (𝛽ௌௌ)(S. floridae 𝛽 = 0.96 ± 0.086, t56 = 11.2, p < 0.0001; S. 453 

fuscus 𝛽 = 1.00 ± 0.028, t74 = 35.8, p < 0.0001; S. scovelli 𝛽 = 0.95 ± 0.049, t55 = 19.4, p < 454 

0.0001; Figure 2A). The three species have very similar female Bateman gradients. When non-455 
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mated individuals were removed from the analysis, we compared male and female Bateman 456 

gradients within S. fuscus and S. floridae and found that only female S. fuscus had a 457 

significantly positive slope (S. floridae 𝛽 = 0.69 ± 0.40, t21 = 1.78, p = 0.10; S. fuscus 𝛽 = 1.77 ± 458 

0.67, t19 = 2.64, p = 0.017, Figure S4). While there was no significant difference in 𝛽ௌௌ between 459 

male and female S. floridae (𝛽 = -0.44 ± 0.61, t45 = -0.72, p = 0.47), we found a slight significant 460 

difference in 𝛽ௌௌ between male and female S. fuscus (𝛽 = -2.06 ± 1.03, t39 = -2.00, p = 0.05). 461 

Further investigation into the impact of additional mates on female fitness (Figure 2B) showed 462 

no significant difference in the proportion of eggs developed between singly and multiply mated 463 

females in S. floridae (Wilcoxon rank sum: W = 53, p = 0.794, nSingle = 14, nMultiple = 7). However, 464 

singly mated females had a significantly higher proportion of eggs developed compared to 465 

multiply mated females in S. fuscus (Wilcoxon rank sum: W = 1, p = 0.0394, nSingle = 17, nMultiple = 466 

2) and S. scovelli (Wilcoxon rank sum: W = 41.5, p = 0.004, nSingle = 15, nMultiple = 14). 467 

 468 

Figure 2. Females with increased genetic mating success had more developed eggs in all three species, 469 
but multiply mated females had a lower proportion of eggs developed in S. fuscus and S. scovelli. (A) 470 

D
ow

nloaded from
 academ

ic.oup.com
/jeb/advance-article/doi/10.1093/jeb/voag112/8914338 by guest on 13 O

ctober 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

Bateman gradients were similar for female S. floridae (blue), S. fuscus (red), and S. scovelli (yellow). 471 
Relative fitness was calculated as the individual’s fitness level (either total number of developed eggs or 472 
number of mates) divided by the average fitness across all individuals within each trial. Bateman gradients 473 
are derived from a linear mixed model with trial number as a random effect for each species. The slopes 474 
for all three species were significantly greater than zero, however there was little difference between the 475 
species. (B) Comparing the proportion of eggs developed in singly (S) mated (light grey) versus multiply 476 
(M) mated (dark grey) females shows slightly lower embryo survival rates for S. fuscus and S. scovelli 477 
females who mated more than once. 478 

Alt text: In A, the x-axis is “Relative Mating Success”, ranging from 0 to 7, and the y-axis is “Relative 479 
reproductive success” ranging from 0 to 7. In blue are points for S. floridae, ranging from 0 to 5 on the x-480 
axis and 0 to 5.5 on the y-axis. The line for S. floridae is labelled as having a slope of 0.963. In red are 481 
points for S. fuscus, ranging from 0 to 7 on both axes. The line for S. fuscus is labelled as having a slope 482 
of 1.006. In yellow are points for S. scovelli, which range from 0 to 5 on both axes. The line for S. scovelli 483 
is labelled as having a slope of 0.954. In B, the x-axis is labelled with the three species names and “S” or 484 
“M” for single or multiple matings. The y-axis shows the “Proportion Eggs Developed”, ranging from 0 to 1. 485 
The boxplot for single-mated S. floridae has a median around 0.9 and the interquartile range (IQR) from 486 
about 0.75 to 0.95, with raw points mostly in the box and whiskers (from 0.5 to 1), with one outlier at 0.1. 487 
The multiply mated S. floridae box has a median around 0.95 and an IQR from 0.85 to 0.95. The raw data 488 
points are mostly on the box and whiskers (which extend to 0.8 and 1) but one point is at 0.4. The single 489 
mated S. fuscus box has a median around 0.95 and an IQR from about 0.9 to 0.97 and most raw data 490 
points are within the box and whiskers (from 0.9 to 1). Two points are below, between 0.8 and 0.9. The 491 
multiple mated S. fuscus box has a median of 0.8 and an IQR of 0.7 to 0.85, with only two raw data points 492 
at each of those edges. The single mated S. scovelli box has a median close to 1, with the IQR from about 493 
0.95 to 1. Only two points fall below the bottom whisker (near 0.9), and both are above 0.85. The multiple 494 
mated S. scovelli box has a median around 0.9 with an IQR from about 0.8 to 0.95 and whiskers from about 495 
0.6 to 1. The raw data points are all within the range of the whiskers.  496 
 497 

The total opportunity for selection (𝐼) was not significantly different between males and 498 

females for S. floridae or S. fuscus (Table 3; Figure 3A), regardless of the episode of selection. 499 

However, female S. scovelli experienced a significantly higher total opportunity for selection 500 

compared to male S. scovelli (Table 3; Figure 3A), especially in the pre-copulatory episode. The 501 

variance in fitness due to differences in mating success (𝐼ଵ or 𝐼ௌ) and its corresponding influence 502 

on variance in number of eggs stored (𝐼ଵଶ) was the most important contributor for the total 503 

opportunity for selection for both sexes in all three species (Figure 3B; Table 3, S4). The lesser 504 

role of 𝐼ଵ in male S. scovelli is balanced by a larger proportion of selection arising from post-505 

copulatory episodes related to more variance in the number of eggs stored per mate (𝐼ଶ) and 506 

selection related to proportion of eggs developed (𝐼ଷ). For female S. scovelli, and male and 507 

female S. fuscus and S. floridae, the next most important contributor was also 𝐼ଶ followed by 𝐼ଷ, 508 

but both episodes made up a much lower percentage of the total opportunity for selection 509 

compared to male S. scovelli (Table 3, S4). The highest opportunity for selection overall was 510 
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found in male and female S. floridae, followed very closely, and with overlapping 95% 511 

confidence intervals, by S. fuscus. The overall patterns described here were consistent if non-512 

mated individuals were excluded from calculations after the first episode of selection, although 513 

the estimates of 𝐼 were of lower magnitudes (Table S5).   514 
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Figure 3. The partitioning of the opportunity for selection across the three species of Syngnathus by 515 
selection episode.  (A) We calculated the partitioning for each trial individually, shown here is the average 516 
value for each selection episode across all trials for males (purple) and females (green) in S. floridae (circle), 517 
S. fuscus (triangle), and S. scovelli (diamond). Average values represented here were derived from 518 
bootstrapping. Error bars around the point represent percentile based 95% confidence intervals derived 519 
from bootstrapping (actual means and standard deviations are in Table S4). (B) The percentage of the total 520 
opportunity for selection (I) that can be attributed to each selection episode for males versus females in the 521 
three species of pipefish. Note that the contributions of each decomposed episode of I do not sum to 100% 522 
because the covariances are not shown; please see Table 3 for the complete decomposition.  523 

Alt text: In A, the x-axis is labelled “Episode of selection”, with three separated x-axes with repeated labels 524 
of “I”, “I1”, “I12”, “I2”, and “I3”. The y-axis is labelled “Average fitness value” and ranges from 0 to 5. The three 525 
separated x-axes have labels “S. floridae”, “S. fuscus”, and “S. scovelli”. For each of the x-axis labels, there 526 
is a Male and a Female point for each species, with confidence intervals extending above and below each 527 
point. The estimates and confidence intervals can be found in Table 3. In B, the x-axis is labelled “Sex” and 528 
has three separate axes, each with “Female” and “Male”, with the separate axes labelled “S. floridae”, “S. 529 
fuscus”, and “S. scovelli”. The y-axis reads “Percent” and goes from 0 to 100. Each sex and species has 530 
stacked bar charts showing the percent of I that comes from I1, I2, and I3 (shown in yellow, blue, and red, 531 
respectively). The precise percentages are found in Table 3. The stacked bar plot show the following 532 
percentages: Female S. floridae - I1  = 87%, I2 = 4%, I3  = 1.5%; male S. floridae – I1 = 82%, I2 = 8%, I3 = 533 
1.24; Female S. fuscus – I1 = 97%, I2 = 1%, I3 = 0%; male S. fuscus – I1 = 96%, I2 = 2%, I3 = 0%; female S. 534 
scovelli – I1 = 99%, I2 = 3%,  I3 = 0%; male S. scovelli – I1 = 49%, I2 = 24%, I3 = 18%.   535 
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Table 3. The opportunity for sexual selection split across mating phases is similar in male and female Syngnathus floridae, Syngnathus fuscus, and 536 
Syngnathus scovelli. The values shown here are the average opportunity for selection across trials alongside percentile-based confidence intervals 537 
in parentheses which were both derived from bootstrapping. The percentages are calculated from the means shown in this table and reflect the fact 538 
that most of the variation in fitness arises from premating selection across all three species. Numbers in bold indicate values which are significantly 539 
different between males and females (i.e., the confidence intervals do not overlap). 540 
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 Syngnathus floridae Syngnathus fuscus Syngnathus scovelli 

Source of Variation in Fitness Symbol 
Male  
(95% CI) 

M% 
Female  
(95% CI) 

F% 
Male  
(95% CI) 

M% 
Female  
(95% CI) 

F% 
Male  
(95% CI) 

M% 
Female  
(95% CI) 

F% 

Pre-copulatory selection (mating 
success, 𝑤ଵ) 

𝐼ଵ 2.46  
(1.09, 4.24) 

82.3 2.76  
(1.32, 4.47) 

87.3  2.75 
(1.46, 4.14) 

95.5 2.78  
(1.36, 4.32) 

96.5 0.18 
(0.047, 
0.51) 

48.6 1.79 
(0.92, 3.10) 

99.4 

Post-copulatory selection arising 
from eggs stored per mate 
(𝑤ଶ) 

𝐼ଶ 0.24 
(0.043, 
0.65) 

8.03 0.14 
(0.020, 
0.28) 

4.43 0.052 
(0.00086,0.1
4) 

1.80 0.036 
(0.00020, 
0.12) 

1.25 0.088 
(0.052, 
0.13) 

23.8 0.048 
(0.022, 0.080) 

2.67 

Covariance between 𝑤ଵ and 𝑤ଶ: 
Unweighted 𝐶𝑂𝐼(1, 2) 

 
0.57 
(0.36, 0.73) 

19.1 
 

 
0.65  
(0.45, 0.81) 

20.6 
 

0.64 
(0.43, 0.83) 

22.2 0.64 
(0.40, 0.85) 

22.2 
0.10 
(0.041, 
0.19) 

27.0 
 

0.51 
(0.35, 0.66) 

28.3 
 

Weighted 
𝐶𝑂𝐼(1, 2|1) 

 

-0.050 
(-0.19, 
0.088) 

-1.67 -0.04 
(-0.17, 
0.072) 

-
1.26 

-0.012 
(-0.046, 
0.00) 

-0.42 0.0073 
(0.00, 0.024) 

0.25 0.00 
(0.00, 
0.00) 

0.0 -0.050 
(-0.12, 0.0060) 

-2.77 

Change in covariance between 
number of eggs stored 
(𝑤ଵ𝑤ଶ) and eggs stored per 
mate (𝑤ଶ) caused by pre-
copulatory selection 

𝐶𝑂𝐼(12, 2|1)
− 𝐶𝑂𝐼(12, 2) 

-0.41 
(-0.67. -
0.018) 

-13.7 
 

-0.57 
(-0.76, -
0.32) 

-
18.0 
 

-0.57 
(-0.80, -
0.31) 

-19.8 
 

-0.59 
(-0.83, -0.34) 

-20.5 
 

-0.094 
(-0.16, -
0.036) 

-
25.4 
 

-0.52 
(-0.67, -0.36) 

-28.9 
 

Variance in number of eggs 
stored (𝑤ଵ𝑤ଶ) 

Subtotal: 
           𝐼ଵଶ 

2.82 

(1.35, 4.47) 

94.3 2.95 

(1.49, 4.71) 

93.4 2.86 

(1.60, 4.24) 

99.3 2.87 

(1.50, 4.42) 

99.6 0.27 
(0.12, 
0.59) 

73.0 1.78 

(0.92, 3.05) 

98.9 

Post-copulatory selection arising 
from proportion of eggs 
developed (𝑤ଷ) 

𝐼ଷ 0.037 
(0.0014, 
0.12) 

1.24 0.048 
(0.0012, 
0.13) 

1.51 0.0013 
(0.00, 0.0036) 

0.04
5 

0.000300  
(0.00, 
0.00067) 

0.01
0 

0.067  
(0.014, 
0.18) 

18.1 0.0063  
(0.0014, 
0.013) 

0.35 

Covariance between number of 
eggs stored (𝑤ଵ𝑤ଶ) and 
proportion of eggs 
developed (𝑤ଷ): 

 

  

  

 

       

Unweighted 
𝐶𝑂𝐼(12, 3) 

 

0.59 
(0.39, 0.75) 

19.7 0.66 
(0.47, 0.82) 

20.9 0.64 
(0.44, 0.84) 

22.2 0.64 
(0.40, 0.85) 

22.2 0.12 
(0.048, 
0.20) 

32.4 0.52 
(0.37, 0.67) 

28.9 

Weighted by number of 
eggs stored 

𝐶𝑂𝐼(12, 3|2) 

 

0.04 
(-0.053, 
0.17) 

1.33 0.062 
(-0.041, 
0.20) 

1.96 0.0075 
(-
0.001,0.022) 

0.26 0.0026 
(-
0.0017,0.007
4) 

0.09
0 

0.015 
(-
0.002,0.0
39) 

4.05 0.0050 

(-0.024, 0.040) 

0.28 

Change in covariance between 
number developed eggs 
(𝑤ଵ𝑤ଶ𝑤ଷ) and proportion of 
eggs developed (𝑤ଷ) caused 
by the previous episodes of 
selection 

𝐶𝑂𝐼(123, 3|2)
− 𝐶𝑂𝐼(123, 3) 

-0.50 
(-0.73, -
0.19) 

-16.7 
 

-0.55 
(-0.78, -
0.24) 

-
17.4 
 

-0.64 
(-0.83, -
0.43) 

-22.2 
 

-0.63 

(-0.85, -0.40) 
-21.9 
 

-0.10 
(-0.18, -
0.038) 

-
27.0 
 

-0.51 

(-0.66, -0.36) 
28.3 
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541 

Total selection (number of 
developed eggs, 𝑤ଵ𝑤ଶ𝑤ଷ) 

𝐼 2.99 
(1.42, 4.68) 

100 3.16  
(1.64, 4.90) 

100 2.88 
(1.63, 4.24) 

100 2.88  
(1.51, 4.42) 

100 0.37 
(0.18, 
0.71) 

100 1.80 
(0.92, 3.06) 

100 
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Selection on snout-vent length and the maximum sexual selection differential (𝑠′௠௔௫) 542 

While 𝐼 remained largely similar between the sexes, our results for the absolute selection 543 

differentials (𝑠) and the standardized selection differentials (𝑠′) showed that males and females 544 

experienced different patterns of selection on body size in all three species of pipefish (Table 4, 545 

Figure 4). We found non-zero selection on female SVL for S. fuscus and S. scovelli, but not 546 

female S. floridae. Male S. floridae had significant selection differentials whereas S. fuscus and 547 

S. scovelli males did not. Our calculations of 𝑠 and 𝑠′ demonstrated that smaller males had 548 

higher fitness overall in S. floridae, with both 𝑠 and 𝑠′ being significantly negative in the total 549 

selection differential. However, of the male S. floridae that mated, larger males had a higher 550 

fitness in terms of the number of eggs stored per mate (post-copulatory selection;  𝑠′ଶ was 551 

significantly positive). We did not observe any significant selection differentials for female body 552 

size in S. floridae, but the magnitude of the estimates was always opposite the males.  553 

In S. scovelli females we calculated significantly positive 𝑠′ on SVL in the pre-copulatory 554 

selection (𝑠′ଵ) with a larger SVL favored. Similarly, large female S. fuscus had higher fitness in 555 

the pre-copulatory phase (𝑠ଵ and 𝑠′ଵ), but they also had a significantly negative post-copulatory 556 

selection differential associated with number of eggs stored per mate (𝑠ଶ and 𝑠′ଶ). However, 557 

overall SVL had a positive selection differential in female S. fuscus (Table 4, Figure 4). The 558 

maximum standardized sexual selection differential (𝑠′௠௔௫) was largest for S. fuscus males and 559 

females and smallest for S. scovelli males (Table 4). When comparing 𝑠′ଵ to 𝑠′௠௔௫ we found 560 

males and females experienced 3 – 9X lower strengths of sexual selection on SVL compared to 561 

the maximum strength of selection that trait could experience. This difference was the most 562 

dramatic for S. scovelli males and most similar for S. floridae males (Table 4). Note again that 563 

the reported mean selection differentials were derived from the bootstrapping procedure used to 564 

generate the 95% confidence intervals; actual means and standard deviations from the trials are 565 

included in Table S6. 566 
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Table 4. Decomposition of selection differentials for male and female Syngnathus floridae, S. fuscus, and S. scovelli. Shown are the contributions 567 
of pre-copulatory selection and post-copulatory selection to the total selection differential for snout-vent length. Decomposition was done separately 568 
for each trial; therefore, we are reporting the means across all trials and percentile-based 95% confidence intervals. Both the means and confidence 569 
intervals were derived via bootstrapping. The selection differential is shown as the absolute selection differential (𝑠), in millimeters, and as the 570 
standardized selection differential (𝑠′), in units of phenotypic standard deviations. A bolded selection differential represents significant selection in 571 
that direction. The maximum strength of selection snout-vent length may experience is shown with the maximum sexual selection differential (𝑠′௠௔௫). 572 

 573 
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574  Syngnathus floridae Syngnathus fuscus Syngnathus scovelli 

 
Male  
(95% CI) 

Female  
(95% CI) 

Male  
(95% CI) 

Female  
(95% CI) 

Male  
(95% CI) 

Female  
(95% CI) 

Absolute selection differential  
      

Pre-copulatory selection  
(Mating success, 𝑠ଵ) 

-2.69 
(-5.09, -0.13) 

2.13 
(-1.73, 6.33) 

-0.61 
(-2.21, 0.93) 

2.14 
(0.61, 3.68) 

0.0067 
(-0.37, 0.32) 

0.86 
(-0.060, 1.87) 

Post-copulatory selection  
(Number of eggs per mate, 𝑠ଶ) 

1.93 
(-0.28, 4.07) 

-2.14 
(-5.30, 1.46) 

0.42 
(-0.82, 1.65) 

-1.58 
(-2.88, -0.34) 

0.13 
(-0.17, 0.45) 

-0.63 
(-1.44, 0.13) 

Post-copulatory selection  
(Proportion of eggs developed), 𝑠ଷ) 

-0.42 
(-1.07, 0.098) 

0.70 
(-0.34, 1.81) 

0.011 
(-0.052, 0.087) 

-0.012  
(-0.14, 0.10) 

0.051  
(-0.25, 0.37) 

0.010  
(-0.09, 0.12) 

Total selection differential (𝑠) 

-1.18 
(-1.89, -0.47) 

0.69 
(-0.66, 2.07) 

-0.18 
(-0.63, 0.29) 

0.54 
(0.084, 1.01) 

0.18  
(-0.14, 0.53) 

0.24  
(-0.056, 0.55) 

Standardized selection differential       

Pre-copulatory selection  
(Mating success, 𝑠′ଵ) 

-0.46 
(-0.82, -0.10) 

0.20 
(-0.18, 0.60) 

-0.19 
(-0.52, 0.14) 

0.43 
(0.12, 0.74) 

0.048 
(-0.08, 0.18) 

0.30 
(0.059, 0.67) 

Post-copulatory selection  
(Number of eggs per mate, 𝑠′ଶ) 

0.33 
(0.022, 0.67) 

-0.20 
(-0.54, 0.13) 

0.14 
(-0.10, 0.40) 

-0.33 
(-0.59, -0.076) 

0.021  
(-0.10, 0.13) 

-0.21 
(-0.50, 0.069) 

Post-copulatory selection  
(Proportion of eggs developed, 𝑠′ଷ) 

-0.058  
(-0.14, 0.011) 

0.060 
(-0.030, 0.15) 

0.00056  
(-0.024, 0.023) 

0.0023  
(-0.019, 0.033) 

0.033  
(-0.063, 0.14) 

-0.0037  
(-0.046, 0.036) 

Total selection differential (𝑠′) 

-0.18 
(-0.29, -0.087) 

0.066 
(-0.067, 0.20) 

-0.051 
(-0.15, 0.048) 

0.10 
(0.022, 0.19) 

0.10 
(-0.003, 0.21) 

0.091 
(-0.038, 0.21) 

Max sexual selection differential 
      

 𝑠′௠௔௫ 1.53 1.60 1.64 1.68 0.424 1.28 
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 575 

Figure 4. The decomposition of standardized selection differentials for males (purple) and females (green) 576 
from three species of pipefish, S. floridae (circle), S. fuscus (triangle), and S. scovelli (diamond). Because 577 
the decompositions were performed separately for each trial, the points here represent the average 578 
selection differential for that sex across all trials within a species. Error bars surrounding the points show 579 
the percentile based 95% confidence intervals. Both the averages and confidence intervals were derived 580 
from bootstrapping. Total selection differential for snout-vent length (𝑠′) was decomposed to show 581 
contributions of mating success (𝑠′ଵ), the number of eggs stored per mate (𝑠′ଶ), and proportion of eggs 582 
developed (𝑠′ଷ). 583 

Alt text: The x-axis is “Standardized selection differential”, with three separate axes, each with four labels: 584 
s’1, s’2, s’3, and s’. The three axes are labelled S. floridae, S. fuscus, and S. scovelli. The y-axis is labelled 585 
“Average value” and ranges from -1 to 1, with a dashed line at 0. Each of the x-axis ticks has two 586 
corresponding points, one for male and one for female values, each with a confidence interval extending 587 
above and below it. The precise values and confidence intervals are in Table 4. The estimates whose 588 
confidence intervals do not cross the zero line are: S. floridae male s’1, which is -0.46; S. floridae male s’2, 589 
which is 0.33; S. floridae male s’, which is -0.18; S. fuscus female s’1, which is 0.43; S. fuscus female s’2, 590 
which is -0.33, S. fuscus female s’, which is 0.10; S. scovelli female s’1, which is 0.3.    591 
  592 
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DISCUSSION 593 

Across three closely related species of pipefish, with different mating systems and a 594 

spectrum of sexual dimorphism, pre-copulatory episodes contributed the most to selection in 595 

both sexes – with one exception: in the only group that mated singly, male S. scovelli, post-596 

copulatory selection contributed similarly to pre-copulatory episodes. Female Bateman 597 

gradients (𝛽ௌௌ) did not differ across the species, whether or not unmated individuals were 598 

excluded. Selection differentials for snout-vent length in males and females were opposing for 599 

all selection episodes in S. floridae and S. fuscus. This result could reflect sexually antagonistic 600 

selection, but more work is needed. Further, we found a potential tradeoff between pre- and 601 

post-copulatory selection in female S. scovelli and S. fuscus – larger females that mated 602 

multiply had lower fitness in the post-copulatory phases of selection. Intriguingly, an opposite 603 

tradeoff appears to exist for S. floridae males.  604 

 An important caveat regarding the interpretation of our results is the number of unmated 605 

individuals in the S. fuscus and S. floridae datasets, especially compared to S. scovelli. These 606 

unmated individuals could reflect biological properties of these species relative to S. scovelli, 607 

such as increased mutual mate choice resulting in increased refusals to mate (e.g., Sandvik et 608 

al., 2000). All males were capable of mating, as only pregnant males were brought into the 609 

laboratory for the experiments, but these two species could have a longer refractory period 610 

between matings than S. scovelli. The females were all of reproductive size, but it is possible 611 

that some were not actually mature or had depleted their mature eggs prior to use in the 612 

experiment. Alternatively, the increased numbers of unmated individuals could be due to 613 

laboratory artifacts. Unfortunately, these unmated individuals influence all the selection metrics 614 

we have used (Klug et al., 2010); as always, extrapolating from laboratory populations to the 615 

wild should only be done with extreme caution.  616 

 617 
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No sex differences in the relative strength of sexual selection   618 

We calculated Bateman gradients, which can be used to compare the relative strength of 619 

sexual selection across sexes, environments (Mobley & Jones, 2007, 2009), and species 620 

(Fromonteil et al., 2023; Gerlach et al., 2012; Janicke et al., 2016; Janicke & Morrow, 2018; 621 

Lopez-Nava et al., 2026), to compare sexual selection in males and females of three pipefish 622 

species and found few differences. Across all groups, we found significantly positive slopes 623 

(𝛽ௌௌ), which reflect a significant increase in the number of developed eggs through the addition 624 

of at least one mate, in line with a previous study on wild populations of S. floridae (Henshaw et 625 

al., 2018; Mobley & Jones, 2013). Bateman gradients calculated without experimentally 626 

manipulating mating success, including in our study, cannot fully imply a causal relationship 627 

between mating success and reproductive success, as the data is correlational and could 628 

include unmeasured confounding variables influencing reproductive success (Anthes et al., 629 

2017; Fromonteil et al., 2023). Additionally, selection is known to be sensitive to varying 630 

environmental conditions (Mobley & Jones, 2007, 2009; Monteiro & Lyons, 2012), including 631 

predation or infection risk, which may contribute to sexual selection (Taylor et al., 2014) and 632 

cannot be included in studies like ours. Thus, Bateman gradients measured under laboratory 633 

conditions may not necessarily translate to natural populations. In our case, the unmated 634 

individuals are particularly difficult to interpret, as they could reflect aspects of a laboratory setup 635 

or seasonality rather than sexual selection. As such, additional data from multiply mated 636 

individuals is required to confidently interpret Bateman gradients for these species.  637 

 638 

Differences in the opportunity for selection between sexes reflects polyandry 639 

Our study provides the opportunity to explore variation in selection across mating 640 

systems with a spectrum of multiple mating, instead of comparing monogamous species to 641 

multiple-mating species, as has been done previously (Weber & Fisher, 2023). An important 642 
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caveat to our descriptions of the mating system is that it is estimated using genetic parentage, 643 

which does not fully capture all potential mating attempts. Our results are consistent with 644 

previous studies, with many S. floridae males and females mating multiply within a reproductive 645 

cycle (Jones & Avise, 1997b; Mobley et al., 2010; Mobley & Jones, 2007; this study), low rates 646 

of multiple matings in male (Paczolt et al., 2016; this study) and female S. fuscus (this study), 647 

and S. scovelli displaying polyandry (Jones et al., 2001; Jones & Avise, 1997a; Rose et al., 648 

2013a). Only in the polyandrous S. scovelli did males and females differ in their opportunity for 649 

selection, although the largest values for opportunity for selection were observed in the two 650 

polygynandrous species.  651 

Our estimates for the opportunity for selection (𝐼) differ from prior estimates from wild 652 

populations in several ways. First, wild populations of S. floridae had 𝐼 estimates in females to 653 

be fourfold those found in males (Mobley & Jones, 2013), although significant differences in the 654 

opportunity for selection across populations have also been observed (Mobley & Jones, 2009). 655 

Additionally, the calculated values for 𝐼 in this study were considerably larger than those 656 

reported from wild studies of S. floridae for males (0.24 compared to our 2.99) and females 657 

(1.19 compared to our 3.16; Mobley & Jones, 2013). The high values of 𝐼 are a result of the high 658 

variance in mating and reproductive success in our study, driven by the large number of 659 

unmated individuals and the relatively few pipefish who mated more than once. When we 660 

removed non-mated individuals prior to estimating the opportunity for selection, the values 661 

generated for S. floridae were closer to what has been found in the wild, which only included 662 

mated individuals (𝐼 = 0.56 for males and 0.51 for females, Table S5) (Mobley & Jones, 2007, 663 

2009, 2013). 664 

We expected the two species where males were able to mate multiply (S. fuscus and S. 665 

floridae) to have a higher contribution of post-copulatory selection due to the potential for egg 666 

competition and cryptic male choice, in line with the expectation that high remating rates lead to 667 

more post-copulatory selection (Birkhead, 2010; Birkhead & Pizzari, 2002).  However, we found 668 

D
ow

nloaded from
 academ

ic.oup.com
/jeb/advance-article/doi/10.1093/jeb/voag112/8914338 by guest on 13 O

ctober 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

that post-copulatory selection, measured here as the variance in the number of eggs stored per 669 

mate and the proportion of those eggs that developed, contributed little to the overall opportunity 670 

for selection except for in the polyandrous S. scovelli. Because of the higher proportions of non-671 

matings in S. fuscus and S. floridae compared to S. scovelli, we may simply not have the power 672 

to detect post-copulatory selection as the majority of variance present is a result of whether the 673 

pipefish was able to secure a mate. Alternatively, post-copulatory selection in male S. scovelli, 674 

which has been documented previously (Paczolt & Jones, 2010), could indeed be an important 675 

episode of selection that is less important in the polygynandrous species. The importance of this 676 

episode in S. scovelli could reflect variation in male care ability, for example variation in the size 677 

of the male brood pouch and thus the number of eggs he can care for, which means that this 678 

episode would be more indicative of natural selection than sexual selection. Uncovering the 679 

mechanisms driving variance in the proportion of eggs developing in S. scovelli is a rich area for 680 

further study.     681 

Some aspects of our experimental design could have biased us towards detecting pre-682 

copulatory selection over post-copulatory selection. First, our experimental breeding populations 683 

had equal sex ratios. Previous work on other pipefish species found stronger selection for both 684 

sexes when they were the sex in excess (i.e., females in female-biased trials; Aronsen et al., 685 

2013). While S. floridae are commonly found in equal sex-ratios in the wild (Mobley & Jones, 686 

2007, 2009), S. fuscus have been discovered in extremely female-biased populations (Ripley & 687 

Foran, 2006b), meaning our populations may not have mimicked the selective environment 688 

faced by wild populations of this pipefish. The length of the experimental breeding populations 689 

also spanned only the length of a single male pregnancy, whereas in the wild male pipefish 690 

acquire multiple pregnancies over a prolonged breeding season. This means we were only able 691 

to capture a snapshot of selection, rather than an estimate of lifetime reproductive success, 692 

where we would potentially identify trade-offs associated with each additional pregnancy in 693 

males. Lastly, using genetic mating success instead of behavioral observations prevents us 694 
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from accounting for copulations resulting in complete brood reduction and/or multiple 695 

copulations with the same partner, therefore obscuring a potentially key component of both pre- 696 

and post-copulatory sexual selection (Anthes et al., 2017). Future studies aiming to compare 697 

selection decompositions across species would benefit from the inclusion of more than three 698 

species, the incorporation of both behavioral and genetic mating success, and extending the 699 

study to across the entire breeding season, where possible.  700 

 701 

Selection on body size is insufficient to explain variance in mating success 702 

Our estimates of the absolute selection differentials on snout-vent length provide valuable 703 

insight into how selection might affect the sexes differently and highlight important differences 704 

between the species. In each species, significant selection differentials were only found in one 705 

sex. Interestingly, in the species with lower multiple mating (S. scovelli and S. fucsus), the 706 

selection was on females, whereas in S. floridae selection was detected on males. Although 707 

many selection strengths were non-significant, opposite trends were detected in males and 708 

females in most phases (i.e., positive in females and negative in males, or vice versa) in S. 709 

floridae and S. fuscus. If these trends are biologically accurate, antagonistic selection could be 710 

acting on body size in male and female pipefishes in these two species. The insignificant 711 

selection estimates could reflect the lack of, or weak, directional selection on snout-vent length, 712 

or could reflect limited statistical power. Alternatively, we could be under-estimating potential 713 

sexual selection due to the experimental setup; sexual selection on female length was reduced 714 

at high densities in S. typhle, and our experimental setups kept pipefish at high densities (max 715 

of ~1.6 pipefish/m2 in the wild compared to our 28 – 37 pipefish/m2; Masonjones et al., 2010; 716 

Ripley & Foran, 2006b). 717 

Compared to the Jones Index (𝑠′௠௔௫), which represents the maximal value for pre-718 

copulatory selection, all estimates of 𝑠′ଵ were an order of magnitude smaller – including the 719 
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significant 𝑠′ଵ estimates – suggesting other traits are likely to be the targets of pre-copulatory 720 

selection. As S. scovelli is the only species from this study that possesses a permanent 721 

ornament, which develops at sexual maturity and is estrogen-regulated (Anderson et al., 2020), 722 

we focused on comparing phases of selection for body size for the three species. However, a 723 

prior study using the same S. scovelli dataset found a larger 𝑠′ଵ for ornament traits (number of 724 

iridescent bands and mean band area), compared to standard length (Flanagan et al., 2014). 725 

Although S. fuscus only displays a temporary ornament (Figure S3), similar temporary displays 726 

in S. scovelli influence male preference (Partridge et al., 2013), so it is likely that female 727 

ornaments, whether permanent or temporary, contribute to 𝑠′௠௔௫ in these species. Other 728 

unmeasured traits could reflect fecundity, such as brood pouch volume in males (which differs 729 

among species; Table S3) or torso depth in females (e.g., Mobley et al., 2018). 730 

An initially surprising result was the significant total selection differential favoring small male 731 

S. floridae SVL. This finding was unexpected because this species is often categorized as 732 

monomorphic (although sexual size dimorphism varies geographically; Mobley & Jones, 2007, 733 

2009), with no evidence of size assortative mating (Mobley et al., 2014), and in wild populations 734 

larger males had significantly higher mating and reproductive success (Jones & Avise, 1997b; 735 

Mobley & Jones, 2007, 2009). This difference between our work and previous reports on wild 736 

populations could reflect a true pattern for this population of S. floridae, or it may be an artifact 737 

resulting from our experimental breeding populations. Because a component of the courtship 738 

rituals for these species involves rising together in the water column (personal observation, 739 

similar to the vertical swimming identified as a component of S. scovelli courtship; Anderson & 740 

Jones, 2019; Partridge et al., 2013), the height of the tanks (56cm) may have inhibited large 741 

males from succeeding. However, some of the larger males successfully mated (S. floridae: 742 

mated males standard length: 124 – 203mm, all males standard length: 124 – 226mm). 743 

Alternatively, previous studies have highlighted the potential for larger males to require more 744 
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mating events to fill their brood pouches to capacity (Mobley & Jones, 2007, 2013), so female 745 

reproductive output coupled with the length of the trials could have also influenced our 746 

estimates of selection if we are underestimating mating, and therefore, reproductive success. 747 

However, wild populations of S. floridae had similar values to our study in average number of 748 

eggs stored (range of 180 – 505 for S. floridae; Jones & Avise, 1997b; Mobley & Jones, 2007, 749 

2009) and average male genetic mating success (~1.5 for S. floridae; Mobley & Jones, 2007, 750 

2009). Therefore, although laboratory artifacts could have influenced our results, our findings 751 

are still relevant to the biology of this species. 752 

  753 

Pre- versus post-copulatory episodes of selection 754 

We found females who mated multiply had a significantly lower proportion of eggs 755 

developed compared to singly mated females for S. scovelli and S. fuscus, in line with previous 756 

analyses of the S. scovelli dataset (Rose et al., 2013a). Additionally, all three pipefish species 757 

had positive 𝑠ଵ and 𝑠′ଵ with negative 𝑠ଶ and 𝑠′ଶ, even if these values were not statistically 758 

different from zero in all species (Figure 4). Female S. floridae also obtained multiple matings, 759 

but we did not find evidence for this same difference between multiply and singly mated 760 

females. This suggests that depleting egg stores, and subsequently depositing fewer mature 761 

eggs into subsequent mates, is not the best explanation. Instead, this pattern could be linked to 762 

a resource tradeoff experienced by females between the cost of ornamentation, both permanent 763 

and temporary, and egg production in S. scovelli and S. fuscus (Figure S3). Most studies of 764 

such tradeoffs in fishes focused on carotenoid-based traits (Nordeide et al., 2013), which differs 765 

from the iridescent or temporary ornaments in S. scovelli and S. fuscus. Within pipefish, female 766 

ornaments are associated with increased mating and reproductive success (Monteiro et al., 767 

2017) and increased fecundity (Cunha et al., 2017; Mobley et al., 2018). Similar to trade-offs in 768 

males of many taxa between traits that increase their chance in gaining matings (armaments 769 

and ornaments) and traits that ensure successful fertilizations (such as testis size, sperm 770 
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velocity and number, etc.; Durrant et al., 2016; Katsuki & Lewis, 2015; Pitcher et al., 2009; 771 

Simmons & Emlen, 2006; Yamane et al., 2010, 2010), a trade-off between investment in pre-772 

copulatory displays and egg quality could exist in female pipefish. This trade-off could be 773 

particularly pronounced, since eggs are considered more energetically costly to produce 774 

compared to sperm. This trade-off could also be related to circulating hormone levels, as female 775 

S. scovelli who were exposed to low levels of 17𝛼-ethinylestradiol had increased numbers of 776 

eggs transferred and embryo survivorship compared to unexposed females (Rose et al., 777 

2013b). However, despite the potential costs of multiple mating experienced by these females, 778 

each additional mate resulted in a higher fitness increase compared to any fitness that may 779 

have been lost due to reductions in number of eggs stored per mate or embryo survivorship. 780 

 781 

CONCLUSION 782 

Our results support the prediction that large differences in selection between males and 783 

females are often associated with a polyandrous mating system rather than a polygynandrous 784 

system. However, it was within those polygynandrous mating systems where we found the 785 

highest overall opportunities for selection. We also highlighted the potential for ongoing sex-786 

specific selection on the body sizes in male and female pipefish and showed that females who 787 

secured multiple mates had lower fitness in post-copulatory episodes of selection. Additionally, 788 

we found nuances in the different patterns of selection across species that have at least one sex 789 

which mate multiply, adding to the growing knowledge of the relationship between mating 790 

systems, sexual selection, and sexually dimorphic ornamentation. Our study sets the stage for 791 

future research to perform a truly comparative analysis, reducing potential confounding factors 792 

and increasing the total number of species sampled.  793 
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FIGURE CAPTIONS AND ALT TEXT 1073 

Figure 5. Description of the three Syngnathus spp. and the corresponding collection locations. 1074 

(A) Shown here is the phylogenetic relationship between the three species of Syngnathus 1075 

(Adapted from Hamilton et al., 2017 and Stiller et al., 2022) and examples of female (top) and 1076 

male (bottom) pipefish from each species. The images are scaled to represent accurate 1077 

proportional differences between both sexes and species using averages for standard length (SL), 1078 

SVL, torso depth (TD), and pouch length. Traits that differed significantly between females and 1079 

males are listed in parentheses following the species name. (B) S. floridae were collected in three 1080 

locations, including the Saint Joseph Sound (28.0516324, -82.7921436), the southern region of 1081 

Old Tampa Bay (27.8730210, -82.5397645), and off Fort De Soto (27.6273507, -82.7002240). 1082 

(C) S. fuscus were collected off the coast of Cherrystone Family Camping Resort in Cape Charles, 1083 

VA (37.3927330, -76.0139170). (D) S. scovelli were collected off Aransas Pass in Port Aransas, 1084 

TX (27.8941861111, -97.131025). 1085 

Alt text: In A, a phylogenetic tree shows Syngnathus scovelli and S. fuscus as most closely 1086 

related, with S. floridae as a close outgroup. Drawings of male and female individuals of each 1087 

species are pictured, scaled by actual size – showing S. floridae is the largest and S. scovelli is 1088 

the smallest species. The image also shows that S. floridae has a sex difference in SVL, S. fuscus 1089 

shows sexual dimorphism in standard length and SVL, and S. scovelli is sexually dimorphic in 1090 

standard length, SVL, and torso depth. Panel B shows a map with the collection location of S. 1091 

floridae in Tampa Bay, C shows the collection location of S. fuscus in the Chesapeake Bay, and 1092 

D shows the collection location of S. scovelli in the Gulf of Mexico on the Texas coastline. 1093 

 1094 

Figure 6. Females with increased genetic mating success had more developed eggs in all three 1095 

species, but multiply mated females had a lower proportion of eggs developed in S. fuscus and 1096 

S. scovelli. (A) Bateman gradients were similar for female S. floridae (blue), S. fuscus (red), and 1097 
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S. scovelli (yellow). Relative fitness was calculated as the individual’s fitness level (either total 1098 

number of developed eggs or number of mates) divided by the average fitness across all 1099 

individuals within each trial. Bateman gradients are derived from a linear mixed model with trial 1100 

number as a random effect for each species. The slopes for all three species were significantly 1101 

greater than zero, however there was little difference between the species. (B) Comparing the 1102 

proportion of eggs developed in singly (S) mated (light grey) versus multiply (M) mated (dark grey) 1103 

females shows slightly lower embryo survival rates for S. fuscus and S. scovelli females who 1104 

mated more than once. 1105 

Alt text: In A, the x-axis is “Relative Mating Success”, ranging from 0 to 7, and the y-axis is 1106 

“Relative reproductive success” ranging from 0 to 7. In blue are points for S. floridae, ranging 1107 

from 0 to 5 on the x-axis and 0 to 5.5 on the y-axis. The line for S. floridae is labelled as having 1108 

a slope of 0.963. In red are points for S. fuscus, ranging from 0 to 7 on both axes. The line for S. 1109 

fuscus is labelled as having a slope of 1.006. In yellow are points for S. scovelli, which range 1110 

from 0 to 5 on both axes. The line for S. scovelli is labelled as having a slope of 0.954. In B, the 1111 

x-axis is labelled with the three species names and “S” or “M” for single or multiple matings. The 1112 

y-axis shows the “Proportion Eggs Developed”, ranging from 0 to 1. The boxplot for single-1113 

mated S. floridae has a median around 0.9 and the interquartile range (IQR) from about 0.75 to 1114 

0.95, with raw points mostly in the box and whiskers (from 0.5 to 1), with one outlier at 0.1. The 1115 

multiply mated S. floridae box has a median around 0.95 and an IQR from 0.85 to 0.95. The raw 1116 

data points are mostly on the box and whiskers (which extend to 0.8 and 1) but one point is at 1117 

0.4. The single mated S. fuscus box has a median around 0.95 and an IQR from about 0.9 to 1118 

0.97 and most raw data points are within the box and whiskers (from 0.9 to 1). Two points are 1119 

below, between 0.8 and 0.9. The multiple mated S. fuscus box has a median of 0.8 and an IQR 1120 

of 0.7 to 0.85, with only two raw data points at each of those edges. The single mated S. 1121 

scovelli box has a median close to 1, with the IQR from about 0.95 to 1. Only two points fall 1122 
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below the bottom whisker (near 0.9), and both are above 0.85. The multiple mated S. scovelli 1123 

box has a median around 0.9 with an IQR from about 0.8 to 0.95 and whiskers from about 0.6 to 1124 

1. The raw data points are all within the range of the whiskers. 1125 

Figure 3. The partitioning of the opportunity for selection across the three species of Syngnathus 1126 

by selection episode.  (A) We calculated the partitioning for each trial individually, shown here is 1127 

the average value for each selection episode across all trials for males (purple) and females 1128 

(green) in S. floridae (circle), S. fuscus (triangle), and S. scovelli (diamond). Average values 1129 

represented here were derived from bootstrapping. Error bars around the point represent 1130 

percentile based 95% confidence intervals derived from bootstrapping (actual means and 1131 

standard deviations are in Table S4). (B) The percentage of the total opportunity for selection (I) 1132 

that can be attributed to each selection episode for males versus females in the three species of 1133 

pipefish. Note that the contributions of each decomposed episode of I do not sum to 100% 1134 

because the covariances are not shown; please see Table 3 for the complete decomposition.  1135 

Alt text: In A, the x-axis is labelled “Episode of selection”, with three separated x-axes with 1136 

repeated labels of “I”, “I1”, “I12”, “I2”, and “I3”. The y-axis is labelled “Average fitness value” and 1137 

ranges from 0 to 5. The three separated x-axes have labels “S. floridae”, “S. fuscus”, and “S. 1138 

scovelli”. For each of the x-axis labels, there is a Male and a Female point for each species, with 1139 

confidence intervals extending above and below each point. The estimates and confidence 1140 

intervals can be found in Table 3. In B, the x-axis is labelled “Sex” and has three separate axes, 1141 

each with “Female” and “Male”, with the separate axes labelled “S. floridae”, “S. fuscus”, and “S. 1142 

scovelli”. The y-axis reads “Percent” and goes from 0 to 100. Each sex and species has stacked 1143 

bar charts showing the percent of I that comes from I1, I2, and I3 (shown in yellow, blue, and red, 1144 

respectively). The precise percentages are found in Table 3. The stacked bar plot show the 1145 

following percentages: Female S. floridae - I1  = 87%, I2 = 4%, I3  = 1.5%; male S. floridae – I1 = 1146 

82%, I2 = 8%, I3 = 1.24; Female S. fuscus – I1 = 97%, I2 = 1%, I3 = 0%; male S. fuscus – I1 = 96%, 1147 
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I2 = 2%, I3 = 0%; female S. scovelli – I1 = 99%, I2 = 3%,  I3 = 0%; male S. scovelli – I1 = 49%, I2 = 1148 

24%, I3 = 18%.   1149 

Figure 4. The decomposition of standardized selection differentials for males (purple) and 1150 

females (green) from three species of pipefish, S. floridae (circle), S. fuscus (triangle), and S. 1151 

scovelli (diamond). Because the decompositions were performed separately for each trial, the 1152 

points here represent the average selection differential for that sex across all trials within a 1153 

species. Error bars surrounding the points show the percentile based 95% confidence intervals. 1154 

Both the averages and confidence intervals were derived from bootstrapping. Total selection 1155 

differential for snout-vent length (𝑠′) was decomposed to show contributions of mating success 1156 

(𝑠′ଵ), the number of eggs stored per mate (𝑠′ଶ), and proportion of eggs developed (𝑠′ଷ). 1157 

Alt text: The x-axis is “Standardized selection differential”, with three separate axes, each with 1158 

four labels: s’1, s’2, s’3, and s’. The three axes are labelled S. floridae, S. fuscus, and S. scovelli. 1159 

The y-axis is labelled “Average value” and ranges from -1 to 1, with a dashed line at 0. Each of 1160 

the x-axis ticks has two corresponding points, one for male and one for female values, each with 1161 

a confidence interval extending above and below it. The precise values and confidence intervals 1162 

are in Table 4. The estimates whose confidence intervals do not cross the zero line are: S. floridae 1163 

male s’1, which is -0.46; S. floridae male s’2, which is 0.33; S. floridae male s’, which is -0.18; S. 1164 

fuscus female s’1, which is 0.43; S. fuscus female s’2, which is -0.33, S. fuscus female s’, which is 1165 

0.10; S. scovelli female s’1, which is 0.3.    1166 

 1167 
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