
1 

Assessing the dual utility of nuptial patterning in the rainbow darter (Etheostoma 1 

caeruleum)  2 

 3 

 4 

KARA M. MILLION1,2,*, YSEULT HÉJJA-BRICHARD1,3,4, MAMOONA NASIR1, SHREYA TUCKLEY1, 5 

and TAMRA C. MENDELSON1 6 

1Department of Biological Sciences, University of Maryland, Baltimore County, Baltimore, USA 7 

2Department of Biology, University of North Alabama, Florence, USA  8 

3Department of Interdisciplinary Life Sciences, KLIVV, University of Veterinary Medicine 9 

Vienna, Vienna, Austria 10 

4Department of Behavioural and Cognitive Biology, University of Vienna, Vienna, Austria 11 

Highlights 12 

• We tested for the dual utility of male nuptial color patterns in the rainbow darter 13 

• We tested male success in simulated territorial contests and female choice trials 14 

• We found a relationship between luminance contrast and success in female choice trials, 15 

but not in male-male contests 16 

In this study, we assessed the possible dual utility of nuptial color patterns in male rainbow 17 

darters (Etheostoma caeruleum) in the context of male-male territorial interactions and female 18 

mate choice. Using a cohort of wild-caught male E. caeruleum, we conducted simulated 19 

territorial contests between pairs of males in the lab. We scored the "winner" and the "loser" of 20 

each contest based on behaviors and color changes at the end of each contest. We then performed 21 
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dichotomous choice trials using the same pairs of males as stimuli and female E. caeruleum as 22 

focal subjects. We scored the choice trials based on female strength of preference. We assigned 23 

each male an Elo rating (a relative skill score used in zero-sum contests between pairs of players) 24 

in the male-male contests based on wins and losses, and in the choice trials based on female 25 

preference across all trials for each male. We evaluated whether success in male-male contests 26 

correlated with success in female choice trials. Finally, we measured body area, mean luminance 27 

and luminance contrast for each male, and we evaluated whether either variable correlated with 28 

success in male-male contests or in female choice trials. We did not find a statistically significant 29 

correlation between Elo ratings in the contests and those in the choice trials, although we 30 

observed a positive trend in the relationship. Neither body area nor mean luminance was 31 

significantly correlated with success in either set of trials, and luminance contrast was positively 32 

correlated with success only in the female choice trials. Our findings indicate that the vivid 33 

patterns in breeding male E. caeruleum may play a role in female mate choice. This study 34 

highlights the importance of evaluating the role of conspicuous nuptial characteristics in both 35 

intrasexual and intersexual selection. 36 

KEY WORDS: mate choice, competition, intrasexual selection, intersexual selection, luminance 37 

contrast, Etheostoma. 38 
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 44 

INTRODUCTION 45 

Many animals display vivid and complex color patterns during courtship. These colors 46 

are often assumed to evolve due to sexual selection, which can be conceptualized as two 47 

potentially interacting processes. Intersexual selection refers to mate choice based on preferences 48 

in one sex for certain traits in the other sex, and intrasexual selection refers to competition 49 

between members of the same sex for mating opportunities, usually through aggression or 50 

scramble competition (Darwin 1871; Moore 1990; Petrie et al. 1991; Balmford et al. 1992; 51 

Bonduriansky 2001; Kemp & Wiklund 2001; Jawor et al. 2006; Rosvall 2008, 2011; Edward & 52 

Chapman 2011; Midamegbe et al. 2011; Bonatto et al. 2013; Morales et al. 2014; Weiss & Dubin 53 

2018; Garcia-Rosales et al. 2021; Rucas & Alami 2022; Boiten et al. 2023). A central goal is 54 

therefore to test empirically whether one or both processes are responsible for the evolution of 55 

courtship coloration in any given system.  56 

Intersexual selection appears to be playing a role in some taxa, where courtship 57 

coloration has been shown to be attractive to the opposite sex. Notably, these studies assess 58 

preferences within a gene pool (a single population), providing better evidence for intersexual 59 

selection than do studies of assortative mating by color across species, which can elucidate the 60 

role of courtship color in behavioral isolation (e.g. Seehausen & van Alphen 1998; Williams & 61 

Mendelson 2011). Examples of such taxa include house finches, Carpodacus mexicanus (Hill 62 

1990), two-spotted gobies, Pomatoschistus flavescens (Amundsen & Forsgren 2001), and the 63 

butterfly Hypolimnas bolina (Kemp 2007). In other taxa, courtship coloration appears to 64 

influence intrasexual aggression, for example, in the red-collared widowbird Euplectes ardens 65 

(Pryke et al. 2002), the damselfly Xanthagrion erythroneurum (Khan & Herberstein 2021), and 66 
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the sand lizard Lacerta agilis (Olsson 1994), thus potentially implicating a role for intrasexual 67 

selection in the evolution of courtship color.  68 

In some cases, courtship color appears to function in both contexts, as a trait of “dual 69 

utility” that affects both intersexual mate choice and intrasexual aggression (Berglund et al. 70 

1996). In the pipefish Syngnathus typhle, a sexually dimorphic color pattern displayed by 71 

females is attractive to males (Berglund & Rosenqvist 2001) and reduces competition from other 72 

females (Berglund & Rosenqvist 2009). In the common yellowthroat Geothlypis trichas, males 73 

with experimentally enlarged black masks won more fights against rival males and attracted 74 

more females (Tarof et al. 2005), and in the superb fan-throated lizard Sarada superba, the 75 

colorful dewlap serves as a signal both in courtship displays and in aggressive interactions 76 

between males (Zambre & Thaker 2017), although males and females prefer different dewlap 77 

colors (males prefer blue and black, females prefer orange). Although these studies suggest a 78 

dual role for nuptial coloration in an intersexual and an intrasexual context, the relative 79 

importance of nuptial coloration in courtship displays compared to territorial displays remains an 80 

open question. Here, we tested for the dual utility of courtship coloration in the rainbow darter, 81 

Etheostoma caeruleum (Percidae).  82 

Darters are small, benthic, sexually dimorphic freshwater fishes native to eastern North 83 

America. Males of many species in this group display vivid color patterns during the breeding 84 

season, which appear to affect both female mate choice and male competition, at least in some 85 

species. For example, female E. barrenense prefer an intermediate male color (orange) over an 86 

extreme hue (red) (Williams et al. 2013), whereas female E. spectabile show no evidence that 87 

male coloration affects their preference (Pyron 1995; Zhou et al. 2015). Females in both E. 88 

barrenense and E. zonale strongly prefer the colors and patterns of conspecifics over those of 89 



5 

heterospecifics (Williams & Mendelson 2011), but these are interspecific choices, and it is 90 

difficult to apply these preferences to intraspecific variation.  91 

Courtship coloration also appears to function in intrasexual combat. Male darters are 92 

aggressive in nature, fighting over access to territories and females (Fuller 2003). Fights entail 93 

the flaring of fins, darkening in color, facing off (head-to-head), and tight circling (chasing head 94 

to tail). In the lab, contests eventually conclude with the apparent winner remaining dark in color 95 

with fins flared, while the “loser” retracts his fins and blanches in color (Sung & Mendelson 96 

unpubl. data), similar to the way copper lizards change color after losing a contest (Naretto & 97 

Chiaraviglio 2023). For intraspecific interactions, Zhou and Fuller (2016) provide evidence that 98 

coloration affects male contests in E. spectabile, and other studies suggest male coloration 99 

affects interspecific aggression as well. For example, the likelihood of fighting between 100 

heterospecific male darters is predicted by the similarity of their color patterns; species with 101 

more similar color patterns are more likely to fight (Martin & Mendelson 2016; Moran et al. 102 

2017). Again, whether and how interspecific interactions apply to intraspecific interactions 103 

requires further study.  104 

Of great interest to researchers is how and why such diverse colors and patterns evolve in 105 

darters and the role they play in speciation. Although some prior studies have focused on the role 106 

of nuptial colors and patterns either in courtship or in territorial encounters, our study evaluates 107 

the possible dual utility of the visual characteristics in both contexts. This study is an important 108 

first step towards determining which context contributes more to male color and pattern 109 

evolution in darters: courtship or territorial displays. 110 

One complicating factor in tests of dual utility is the ability to control for the effect of 111 

interactions in one context on those in the other (e.g., the effect of male-male competition on 112 
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female choice). Thus, as in Tarof et al. (2005), our experiments assessed the effect of courtship 113 

coloration in the two contexts separately, using the same males in each context. Another 114 

complicating factor for many secondary sexual traits is that they are multivariate, so it is difficult 115 

to isolate and characterize the relevant phenotypes. In the case of darters, determining the 116 

function of their color patterns is further complicated by the fact that darters have limited color 117 

vision, with only two opsin gene classes (red and green; Gumm et al. 2012). However, we 118 

focused on luminance rather than color in our study. Several studies indicate that luminance and 119 

luminance contrast are important aspects of visual signals for mate choice and sex discrimination 120 

in multiple taxa (Sztatecsny et al. 2010; Calabrese et al. 2014; Bergman et al. 2015; Cole & 121 

Endler 2015; Hawkes et al. 2019; Lynn & Cole 2019). We therefore focused on the role of 122 

luminance in intra- and intersexual interactions to ask (1) whether the most attractive males were 123 

also the best fighters, and (2) whether luminance patterns predicted either or both of these 124 

outcomes. 125 

METHODS 126 

Subject collection 127 

In the spring of 2023, we collected males and females of Etheostoma caeruleum from 128 

streams in Maryland, USA, using a kick-seine net. We collected eight male E. caeruleum from 129 

Israel Creek, Frederick County (39.493097, - 77.324458) and 28 females from Bush Creek, 130 

Frederick County (39.359123, - 77.323882), Big Pipe, Carroll County (39.6139926, - 131 

77.2390159), Furnace Branch, Montgomery County (39.2415283, - 77.4358772) and Tuscarora 132 

Creek, Frederick County (39.25193, - 77.48008). We collected the males from a site distinct 133 

from those of the females to minimize the likelihood that the focal females had previously 134 
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encountered the males in this study. We identified all individuals to species based on published 135 

characteristics (Page & Burr 2011), and we confirmed breeding condition using the presence of 136 

vivid nuptial coloring in males and gravid abdomens in females. We transported all fish to the 137 

lab in aerated coolers and acclimated the subjects overnight to lab aquarium housing. Permission 138 

to collect fish was granted by the Wildlife and Heritage Service of the Maryland Department of 139 

Natural Resources (permit number SCP202246A).  140 

Housing and care 141 

We housed all male individuals separately in 18.9 L tanks and with opaque partitions to 142 

prevent visual contact, which could otherwise lead to aggressive behaviors and/or familiarity. 143 

We housed females together in a 151 L glass tank or individually in smaller glass tanks with 144 

visual access to one another, to avoid overcrowding. To ensure that each female was only tested 145 

once, when each female completed her trial, she was either returned to her individual housing or 146 

transferred to a new 151 L tank. As females could not observe ongoing trials and were not in 147 

physical contact with females who completed their trials, we did not expect housing condition to 148 

influence female mate preferences. Males and females were housed separately so that they did 149 

not see individuals of the opposite sex in the housing areas. Tanks were filled with tap water 150 

conditioned with Stress Coat (API) and aerated with air pumps and sponge filters. We performed 151 

weekly 10% water changes and fed the fish every other day with frozen bloodworms (as much as 152 

could be consumed in 5 min). Ambient temperature was kept at 14 °C, and the light cycle was 153 

set to mimic the natural light cycle during the breeding season (14L:10D). Each individual was 154 

assigned a unique serial number to aid identification and tracking throughout the study timeline. 155 

No individual participated in more than one trial per day, either as a focal subject or as a 156 
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stimulus. Housing and experimental procedures were approved by the Institutional Animal Care 157 

and Use Committee of the University of Maryland, Baltimore County (protocol 623). 158 

VIE tagging 159 

To distinguish between individuals during behavioral trials, we tagged all males with 160 

three brown visible implant elastomer (VIE) tags (Northwest Marine Technology) on the dorsal 161 

side of the body: one just anterior to the first dorsal fin, one between the first and second dorsal 162 

fin, and one just posterior to the second dorsal fin. We created unique tag combinations by 163 

alternating the position of the tag in each location to occur on either the left or right side, creating 164 

23 (8) possible combinations. We anesthetized males in MS-222 (25 mg/mL) until the subject did 165 

not respond to touch, and gill movement was slow and steady. We placed moistened paper 166 

towels over the gills to support breathing during the procedure. We implanted all VIE tags just 167 

under the skin. Once the procedure was complete, we returned each individual to his housing and 168 

observed the subject until he resumed swimming upright. We monitored all subjects for recovery 169 

from the procedure and waited a minimum of 3 days before proceeding with experiments. We 170 

observed no adverse effects from the VIE tagging on any individuals. 171 

Simulated territorial encounters 172 

We performed a series of simulated territorial encounters (contests) in which all males 173 

participated in pairwise competitions for a territory. That is, the conditions in which these 174 

contests took place simulated a territorial encounter, but the contests themselves were live 175 

encounters between the males. We constructed a contest arena from a 37.9 L tank with three 176 

sides blacked out by black matte acrylic and the bottom covered with white gravel. An air pump 177 

and air stone supplied oxygen to the tank during trials. A black matte barrier divided the tank in 178 
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half during acclimation. At the start of each trial, two males were acclimated to the arena, one on 179 

each side of the barrier, so that they could not see each other. After 5 min of acclimation, the 180 

barrier was removed and the males were allowed to interact freely. We observed the behavior of 181 

the males as they competed for occupation of the territory from outside the room through a 182 

window, and we recorded the trials using a Logitech webcam attached to a laptop computer. 183 

Trials were run for a minimum of 15 min and a maximum of 30 min, depending on how long it 184 

took for the contest to resolve with a clear winner and loser. We scored the trials based on 185 

previous observations of territorial competition behaviors in this species (Mendelson et al. 186 

personal obs.). A “winner” was determined when one of the males kept both dorsal fins erect, his 187 

body darkened in color, and he either occupied the middle of the arena or guarded the corner to 188 

which the losing male fled. A “loser” was determined when the male flattened his dorsal fins 189 

against his body, blanched in color, and fled to a corner of the tank, with the winning male in 190 

pursuit, and remained in the corner. If no clear winner and loser could be determined after 30 191 

min, we declared a “draw”. Each of the eight males competed against all the other males in the 192 

cohort in a pairwise fashion for a total of 28 trials. We observed no injuries or lasting physical 193 

effects in the males from these trials. 194 

Dichotomous choice trials 195 

Upon completion of the contest trials, we conducted dichotomous choice trials with 28 196 

female E. caeruleum. Prior studies in darters show that dichotomous choice trials are effective 197 

for determining preferences in Etheostoma (Williams & Mendelson 2010; Martin & Mendelson 198 

2013; O’Rourke & Mendelson 2010; Mendelson et al. 2018; Roberts & Mendelson 2020). We 199 

set up a 37.5 L focal tank with two 9.5 L tanks flush against the short sides of the focal tank (Fig. 200 

1). We placed white gravel on the bottoms of all tanks and filled them with aquarium-201 
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conditioned water. The center of the focal tank contained brackets into which we placed clear 202 

plexiglass barriers to create an acclimation chamber. Each trial began with a 10-min acclimation 203 

period, commencing after we placed a female in the acclimation chamber and a male in each 204 

stimulus tank. For the first 5 min, matte black barriers separated the focal and stimulus tanks to 205 

block the female’s view of the stimulus tanks and allow acclimation of all three fish to the 206 

experimental setup. Then the black barriers were removed, and the female could view the two 207 

stimulus males for 5 min. We then removed the clear barriers and allowed the female to move 208 

freely about the focal tank. We filmed the trials on a Logitech webcam mounted overhead the 209 

tank and recorded a minimum of 15 min of video footage per female. We tested all possible 210 

unique pairings of the same males used in the contest trials, for a total of 28 trials. We used a 211 

unique female for each trial such that no female participated in more than one trial. 212 

We demarcated 5-cm association zones in the video recordings, one adjacent to each stimulus 213 

tank (Fig. 1), and scored the amount of time the female spent in the center zone and in each of 214 

the two association zones using the software BORIS (Friard & Gamba 2016). We used the time 215 

spent in each of the association zones to determine which male the female preferred, and to 216 

calculate her strength of preference (SOP), as SOP = (TA – TB)/(TA + TB), where TA = the 217 

time the female spent near one of the males and TB = the time she spent near his opponent 218 

(Sommer-Trembo et al. 2020).  219 

Photography of male subjects  220 

After behavioral trials were completed, we euthanized the males in MS-222 (250 mg/mL) 221 

and placed them in a 10% formalin solution for fixing. We used pins to position the dorsal, 222 

caudal, and anal fins such that they were fully extended. We took photographs of each male 223 

using a Canon EOS 5D Mark IV digital camera with a Canon EF 100 mm f/2.8 L macro lens 224 
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attached. Fish were placed in an arena surrounded by diffuser paper and illuminated by three 225 

Canon 270EX II flashes spaced equidistant around the arena.  226 

Analysis of visual characteristics 227 

We used the software ImageJ (Schneider et al. 2012) to measure the standard length (tip 228 

of the nose to the caudal peduncle) of each male. Standard length was normally distributed 229 

(Shapiro-Wilk test, W = 0.8942, P = 0.276) rather than multimodal, suggesting males were likely 230 

within the same age cohort. Then, using the Object Selection tool in Photoshop, the background 231 

of each fish image was replaced with a plain white background. The total body area was then 232 

extracted, using the scale tool with the measured length of each male as a reference. Using 233 

custom-written scripts in Python software, RGB fish images were first converted to darter color 234 

space using known sensitivities of their visual system (Gumm et al. 2011; Hulse et al. 2020). We 235 

then extracted the mean and standard deviation of the fish luminance (over the entire body) and 236 

used those values to compute the coefficient of variation of luminance (CV), defined as the ratio 237 

of the standard deviation to the mean, commonly used to represent internal contrast in the nuptial 238 

patterns of fishes (Endler & Houde 1995; Lynn & Cole 2019; Sibeaux et al. 2019).  239 

Elo rating calculations 240 

We calculated Elo ratings for each male using the package EloRating in R (Neumann & 241 

Kulik 2024). Rankings were based on the outcome of the contest and choice trials separately, 242 

generating unique rankings for each context. Elo ratings were originally developed to rank chess 243 

players based on their wins, losses, and draws relative to other players and have been used in 244 

preference studies since then (Clark et al. 2018; Tribot et al. 2018; Héjja-Brichard et al. 2023). 245 

For the contest trials, we used the default value of 100 for k (a multiplier that determines the 246 
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maximum number of points a competitor can gain or lose from a single contest) and the default 247 

value of 1000 for the starting value (the initial score of a new competitor entering the system). 248 

For the choice trials, we weighted the value of k based on the female strength of preference. 249 

Thus, if a female demonstrated a strong preference for a winning male compared to his 250 

opponent, that “win” would count more towards his Elo rating than a “win” in which the female 251 

demonstrated only a slight preference for one male over the other. We used the default starting 252 

value of 1000 for the choice trials. 253 

Statistical analysis 254 

Statistical analyses were performed using the software R (R Core Team 2024, version 255 

4.4.1). First, we computed the Spearman correlation between Elo rankings for the contest and 256 

choice trials (n = 8 for each type of ranking) to assess the strength of the relationship between the 257 

rankings in the two contexts. Second, to determine the possible role of body area, luminance and 258 

contrast in predicting success in either context, we first assessed how those variables relate to 259 

each other by computing a Spearman correlation between all pairs, and we then used separate 260 

linear regression models, with Elo ranking (for contest or choice separately) as the dependent 261 

variable and body area, mean luminance, or contrast as the explanatory variables.  262 

 263 

RESULTS 264 

We found no significant correlation between Elo rankings from the simulated territorial 265 

encounters (contests) and those from the dichotomous choice trials (n = 8, ρ = 0.65, P = 0.083, 266 

Fig. 2). Regarding our explanatory variables, we found a significant correlation between body 267 

area and mean luminance only (n = 8, ρ = - 0.8571429, P = 0.01071). The linear model approach 268 
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suggested that Elo rankings for the intrasexual contests were not explained by any of the three 269 

variables of interest, that is, body area (n = 8, adjusted R2: 0.275, P = 0.1044), mean luminance 270 

(n = 8, adjusted R2: 0.2641, P = 0.1101), and contrast (CV, n = 8,  adjusted R2: - 0.1571, P = 271 

0.8307). However, contrast was a significant predictor of Elo rankings in the female choice trials 272 

(n = 8, estimate: 3777 ± 1200, R2 = 0.56, t = 3.148, P = 0.01986): the higher the CV or contrast, 273 

the higher the ranking of the male (Table 1). Similarly to intrasexual contests, female choice was 274 

not predicted by body area (adjusted R2: 0.09829, P = 0.2325) or mean luminance (adjusted R2: 275 

- 0.03279, P = 0.4118). 276 

 277 

DISCUSSION 278 

Our objectives were to assess the dual utility of nuptial color patterns in the rainbow 279 

darter and furthermore to identify aspects of nuptial coloration that predict success in intrasexual 280 

contests, intersexual choice, or both. First, by evaluating the same males in both contexts, in all 281 

pairwise combinations, we were able to generate a ranking (from 1-8) for each male with respect 282 

to his ability to win a territorial contest against another male and, separately, his ability to attract 283 

a female. If male phenotypes have dual utility, then the effect of those phenotypes will be aligned 284 

in these two contexts, and a male’s ranking in one context should correlate with his ranking in 285 

the other. Instead, we found that the Elo rankings were not statistically significantly correlated: 286 

success in territorial contests did not correlate with attractiveness to females (Fig. 2).  287 

This result is consistent with studies showing that females do not always prefer the most 288 

dominant males (reviewed in Qvarnström & Forsgren 1998). For example, a study on northern 289 

pintails (Anas acuta) showed that dominance rankings in males did not constrain female mate 290 
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choice; instead, female preference may be a cause of male dominance rankings rather than a 291 

result thereof (Sorenson & Derrickson 1994).  A study across eleven isogenic lines of 292 

Drosophila melanogaster showed no net effect of male success in dyadic territorial contests on 293 

female choice. Interestingly, in two of the lines, dominant males indeed had greater mating 294 

success; however, in one line, females preferred the “losers”, suggesting that even within a 295 

species, the relationship between territorial success and mating success can vary (Cabral et al. 296 

2008).  297 

With respect to the dual utility of courtship coloration, our results are consistent with 298 

findings that courtship coloration may function in one context but not the other. In the house 299 

finch Carpodacus mexicanus, for example, females have strong association preferences for 300 

males with the most saturated red feathers, compared to yellow or orange (Hill 1990). However, 301 

saturated red coloration is not an advantage in intrasexual contests in this species; if anything, 302 

drab coloration appears to be associated with intrasexual dominance (McGraw & Hill 2000). The 303 

opposite seems true in the damselfly Xanthagrion erythroneurum, in which red coloration serves 304 

as a status badge for males in competitive interactions, but females do not choose mates based on 305 

color (Khan & Herberstein 2021). 306 

For rainbow darters, we caution that our sample size, though large enough to require 56 307 

behavioral trials across the two contexts (28 trials in each experiment), still only resulted in eight 308 

unique data points in the Elo ranking correlation analysis. This sample size may have been too 309 

small to detect a statistically significant relationship between Elo rankings. We note that the four 310 

most successful males in territorial contests (M3, M4, M5, M6) were also the four most attractive 311 

to females (Fig. 2), which is suggestive of a relationship. Of those four, M3 was the most 312 

successful in a contest and the least attractive; conversely, M5 was the most attractive and the 313 
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least successful in a contest. These two males may therefore indicate that males cannot be top-314 

ranking in both territorial contests and attractiveness; however, if these two males are outliers 315 

with idiosyncratic or unmeasured characteristics, a larger sample size may reveal a correlation 316 

between ranking in intrasexual contests and intersexual choice. 317 

Our next objective was to determine whether any aspect of male phenotype predicted 318 

success in either or both contexts. Here, we found that success in intrasexual contests was not 319 

explained by any of our explanatory variables-body area (size), mean luminance, or luminance 320 

contrast. We did find, however, that attractiveness to females was explained by luminance 321 

contrast (CV, Table 1). Although luminance contrast between the signaler and the background 322 

has been shown to be important for mate choice (Bergman et al. 2015; Cole & Endler 2015; 323 

Lynn & Cole 2019), fewer examples demonstrate the effect of luminance contrast within 324 

signaling patterns. For example, Cole and Endler (2015) and Sibeaux et al. (2019) found no 325 

effect of within-signal luminance contrast on the attractiveness of male guppies, Poecilia 326 

reticulata. However, luminance contrast in wing interference patterns (WIPs) appears to be 327 

attractive to female Drosophila simulans. WIPs are formed by structural coloration in many 328 

insect wings, and the mean luminance and luminance contrast of male WIPs increased in 329 

experimentally evolved lineages of D. simulans subject to sexual selection (polyandry), but not 330 

in control lineages or in females (Hawkes et al. 2019). Males from these polyandrous lineages 331 

were also more attractive to females. Our results suggest that within-body luminance contrast in 332 

male nuptial patterns is also attractive to female rainbow darters but may not affect intrasexual 333 

contests. 334 

Our results also found no effect of body area on Elo rankings for either intrasexual 335 

contests or intersexual choice. This was somewhat surprising, as size often matters in territorial 336 
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interactions (Bee et al. 1999; García‐Rosales et al. 2021; Liu et al. 2021) and in female mate 337 

choice (Côte & Hunte 1989; Wiegmann et al. 1992; Ito & Iguchi 2024); however, this is not 338 

always the case (Kimock et al. 2022). For intrasexual contests, factors such as experience can 339 

enable a competitor to overcome a size disadvantage, as for example in the territorial cichlid fish 340 

Astotilapia burtoni (Alcazar et al. 2014). In olive flies, Bactrocera oleae, prior experience in 341 

territorial contests enhanced fighting abilities in males regardless of whether prior experiences 342 

were wins or losses (Benelli et al. 2015), and in the butterfly Pararge aegeria, males with prior 343 

exposure to mated females became more aggressive in territorial contests and were more likely 344 

to reverse the outcome of prior contests (Bergman et al. 2010). Because we used wild-caught 345 

adult males in our study, we did not control for experience in territorial encounters or mating. 346 

Future studies could control for prior experience by rearing naïve males in the laboratory and 347 

testing the effect of experience on success in both intra- and intersexual selection contexts. 348 

Additionally, males in some species modulate territorial and dominance-based behavior 349 

by age. In collared lizards, yearling males assume a subordinate role, while 2nd-year males 350 

engage in territorial behavior. However, in the absence of older males, yearlings are capable of 351 

displaying territorial behaviors (Baird & Timanus 1998). In the butterfly Hypolimnus bolina, a 352 

species in which age correlates positively with size in the spring and negatively with size in the 353 

fall, age was a better predictor of territorial contest outcomes than size (Kemp 2000). In darters, 354 

males of most species sexually mature in their first year (Page 1983; Page & Burr 2011), but 355 

reproductive activity sometimes begins or peaks in the second year (Taber & Taber 1983; Simon 356 

& Wallus 2005; Eisenhour et al. 2013). Darters continue to grow in size and gain experience 357 

throughout their lifetimes, so it is difficult to separate age from size and experience. All the 358 

males in our study had reached a size that indicates reproductive maturity (Mettee et al. 1996) 359 
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and appeared to be from the same age cohort. Additional research therefore is needed to 360 

determine the effect of age and experience on success in competitive interactions in the rainbow 361 

darter. 362 

In conclusion, we did not find support for the dual utility of nuptial color patterns in 363 

rainbow darters, as inferred from an insignificant correlation between a male’s ranking in 364 

intrasexual territorial contests and his attractiveness to females. However, we note that the trend 365 

in this relationship is positive and warrants further investigation. Of the variables we measured, 366 

luminance contrast was found to predict male success, but only in attracting females. The aspects 367 

of nuptial patterns that contribute to success in male contests in this species, if any, therefore 368 

remain an open question. Our study highlights the importance of luminance contrast in mate 369 

attraction and in further evaluating the dual utility of male nuptial patterns in this species. 370 
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TABLES 621 

Table 1. 622 

Output of a linear model predicting Elo rankings for female strength of preference as a function 623 

of CV. CV corresponds to the coefficient of variation of luminance and is defined as the ratio of 624 

the standard deviation to the mean. 625 

Parameters Estimate SE t-value P-value 

Intercept 587 132 4.446 0.00435 

CV 3777 1200 3.148 0.01986 

     

     

Residual SE: 42.46 on 6 degrees of freedom 626 

Multiple R2: 0.6229, Adjusted R2: 0.56 627 

F statistic: 9.91 on 1 and 6 df, P-value: 0.01986 628 

 629 

 630 

 631 

 632 

 633 

 634 

  635 



30 

FIGURES 636 

 637 

Fig. 1. ¾ Dichotomous mate preference paradigm. The main measure is the time that the focal 638 
fish (in the center) spends in either association zone adjacent to either individual of the opposite 639 
sex. 640 

 641 

 642 
Fig. 2. ¾ Elo rankings for the dichotomous choice trials plotted against Elo rankings for the 643 
simulated territorial encounters. The darkness of the dot indicates the value of the coefficient of 644 
variation of luminance (CV) for that individual: the darker the color, the higher the CV. 645 

 646 

 647 

 648 


