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ABSTRACT 16 

 17 

Mate choice and intrasexual mating competition are the processes that drive sexual selection 18 

and can be interrelated in multiple ways. Female preference may be altered by exposure to 19 

male-male interactions. This could happen because of a reduced ability of females to evaluate 20 

males in the presence of male-male competition or because females use information from 21 

male interactions to form mating preferences. In this study, female preference for a male tail 22 

ornament was measured in the presence and absence of male-male competition in a coral reef 23 

fish, the damselfish Chrysiptera cyanea. Despite the striking colors of coral reef fishes, few 24 

studies have investigated the role of their coloration in the context of sexual selection. When 25 

male-male interactions were prevented, females showed a temporal change in preference with 26 

respect to male tail coloration, preferring brightly colored males early in the study period and 27 

dull males later on. Thus, females did not become less selective, but reversed their preference 28 

function within the breeding season. When males were allowed to interact, male-male 29 

agonistic interactions were extremely frequent and male courtship activity was strongly 30 

reduced. In this situation, females still displayed a sexual interest in males, but were 31 

indiscriminate with regard to male tail coloration. Taken together, these results provide 32 

compelling evidence for plasticity of female mating preference, related to the social context 33 

and time in the breeding season. 34 

 35 

Key words: coloration, mating competition, sexual selection, aggression, damselfish, 36 

Chrysiptera cyanea37 
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INTRODUCTION 38 

 39 

Sexual selection is driven by the processes of mate choice and intrasexual mating competition 40 

(Darwin 1871; Andersson 1994). The two processes are often tightly interrelated rather than 41 

acting independently (Bradbury and Davies 1987; Qvarnström and Forsgren 1998; Wong and 42 

Candolin 2005). For example, females may choose mates on the basis of their performance in 43 

intrasexual competition, either following observation of competition (Valone and Templeton 44 

2002; Doutrelant and McGregor 2000) or based on resources males have acquired by means 45 

of competition (Candolin and Voigt 2001; Creighton 2001; Wacker and Amundsen 2014). 46 

This has stimulated theoretical (Kokko 2005) and empirical (Qvarnström and Forsgren 1998; 47 

Wong and Candolin 2005) work on whether females should prefer dominant males. Females 48 

may benefit from observing male-male competition because it allows them to evaluate male 49 

traits related to competition. On the other hand, male-male competition may hamper the 50 

evaluation of male traits expressed during courtship. This may occur when male agonistic 51 

interactions lead to a reduction of courtship and in particular when males interfere with the 52 

courtship of competitors (Howard et al. 1997; Östlund-Nilsson and Nilsson 2000). Traits 53 

expressed in intrasexual agonistic encounters and during courtship may not be the same, and 54 

females may or may not use information from both processes in their choice of mates. Male-55 

male competition may thus weaken or strengthen female mate preference for a certain trait. It 56 

is important to note that this question is different from the relative importance of male-male 57 

competition and female choice in determining male mating success (Qvarnström and Forsgren 58 

1998; Wong and Candolin 2005; Hunt et al. 2009). Male-male competition may for example 59 

override female choice by precluding females to mate with males of the preferred phenotype. 60 

In such a case, the preference is retained but not realized in actual mating. This is 61 

fundamentally different from a change in female preference when exposed to male-male 62 

competition. 63 

 64 
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While the above scenarios suggest that female choice should often be affected by male-male 65 

interactions, behavioral studies typically focus on one of the two processes, aiming to 66 

preclude the other (Wong and Candolin 2005). Mate choice is most commonly studied by 67 

'choice tests'. In those tests, individuals are most often given the choice between two opposite 68 

sex individuals that are prevented from interacting with each other by a visual barrier 69 

(Wagner 1998; Dougherty and Shuker 2015). This approach allows one to attribute the 70 

observed biases in female behavior to preference alone. However, female preference in the 71 

presence of male-male competition may be different and may in many species be a closer 72 

representation of preference expressed in the wild (Wong and Candolin 2005). The potential 73 

effect of male-male competition should therefore be taken into account when studying female 74 

preference in species where females may observe male competition. 75 

 76 

In this study, we analyze female preference for male tail coloration in the absence and 77 

presence of male-male competition in a coral reef fish. Chrysiptera cyanea is a territorial 78 

damselfish inhabiting coral reefs in the Central Indo-Pacific (Froese and Pauly 2015). Despite 79 

their extravagant coloration, sexual selection on coloration in coral reef fishes has generally 80 

been little studied (Amundsen 2003; Petersen and Warner 2002; but see: damselfishes: 81 

Gronell 1989; Haley et al. 2004; wrasses: Kuwamura et al. 2000; Warner and Schultz 1992). 82 

This is surprising in light of the considerable interest in sexual selection on body size and 83 

other morphological characters in reef fishes (e.g. cardinalfishes: Okuda et al. 2003; 84 

damselfishes: Schmale 1981; Hoelzer 1990; Knapp and Warner 1991; Goulet 1998; Manica 85 

2009; Oliver and Lobel 2013; gobies: Kitamura et al. 2002; Sekiya and Karino 2004; wrasses: 86 

Kohda et al. 2005). C. cyanea is particularly suitable for studying sexual selection on 87 

coloration because male mating success is highly variable and males differ widely in tail 88 

coloration (Thresher and Moyer 1983; Gronell 1989). Female mating preferences therefore 89 

potentially translate into strong sexual selection on males. A previous field study on the 90 

species documented that both male tail ornament and body size were related to mating 91 
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success in the wild (Gronell 1989). However, as is generally the case for correlative field 92 

studies, it cannot be stated with certainty whether selection on males was a result of female 93 

mate choice, male-male competition or their interaction. In a related laboratory study that did 94 

not allow male-male interactions, females preferred large colorful males over small dull ones 95 

(Gronell 1989). Based on a multiple regression including body size and coloration, Gronell 96 

(1989) reported a preference for coloration as such (albeit weak). However, the inherent 97 

correlation between male total length and (absolute) ornament length may render the reported 98 

preference for coloration rather than size inconclusive. In the present study, we test whether 99 

females prefer males with more colorful tails when given the choice between two similarly 100 

sized males that differ in tail coloration (Figure 1). 101 

 102 

Our experiment consisted of two steps. In the first step, females were given the choice 103 

between two males that differed in tail coloration and that were prevented from interacting by 104 

an opaque barrier. In the second step, the same two males were allowed visual but not 105 

physical contact, and the response of the female as well as male-male interactions were 106 

recorded. The tail fin is actively displayed towards both females (this study) and males 107 

(Thresher and Moyer 1983; Gronell 1989) and may therefore be of importance in both male-108 

male competition and female choice. Male-male aggressive interactions in the presence of 109 

females are not uncommon in the species (Thresher and Moyer 1983) and may thus affect a 110 

potential female preference for male tail coloration. If females primarily choose males on the 111 

basis of male tail coloration, we would expect the preference to be largely unaffected by male 112 

interactions, because the orange tail is displayed in both courtship and male-male competition. 113 

If, instead, female mate choice is affected by traits that can best be evaluated when males 114 

compete, we would expect female preference to change. The aim of this study was to test 115 

whether female C. cyanea show a preference for male coloration and whether this preference 116 

changes when males are allowed to interact. 117 

 118 
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METHODS 119 

 120 

The study was carried out during 30 October to 17 December 2010 at Lizard Island Research 121 

Station (LIRS), Great Barrier Reef, Australia (14° 40' S, 145° 27' E). 122 

 123 

Study species 124 

 125 

Chrysiptera cyanea males and females are bright blue, with males having conspicuous orange 126 

coloration on their tail fins (Figure 1). Males are larger than females and size distributions are 127 

only slightly overlapping (female TL (total length): 38-54 mm; male TL: 49-73 mm; Gronell 128 

1989). Together with a female biased adult sex ratio, almost discrete size distributions suggest 129 

that the species is a protogynous hermaphrodite (Thresher and Moyer 1983). The peak 130 

reproductive season appears to be October to January at the study site (own observations). 131 

Both males and females are territorial (Thresher and Moyer 1983; Gronell 1989). Males 132 

defend nests and guard eggs until hatching (Thresher and Moyer 1983; Gronell 1989). Nests 133 

typically consist of dead clams (Tridacna spp.) embedded in coral, or holes in coral rubble, 134 

located on shallow reef flats, often in areas with much coral rubble (Gronell 1989; own 135 

observations). Aggressive male-male interactions involve mutual or one-sided fin displays 136 

(male erects dorsal, anal and pelvic fins and fans tail fin) and chases (Thresher and Moyer 137 

1983; Gronell 1989). Those interactions can be swift or long-lasting (> 30 minutes), and may 138 

result in nest take-overs (Thresher and Moyer 1983; Gronell 1989). Agonistic interactions 139 

between adult males and females have not been observed despite extensive observations in 140 

the field (authors' personal observations). Spawning takes place in the early morning and 141 

females sample males the day prior to spawning (Gronell 1989). During mate sampling, both 142 

sexes may court and females may enter the nests of several males, sometimes re-entering the 143 

same nest repeatedly (Gronell 1989). Female courtship can involve fin displays (own 144 

observations) and a solicitation posture ("body inclined head-up and fins still"; Gronell 1989). 145 
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Male courtship consists of typically swift approaches to the female and directed lead swims to 146 

the nest (Thresher and Moyer 1983; Gronell 1989). Several females can spawn with the same 147 

male and females can spawn in intervals of four days (Gronell 1989). 148 

 149 

Collection and husbandry 150 

 151 

Fish were caught at reef flats near the research station (ca. 0.5 to 3 km) by SCUBA diving, 152 

using clove oil to immobilize the fish (Munday and Wilson 1997) and transported by boat to 153 

the station. In the lab, fish were measured for total length (TL) on a measuring board (to the 154 

nearest 0.5 mm), weighed (wet weight, to the nearest 0.01 g) and photographed (for 155 

measurement of size and coloration, see below), within two days after capture. Males were 156 

marked with visible implant elastomers (VIE, Northwest Marine Technology, Shaw Island, 157 

Washington) for individual recognition. Both males of a trial were marked yellow, on the left 158 

or right side respectively, at the underside of the body. The VIE tags were inconspicuous and 159 

we did not notice any adverse effects on behavior or welfare. Males and females were housed 160 

individually in 5-10 L aquaria, males for 3-16 days (median: 7 days) and females for 3-17 161 

days (median: 8 days) from capture to the start of the trial. Variation in housing time resulted 162 

from challenges of catching fish of suitable size and coloration. Fish were caught during a 163 

total of 13 trips (26 October to 19 December), over the entire study period. Housing time did 164 

not differ significantly between the bright and the dull male (see below for color 165 

classification) used in a trial (paired t-test: t24 = -1.50, P = 0.15). Female housing time did not 166 

affect female choosiness (i.e. preference for either male, disregarding coloration; data not 167 

shown). There was a statistical trend for female housing time to increase over the course of 168 

the study, but female housing time did not affect female preference for male tail coloration 169 

(data not shown). During individual housing, fish were fed ad lib twice a day with live brine 170 

shrimp (Artemia sp.), marine fish flakes, and a mixture of (previously frozen) brine shrimp, 171 

bloodworms and mysids. Aquaria were placed outdoors under a semi-transparent roof, 172 
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providing natural daylight and shelter. All aquaria were provided with air stones and a flow of 173 

surface seawater at ambient temperature. Air and water flow were paused in experimental 174 

aquaria during observations, to avoid negative effects on visibility. 175 

 176 

Experimental setup 177 

 178 

Female preference for male coloration was studied in a classic dyadic mate choice set-up 179 

(Wagner 1998; Dougherty and Shuker 2015). Two males were presented to a female and 180 

female preference was quantified as bias in position and courtship behavior. Study aquaria 181 

had a water volume of approx. 40L and were divided into a female compartment on one side 182 

and two adjacent male compartments on the other side (Figure 2). PVC tubes (4.2 cm 183 

diameter, 6-10 cm long) were placed in each of the three compartments, acting as potential 184 

nest substrate and shelter. Aquaria were covered with grey, matte PVC on three sides to 185 

prevent mirror effects and visual contact among fish in neighboring aquaria. The female of a 186 

trial was physically but not visually separated from the males by a transparent plexiglass 187 

divider (Figure 2). In the first step of the study (hereafter referred to as 'Step 1'), the two 188 

males were separated by an opaque plexiglass divider, preventing visual and physical 189 

interaction. In the second step of the study ('Step 2'), males were separated by a transparent 190 

plexiglass divider only, allowing visual but not physical contact between the males. 191 

 192 

Each set of individuals, one female and two males, was used only once in the experiment, but 193 

was tested consecutively in Steps 1 and 2 in order to compare responses of individual females 194 

between the two choice situations (steps). Thus, female preference was always first quantified 195 

in the absence of male-male competition. This was done to prevent females experiencing 196 

male-male competition already in the first step, which might have affected their preference in 197 

the second step when male-male interaction would have been precluded. 198 

 199 
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To allow acclimation to the test tanks, males were transferred to their compartments of the 200 

study tank 2-10 days (median: 4 days) prior to the trial and females one to three days (median: 201 

1 day; in one case nine days) prior to the trial. Until the start of a trial, opaque dividers 202 

prevented visual contact between any fish in the aquarium. Fish were fed the evening before 203 

the trial, but not on the day of the trial. Step 1 of a trial was started between 7:30 and 9:30 am 204 

by lifting the opaque (but not the transparent) divider between the female and the males. 205 

Females were then allowed to visually interact with males for ca. 30 min, during which the 206 

aquarium was filmed from the front (female's side) with a digital HD camcorder (Step 1). 207 

After 30 min, the opaque divider between the female and the males was reinstalled. The fish 208 

were then given a recovery time of approx. 30-90 min, before Step 2 was started (between 209 

8:30 and 11:00 am). At the start of Step 2, the opaque (but not the transparent) dividers 210 

between the female and the males, and between the two males, were removed. All fish were 211 

then allowed to interact visually and were filmed for 30 min. 212 

 213 

Pairs of males were selected to be similar in body size but to differ in orange tail coloration. 214 

Matching was based on TL as measured on a board and subjective judgment of tail coloration 215 

on a 7-graded ordinal scale. Quantitative measures of tail coloration and a more exact 216 

measure of TL were later obtained from digital images (see below) and used for analyses. 217 

Pairs of similarly sized males were selected to differ maximally in coloration, given the 218 

available individuals at any given time. This procedure resulted in variation in tail color 219 

contrast among trials, which was taken into account in the analysis. Bright and dull males did 220 

not differ significantly in standard length (SL; paired t-test: t24=1.4, P=0.16) or body mass 221 

(t22=-1.1, P=0.28), but there was a trend for bright males being in worse condition at capture 222 

(t24=-1.8, P=0.09) and bright males had significantly longer tails (t24=2.6, P=0.017) (Table S1). 223 

Notably, the differences in condition and tail length were small in biological terms, despite 224 

being statistically significant. Condition was calculated as residuals from a regression of body 225 

mass (mg) on male SL (mm), and the average difference between bright and dull males was 226 
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only ca. 0.1g or 3% of average male body mass (Table S1). In order to avoid stress that could 227 

have affected the experimental outcomes, the fish were not weighed and measured at, or 228 

shortly before, the day of the experimental trial. It is therefore unknown whether males 229 

differed in condition at the time of the trial, which typically took place a week after capture 230 

and measurement, during which fish were fed ad lib. The average difference in tail length 231 

amounted to only ca. 3% of the average tail length (Table S1). Whenever possible, the two 232 

males and females within a trial were collected from different reefs (or different parts of a 233 

large reef flat), to minimize the likelihood of prior familiarity. This was achieved in 25 out of 234 

30 replicates. The position of the bright and dull males in the aquaria was balanced among 235 

trials. 236 

 237 

Behavioral recordings 238 

 239 

From the 30 min video films for Steps 1 and 2 respectively, we recorded female position 240 

relative to the males, and female courtship directed at the males, in order to quantify female 241 

preference. We also recorded position, courtship and agonistic behavior of the two males, to 242 

analyze whether female preference was related to male behavior. Behavioral recordings were 243 

carried out blind to male tail color measurements. 244 

 245 

Female and male positions were recorded by scan sampling at 20 s intervals. We recorded 246 

whether the female was (i) in front of the left male, (ii) in front of the right male or (iii) in a 247 

central neutral zone (Figure 2). At the same time, we recorded whether the female was (i) in 248 

proximity to the male-female divider (within a fish length), (ii) not in proximity to the divider 249 

or (iii) inside the tube (Figure 2). Finally, we recorded whether the female was oriented 250 

towards the male compartments or away from them, including female positioning in parallel 251 

to the divider as 'towards the male compartments'. In the analyses of female preference, a 252 

female was considered to associate with a particular male when she was in front of him and at 253 
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the same time (i) in immediate proximity to the divider, and/or (ii) oriented towards the male 254 

compartment. These criteria conservatively limited the data analyzed for preference to 255 

situations that represent a clear female interest in one or the other male, excluding ambiguous 256 

positions. 257 

 258 

We recorded male position as whether a male was (i) in proximity to the male-female divider 259 

(within a fish length), (ii) in proximity to the male-male divider, (iii) not in proximity to any 260 

divider or (iv) inside the tube (Figure 2). 261 

 262 

Courtship by both sexes and male agonistic behavior were recorded by continuous focal 263 

observations of the video recordings. Female courtship included fin displays (female erects 264 

dorsal fins) and sigmoid displays (female bends body in a sigmoid shape). Male courtship 265 

included approaches (male swims towards female in a fast and directed movement of at least 266 

half a fish length), fin displays (male erects dorsal fin and fans tail fin in proximity to the 267 

female), and lead swims (male swims towards nest and enters it in a directed movement). 268 

Male lead swims were only included when they followed an approach or fin display within 2 269 

sec (as was usually the case in the context of courtship) in order to conservatively exclude 270 

cases in which the male might have sought shelter. Courtship frequency may be highly 271 

affected by female position. We therefore also quantified male courtship propensity, 272 

recording whether a male showed any courtship within 3 sec from when the female entered 273 

his side of the aquarium (excluding all cases in which the female stayed <3 s). Propensity 274 

measures are often more precise expressions of motivation and effort, as they are not affected 275 

by frequencies of encounters (Forsgren et al. 2004, de Jong et al. 2012). Recorded male 276 

intrasexual agonistic behaviors included approaches (male swims in a directed manner 277 

towards the other male) and fin displays (male erects dorsal fin and fans tail fin in proximity 278 

to the other male). 279 

 280 
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Male courtship behaviors were entered into a principal component analysis (PCA) to reduce 281 

the number of variables for further analysis. In addition to fin displays, approaches and lead 282 

swims, we included male courtship propensity and the proportion of scans in which the male 283 

stayed in proximity to the male-female divider in the PCA. All variables were standardized to 284 

have a mean of zero and a standard deviation of one. The extracted PCA components were 285 

varimax rotated (Tabachnick and Fidell 2001), facilitating the interpretation by more clear 286 

loadings of variables into PCA components (Table 1). Separate PCAs were carried out for the 287 

two steps of the study. Correlation matrices for the two PCAs are presented in Table S2 and 288 

eigenvalues and percentages of variance explained are given in Table 1. For both steps, we 289 

extracted the first two components, which had eigenvalues above one, for further analysis. In 290 

both steps, fin displays, approaches and lead swims loaded positively on the first component 291 

(PC1) and courtship propensity loaded positively on the second component (PC2; Table 1). 292 

Proximity to the female compartment loaded positively on the second component for Step 1, 293 

but negatively for Step 2 (Table 1). A high PC1 score therefore reflects high courtship 294 

frequencies, whereas a high PC2 score reflects a high propensity to court the female in case of 295 

an encounter. PC2 also reflects a high or low proportion of time spent in proximity to the 296 

female compartment, respectively, for Step 1 and Step 2. The two female courtship behaviors 297 

were not correlated (r = 0.027) and we therefore analyzed female fin and sigmoid displays as 298 

frequencies of behavior. 299 

 300 

The start of a trial was defined as the time at which the female had entered both males' sides 301 

of the aquarium (i.e., had seen both males). Lifting the opaque divider at the start of the trial 302 

and occasional movements of a person near the aquarium sometimes disturbed the fish, which 303 

typically sought shelter in the PVC tubes in such events. In most trials, however, all fish left 304 

the tubes after a few minutes (but see below) and started to interact. In order to minimize 305 

disturbance effects, we limited data collection from the videos to the second half of the trials 306 

(15-30 min after the start). For Step 1, we recorded female and male position (by scan 307 
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sampling) for the entire 30 min period of the trial in order to analyze whether the first and 308 

second halves of the trials differed in the proportion of time the females spent with the more 309 

colorful male. This was not the case and we therefore conservatively excluded the first half of 310 

the trials for all measures, for reasons given above. In Step 2, male agonistic behavior was 311 

recorded for only 5 min (15-20 minutes after the female had entered both males' sides of the 312 

aquarium), because frequencies of agonistic behaviors were very high. Other parameters were 313 

recorded for 15 min, as in Step 1. 314 

 315 

Color quantification 316 

 317 

We quantified the orange tail ornament and body size of all males from digital images. Males 318 

were placed individually in a miniature aquarium and photographed laterally, keeping the fish 319 

in a stable position. Images were taken with a digital single-lens reflex camera (Canon EOS 320 

50D) with a 105 mm lens. Images were taken in natural light in a shaded position, normally 321 

around noon, with a fixed aperture opening (f/6) and sensor sensitivity (ISO 800), adjusting 322 

exposure time to light conditions. We included a 5 cm size standard and a color standard in 323 

the image, the latter to control for variation in color attributable to variation in ambient light. 324 

 325 

Images were analyzed in Photoshop CS5 (Adobe, Inc., San Jose, CA). TL was measured from 326 

the snout to the distal end of the tail fin ('ruler' tool). SL was measured from the snout to the 327 

caudal peduncle. These measures were used for analyses instead of the measuring board 328 

recordings taken just after capture, because lengths taken from standardized photos are likely 329 

more precise. Tail fin area was measured by marking the outline of the tail fin with the 330 

'magnetic lasso tool', including the area up to caudal peduncle. The area of the orange tail 331 

ornament was marked and measured using the 'magic wand' tool, adjusting tolerance and 332 

reference pixel until the selection matched the orange area. 333 

 334 
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Before color quality was measured, images were first adjusted for variation in lightness, using 335 

the black and white reference on the color standards ('levels' tool in Photoshop). Colors were 336 

then measured in the CIE L*a*b* color space, which quantifies color in the three channels L* 337 

(lightness), a* (the balance between green and magenta) and b* (the balance between blue 338 

and yellow) (Chen et al. 2004; Svensson et al. 2006). Prior to analysis, L*, a* and b* 339 

measurements of the orange tail ornament were corrected for image variation by extracting 340 

the residuals from log-log regressions of the tail color measurements on L*, a* and b* of the 341 

orange color standard. 342 

 343 

The three color channels (L*, a*, b*) and the size of the orange ornament relative to total tail 344 

fin area (%) were entered into a PCA to reduce the number of variables for further analysis. 345 

All variables were standardized to have a mean of zero and a standard deviation of one. The 346 

extracted PCA components were varimax rotated, which facilitated the interpretation as each 347 

variable loaded clearly into a single PCA component (Table 2). We extracted the first two 348 

components (see Table 2 for eigenvalues and percent variance explained). The three variables 349 

of color quality loaded into the first component (PC1), with L* loading negatively and a* and 350 

b* loading positively. Relative size of the orange area loaded positively into the second 351 

component (PC2; Table 2). A high PC1 score therefore reflects a more orange (composed of 352 

magenta (a*) and yellow (b*)) and darker (i.e. lower L*) ornament (termed 'ornament color' 353 

hereafter). A high PC2 score reflects a large orange ornament relative to the size of the tail fin 354 

(termed 'ornament size' hereafter). A correlation matrix of the variables entered into the PCA 355 

is presented in Table S3. 356 

 357 

Ethical note 358 

 359 

All procedures were carried out with permission from Queensland Fisheries Department, the 360 

University of Queensland Animal Ethics Committee, and the Great Barrier Reef Marine Parks 361 
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Authority. Individuals were not allowed to interact physically, precluding physical injury. 362 

Individual compartments were equipped with PVC tubes, which were actively used as shelter 363 

in cases of disturbance (see below). 364 

 365 

Statistical analysis 366 

 367 

Males within a trial were classified as 'bright' or 'dull' on the basis of ornament color (PC1) 368 

and ornament size (PC2). Within each trial, we first calculated the contrast between the two 369 

males for each of the measures. For each trial, we then used the measure with the stronger 370 

contrast (i.e., the higher absolute value) to decide which male was brighter and which was 371 

duller. However, the male that scored higher on ornament color did typically also score higher 372 

on ornament size (18 out of 25 trials). Both ornament color and ornament size were PCA 373 

components and thus had similar means and standard deviations. See Table S1 for details on 374 

color and body size of bright and dull males. 375 

 376 

Female preference for male coloration 377 

 378 

We analyzed female preference for male coloration with generalized linear models (GLM). 379 

Female preference was quantified by three different variables: (i) the proportion of time 380 

females spent near the bright male, and the proportions of (ii) fin displays and (iii) sigmoid 381 

displays by the females that were directed at the bright male. Those proportions were 382 

calculated per trial, dividing the number of events (scans or behaviors) directed at the bright 383 

male by the total number of events (bright plus dull male). A separate GLM was fitted for 384 

each of the three measures of preference (response variables) and for each step of the 385 

experiment (Step 1 and Step 2). 386 

 387 
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Trials varied considerably in how much the two males differed in tail coloration (Table S1), 388 

which may have affected female preference. We therefore included the within trial contrasts 389 

in male tail coloration as explanatory variables into the GLMs on female preference. The 390 

contrasts were calculated as within trial differences (bright male minus dull male) in PC1 391 

(ornament color) and PC2 (ornament size). We centered the two explanatory variables to have 392 

a mean of zero. By centering the male color contrast variables, the model intercepts provide 393 

estimates of preference under average male color contrast. Each of the GLMs thus combines 394 

testing for overall female preference for male tail coloration (represented by the intercept) 395 

with testing whether female preference was affected by how much the two males differed in 396 

tail coloration (represented by the slopes). 397 

 398 

Female preference may have been affected by other male phenotypic traits than tail coloration. 399 

As reported above, we found that bright and dull males within a trial differed somewhat in 400 

condition and tail length. We present versions of the GLMs testing for female preference that 401 

include centered within trial differences (bright minus dull male) in SL, condition and tail 402 

length in the supplementary material (Table S4). None of these covariates had a significant 403 

effect on female preference. In the Results section we therefore present GLMs limited to the 404 

focal trait, male tail coloration. 405 

 406 

We fitted the GLMs for female preference with a quasi-binomial error structure, as the 407 

response variables were proportions and the residuals were over-dispersed. Because the 408 

numbers of scan samples, and especially female courtship behaviors, strongly varied among 409 

trials, we fitted the response variables with the 'cbind' function in R (R Development Core 410 

Team, 2011), which weighs proportions based on the number of observations within a trial. 411 

 412 

Female preference may have been affected by male courtship. We therefore tested whether (i) 413 

bright and dull males differed in courtship activity (paired t-tests) and (ii) whether male 414 
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courtship was related to female preference (Pearson correlations). We tested the latter by 415 

correlation rather than regression models, as female preference (position and courtship) and 416 

male courtship are likely to interact rather than being a one-way process.  417 

 418 

Temporal change in female preference 419 

 420 

Graphical inspection of the data suggested that female preference changed over the study 421 

period, i.e. females tested early seemed to differ in their preference from females that were 422 

tested late in the study period. We therefore performed post-hoc tests for a temporal change in 423 

female preference. We used GLM regressions to test for an effect of time, fitting a separate 424 

model for each of the three female preference variables, for each step of the experiment (Step 425 

1 and Step 2). The three preference variables (position, fin displays, sigmoid displays) were 426 

entered as proportions towards the large male, as described above. Time, i.e. the date a trial 427 

was carried out, was entered as the number of days after the date of the first trial. Thus, the 428 

first trial (30 October) was assigned 0 days, and the last trial (23 December) was assigned 54 429 

days. 430 

 431 

Effects of male-male competition on male and female behavior 432 

 433 

Female preference might have been affected by male phenotypic traits that were not measured, 434 

and possibly differently so in the two steps of the experiment. We therefore analyzed whether 435 

overall female preference, independent of specific male traits, changed from Step 1 to Step 2. 436 

For each of the two steps of each trial, we calculated overall female preference as the 437 

proportion of scan samples and fin displays by females related to the male that received more 438 

of the respective behavior. We then used paired t-tests to test for a change in overall 439 

preference from Step 1 to Step 2. We also used paired t-tests to analyze whether the 440 
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frequencies of female courtship and male courtship and agonistic behavior changed from Step 441 

1 to Step 2. 442 

 443 

Excluded trials 444 

 445 

In some trials, males remained in their PVC tubes for substantial parts of the trials, probably 446 

for reasons of disturbance as described above. For Step 1, we excluded four trials in which 447 

one or both males stayed inside the tube for more than 60% of the time. For comparison, 448 

males of the included trials stayed inside the tube for a median of 7% of the time (range 0-449 

51%). We also excluded one trial in which the female stayed inside the nest tube for more 450 

than 60% of the time. For Step 2, we excluded all five trials that were excluded in Step 1, 451 

conservatively assuming that the effects of disturbance in Step 1 could have been carried over 452 

to Step 2. In Step 2, we also excluded one trial where a male stayed inside the tube >60% of 453 

the time and two trials in which the female did not leave the tube or never entered both males' 454 

sides of the tank. The exclusion of trials resulted in the reduction of sample size from 30 to 25 455 

for Step 1 and to 22 for Step 2. 456 

 457 

All statistical analyses were carried out in R, version 2.13.1 (R Development Core Team, 458 

2011). Model assumptions for statistical tests were validated by graphical inspection of 459 

residual distributions. GLMs with appropriate link functions were used whenever residual 460 

distributions were unsuitable for linear models, and paired t-tests were used to account for 461 

non-independence of data collected in Step 1 and Step 2 of a trial. 462 

 463 

RESULTS 464 

 465 

Female preference for male coloration 466 

 467 

Page 18 of 48Behavioral Ecology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

 Female choice in a reef fish   19 

We tested for female preference for male tail coloration and whether the preference was 468 

affected by how much males differed in tail coloration. Female preference was quantified as 469 

bias in position, fin displays or sigmoid displays, with separate GLMs fitted for each of the 470 

variables (Table 3). We found no overall female preference with regard to male tail coloration. 471 

The proportion of time the female spent near the bright male and the proportion of courtship 472 

behaviors directed towards the bright male did not differ significantly from the no-preference 473 

expectation of 50% (intercepts in Table 3). Neither was female preference affected by how 474 

much males differed in coloration. The within trial contrasts in male ornament size and 475 

ornament color did not significantly affect female preference when preference was quantified 476 

as biases in female position or sigmoid displays (slopes in Table 3). When preference was 477 

quantified as bias in female fin displays, the within trial contrast in male ornament color had a 478 

significant positive effect on female preference in Step 1 (slope in Table 3). Thus, with an 479 

increasing difference in male ornament color, females performed an increasing proportion of 480 

fin displays towards the bright male. However, this effect was not robust to the removal of 481 

two highly influential data points (slopes after removal: ornament size: 0.17 ± 0.14, P = 0.24; 482 

ornament color: 0.01 ± 0.15, P = 0.95). While those two data points were correct recordings 483 

of actual behaviors, they were outliers due to, in one case, an extreme contrast in ornament 484 

color, and in the other case an exceptionally high total number of fin displays. Finally, there 485 

was a borderline significant negative effect of ornament size on female preference quantified 486 

as bias in fin displays in Step 2 (slope in Table 3). 487 

 488 

Male behavior may have affected female preference. We therefore tested whether bright and 489 

dull males differed in behavior and whether female preference was related to male behavior. 490 

Bright and dull males did not differ significantly in courtship behavior PC1 (courtship 491 

frequency) (Step 1: paired t-test: t24 = 0.64, P = 0.53; Step 2: t21= 0.63, P = 0.54) or PC2 492 

(courtship propensity) (Step 1: paired t-test: t24 = 0.19, P = 0.85; Step 2: t21= 0.06, P = 0.95). 493 

Neither did bright and dull males differ in the frequency of intrasexual agonistic fin displays 494 
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(Step 2: paired t-test: t21= -0.80, P = 0.43). There was no clear relationship between male 495 

behavior (courtship or agonistic) and female preference (Table 4). The only significant 496 

correlation was between preference measured as position and male courtship PC1 (courtship 497 

frequency), and only in the absence of male-male interaction (Step 1; Table 4). 498 

 499 

Temporal change in female preference 500 

 501 

When male-male interactions were precluded, female preference changed over the course of 502 

the study period. Females tested early in the study period expressed a preference for bright 503 

males, whereas females tested late preferred dull males. This effect was evident whether 504 

female preference was quantified from time spent in association with either male or from 505 

courtship directed at the males (Figure 3). The proportion of time spent near the bright male 506 

decreased significantly over the course of the study (GLM: t = -3.9, P < 0.001; Figure 3a). 507 

Similarly, there was a significant decrease in the proportion of female fin displays (GLM: t = 508 

-4.2, P < 0.001; Figure 3b) and sigmoid displays (GLM: t = -3.6, P = 0.003; Figure 3c) 509 

directed at the colorful male over the course of the study. The 95% confidence intervals of the 510 

slopes revealed that this change was from a significant preference for bright males early to a 511 

significant preference for dull males late (Figure 3a-c). The reversal from preference for 512 

bright to preference for dull males occurred in late November, ca. 30 days after the first trial 513 

was carried out (Figure 3a-c). In contrast, when male-male interaction was permitted (Step 2), 514 

we found no significant change in female preference (position or courtship) over the course of 515 

the study (all P > 0.6; Figure 3d-e). 516 

 517 

The temporal change in female preference may have been related to temporal patterns in 518 

confounding male or female traits. There was a significant temporal effect on within trial 519 

differences (bright minus dull male) in male condition (linear regression: r2 = 0.23, P = 0.014; 520 

FigureS1a), with bright males being in increasingly worse condition relative to dull ones over 521 
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the course of the study period. There also was a significant temporal effect on within trial 522 

differences in male SL (linear regression: r2 = 0.16, P = 0.046; Figure S1b). However, the 523 

estimated effect on SL amounted to less than 1.5 mm (<4% of mean male SL) over the study 524 

period (54 days). There was no significant temporal change in within trial differences in male 525 

body mass, ornament color or ornament size or female TL or condition (all r2 < 0.08, all P > 526 

0.17).  527 

 528 

Effects of male-male interaction on male and female behavior 529 

 530 

While female preference was only related to male tail coloration in Step 1, there was no 531 

decrease from Step 1 to Step 2 in female preference independent of male traits. The 532 

proportion of time spent with the preferred male did not differ significantly between Step 1 533 

and Step 2 (medians: Step 1: 0.69, Step 2: 0.71; paired t-test: t21 = 0.15, P = 0.88). Neither did 534 

the proportion of fin displays towards the preferred male differ significantly between Step 1 535 

and Step 2 (Step 1: 0.61, Step 2: 0.64; paired t-test: t19 = -0.54, P = 0.59). 536 

 537 

Male courtship decreased strongly when male-male competition was allowed. Male-male 538 

interactions (Step 2) were very frequent (Figure 4) and males spent much time in proximity to 539 

the male-male divider (median = 60%, 51-70%). There was a significant decrease in the 540 

number of courtship behaviors (sum of behaviors; paired t-test: t21 = -11.49, P < 0.0001; 541 

Figure 4) and the courtship propensity (Table 5) from Step 1 to Step 2. In females, there was a 542 

significant decrease in sigmoid displays, but not in fin displays (Table 5). The proportion of 543 

time females spent in proximity to the male-female divider increased significantly from Step 544 

1 to Step 2 (Table 5). 545 

 546 

DISCUSSION 547 

 548 
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We tested whether female C. cyanea prefer more colorful (bright) males, as expressed by time 549 

spent near such males and courtship directed at bright males. The results showed no overall 550 

female preference for males with more colorful tails. Instead, female preference for male 551 

coloration changed over the course of the studied part of the breeding season, from preference 552 

for males with more colorful tails early to preference for males with less colorful tails late. 553 

We further explored whether female preference was affected by seeing males compete, as 554 

suggested by previous theoretical (Kokko 2005) and empirical work (reviewed in Wong and 555 

Candolin 2005). While female preference was related to male coloration in the absence of 556 

male interaction (changing over time), females were indiscriminate with regard to male 557 

coloration when males were allowed to interact. 558 

 559 

Temporal variation in mate choice 560 

 561 

Within a period of less than two months, female preference changed from positive to negative 562 

with regard to male tail coloration. While the studied period did not cover the species' entire 563 

breeding season, it covered a large part of the peak breeding season (authors' observations; 564 

see Methods). The observed dynamics in female preference are therefore potentially of central 565 

importance for sexual selection in the species. Our findings are in line with a growing body of 566 

evidence for within-season variation in the strength and direction of sexual selection (e.g. 567 

Downhower et al. 1987; McLain 1992; Blanckenhorn et al. 1999; Forsgren et al. 2004; 568 

Kasumovic et al. 2008; Wacker et al. 2014). More specifically, our results are in line with the 569 

small number of studies that have found that within-season variation in mate choice leads to 570 

temporal variation in sexual selection (e.g. Qvarnström et al. 2000; Reaney and Backwell 571 

2007; reviewed in Jennions and Petrie 1997; Widemo and Sæther 1999). However, within-572 

season variation in mate choice is typically manifested in a change in choosiness, i.e., the 573 

choosing sex becoming more or less selective (e.g. Forsgren 1997; Borg et al. 2006), rather 574 

than a change in the preferred mate phenotype. Within-season variation in the preferred 575 
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phenotype, including a reversal as found in this study, is expected only when the optimal mate 576 

phenotype changes over the course of the breeding season. Such a reversal has previously 577 

been found in the fiddler crab Uca mjoebergi, where females prefer males with large claws 578 

early, but males with small claws late in the breeding cycle (Kahn et al. 2013; Clark and 579 

Backwell 2015). Larval release in this species is highly synchronized, which requires eggs to 580 

develop slower or faster, depending on when they were spawned (Reaney and Backwell 581 

2007). Females prefer males with smaller claws late in the breeding cycle because these 582 

defend smaller, warmer burrows that allow faster larval development. Early in the breeding 583 

cycle, when optimal larval development time is longer, they prefer males with larger claws 584 

and larger (colder) burrows (Kahn et al. 2013). 585 

 586 

We suggest that the preference reversal in C. cyanea may be related to seasonal variation in 587 

mating competition and to the costs of paternal care. In many animal species, including fishes, 588 

the most competitive males are expected to breed early in the season. Breeding early is often 589 

advantageous because offspring fitness is expected to increase with a longer growth period 590 

(Cargnelli and Gross 1996). Provided that more colorful males are competitively superior, 591 

they may start breeding earlier than dull ones. Such an early start may lead to accumulated 592 

costs of paternal care (Clutton-Brock 1991; Smith and Wootton 1995) and mating 593 

competition (Bonduriansky et al. 2008; Lukas and Clutton-Brock 2014) as the season 594 

progresses. Later on in the season, less colorful males may then have more resources to invest 595 

into paternal care than more colorful ones, because they have cared for fewer previous broods 596 

(Berglund 1991; Wacker et al. 2014). In our study, there was some evidence for bright males 597 

to be generally in poorer condition, and the difference between bright and dull males was 598 

stronger among the males caught later in the study period. However, the effect was small and 599 

the results far from conclusive. More studies are required to reveal the potential relationships 600 

between tail coloration, life history, and condition in the species. 601 

 602 
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Our results highlight the importance of considering temporal variation when studying mate 603 

choice, especially in species that breed repeatedly within a breeding season. If temporal 604 

variation in mate choice is not explicitly addressed and analyzed for, results like those of the 605 

present study can easily be misinterpreted as an absence of any mating preference. It is 606 

currently unknown how widespread within-season variation in mate choice, and especially in 607 

mate preferences, is. This reflects a generally limited consideration of life history aspects in 608 

sexual selection studies, despite its likely fundamental importance (Kokko 1997; Griffith 609 

2000; Cornwallis and Uller 2010). 610 

 611 

Effect of male-male interaction on female choice 612 

 613 

When males were allowed to interact visually, male-male agonistic behaviors were extremely 614 

frequent. This resulted in a strong decrease, but not an absence, of male courtship. Despite 615 

intense male-male aggression and decreased male courtship, females continued to express a 616 

sexual interest in the males, reducing their courtship rate only slightly and in fact spending 617 

more time in proximity to the males. While females retained a sexual interest, this was no 618 

longer related to male tail coloration. It appears unlikely that this was because male-male 619 

competition hampered the assessment of male traits (Wong and Candolin 2005). First, C. 620 

cyanea females of our study had previous knowledge of male tail coloration as displayed in 621 

the absence of male-male competition. Second, male tail coloration is even more prominently 622 

displayed in male-male than in male-female interactions (Gronell 1989, own observations). It 623 

thus appears more likely that female preference was affected by one or more other 624 

(unmeasured) traits when males were allowed to interact, overriding the previously expressed 625 

preference with regard to male tail coloration. However, we cannot exclude the possibility 626 

that females can assess male tail coloration only, or more precisely, during male courtship 627 

undisturbed by other males. Mate preference for traits that can better be evaluated during 628 

intrasexual competition has been found in, for instance, the pipefish Syngnathus typhle 629 
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(Berglund and Rosenqvist 2001), three-spined sticklebacks (Gasterosteus aculeatus; Candolin 630 

1999) and Siamese fighting fish (Betta splendens; Doutrelant and McGregor 2000).  631 

 632 

The results of the present study illustrate that preference quantified in the absence of male-633 

male competition, as in classical mate choice set-ups, may not always reflect female 634 

preference as expressed in more complex situations, involving male-male interaction (see 635 

Kangas and Lindström 2001; Lehtonen and Lindström 2009; Casalini et al. 2009). In species 636 

where females frequently observe males compete before making mating decisions, 637 

preferences expressed in the absence of competition may have little effect on realized mate 638 

choice. Chrysiptera cyanea males and females are territorial (Thresher and Moyer 1983) and 639 

behavioral interactions between neighboring individuals, including male-male competition, 640 

are frequent throughout the studied part of the breeding season (authors' observation). 641 

Intersexual interactions occur both in the absence and presence of male-male competition (S. 642 

Wacker et al., unpublished data). Thresher and Moyer (1983) reported that during spawning 643 

periods, several males are often present near a male’s nest, frequently involving male-male 644 

aggression and occasionally courtship interruption. In the present study, males were 645 

simultaneously faced with a rival male that could not retreat and a potential female mate. In 646 

this situation, males clearly prioritized intrasexual aggression over courtship. The combined 647 

findings of Thresher and Moyer (1983) and this study suggest that females frequently observe 648 

male-male interactions prior to mating, and that it may affect their mate choice. Further 649 

studies are needed to reveal to what extent male-male competition affects female mating 650 

preference in C. cyanea in the wild. 651 

 652 

Sexual selection on coloration in coral reef fishes 653 

 654 

This study confirms that female C. cyanea can be choosy with regard to male coloration 655 

(Gronell 1989), but also that they show a preference that is dynamic rather than static. The 656 
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temporal effects and effects of social environment complicate inference on how female 657 

preference affects sexual selection in the wild. Our results suggest that the total effect of 658 

female preference on sexual selection across the breeding season depends on how 659 

reproduction (i.e. population reproductive output) and the degree of male-male competition 660 

are distributed over the breeding season. Those parameters are currently not known in 661 

sufficient detail to infer the resulting total effects on sexual selection. Gronell’s (1989) large-662 

scale field study of C. cyanea found male mating success to be highly variable and positively 663 

related to the relative size (length) of the orange tail ornament (Gronell 1989). The study did 664 

not report selection in relation to time of season. However, it appears that the majority of data 665 

were collected during the present study’s early part. Our finding of a female preference for 666 

colorful males early in the study period thus appears in line with the positive sexual selection 667 

for more colorful males in the field (Gronell 1989). Taken together, studies of C. cyanea have 668 

solidly documented that male mating success is related to orange tail coloration in the wild 669 

(Gronell 1989) and are suggestive for a contribution of female choice to this relationship 670 

(Gronell 1989, lab study part; this study). Complementary to female choice, a greater mating 671 

success of more ‘orange’ males could be caused by coloration playing a role in male-male 672 

competition. This hypothesis is so far unexplored, despite the fact that males very clearly 673 

display their tails in intraspecific interactions (Gronell 1989). 674 

 675 

Sexual selection on male coloration by female choice has generally been little explored in reef 676 

fishes, but has been suggested to explain interspecific variation in coloration of pomacentrid 677 

(Thresher and Moyer 1983) and labrid (Robertson and Hoffman 1977) fishes. Within 678 

individual reef fish species, female choice for male coloration has been found in the 679 

damselfish Stegastes leuconstictus (Haley et al. 2002, 2004) and the wrasse Thalassoma 680 

bifasciatum (Warner and Schultz 1992). The reef fish species for which a color preference has 681 

been documented are, like very many reef fishes, highly territorial (Ehrlich 1975). 682 

Territoriality may facilitate mate sampling and thereby mate choice because individuals are 683 
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bound to defined locations. Potential mates can thus be sampled repeatedly and re-visited for 684 

spawning, as reported for C. cyanea (Gronell 1989). For C. cyanea, further studies are needed 685 

to test whether the temporal dynamics in mate choice translate into seasonal dynamics in 686 

sexual selection in the wild, and how this affects sexual selection on male tail coloration 687 

across the entire breeding season. At a general level, increased efforts are needed to 688 

understand the role of sexual selection in the evolution of the highly diverse and conspicuous 689 

coloration of coral reef fishes and its potential importance for the process of speciation 690 

(Amundsen 2003; Ritchie 2007; Kraaijeveld et al. 2011). The latter question is highly relevant 691 

given the exceptional diversity of fish in this environment. 692 

 693 

Conclusions 694 

 695 

Our results strongly emphasize the plasticity of female mate choice. Female preference in C. 696 

cyanea was not only affected by the social context (male-male interactions), but also by time 697 

in the breeding season. While this study is among the first to document a reversal of female 698 

mate preferences over the course of a breeding season, temporal variation in mate choice may 699 

be more common than currently acknowledged. Knowledge about plasticity in mating 700 

preference and the underlying mechanisms is essential for understanding life histories, 701 

including investment in current reproduction and the development of sexual characters. 702 

Further empirical and theoretical work is needed to understand the determinants of variation 703 

in mate choice across time and social context. 704 
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Figure 1. (a) Male Chrysiptera cyanea photographed under standardized conditions, (b) 950 

orange tail quantification, and (c-f) examples of variation in male tail coloration. The area 951 

outlined in (b) indicates the orange part of the tail, which was measured in size (relative to the 952 

whole fin) and color quality. The shown tails are examples of bright (c,e) and dull (d,f) males 953 

used in the study. Males (c) and (d) differ mainly in the relative size of the orange area, 954 

whereas males (e) and (f) differ mainly in the quality of the orange color. 955 

 956 

Figure 2. Aquarium set-up, as seen from above, in a test for female mate choice in 957 

Chrysiptera cyanea. Dashed lines indicate dividers, separating the aquarium into two male 958 

compartments and one female compartment. The divider between the two males was opaque 959 

in Step 1 of the study and transparent in Step 2. The divider between the female and the two 960 

males was transparent. Each compartment was equipped with a PVC tube (shaded boxes), 961 

which served as a shelter and mimicked a potential nest for the males. Grey solid lines 962 

indicate zones used to record the position of fish during scan sampling. These zones indicate 963 

where an individual would be considered to be in proximity (< one fish length) to another 964 

individual's compartment (horizontal: male-female; vertical: male-male) and, for the female 965 

compartment, a neutral zone in which the female was considered not to associate with either 966 

male. 967 

 968 

Figure 3. Female preference for male tail coloration in Chrysiptera cyanea in relation to the 969 

date the trial took place, measured as days after the first trial. Female preference was tested in 970 

(a-c) the presence (Step 1) and (d-e) the absence (Step 2) of male-male competition. Female 971 

preference is quantified as the bias in (a,d) position, (b,e) female fin displays and (c) female 972 

sigmoid displays, calculated as the proportion of scans or behaviors associated with the more 973 

colorful male. A score above 0.5 thus indicates a preference for the bright male, a score below 974 

0.5 a preference for the dull male. The size of points indicates the number of behaviors or 975 

scan-sampled positions underlying the calculated proportion for a particular female (sizes not 976 
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comparable among panels), reflecting the weighting of data points in the models. Solid lines 977 

represent relationships estimated by generalized linear models and dashed lines their 95% 978 

confidence intervals. Female sigmoid displays were not analyzed for Step 2 because they 979 

occurred in too few trials. 980 

 981 

Figure 4. Frequencies of male Chrysiptera cyanea courtship (sum of approaches, fin displays 982 

and lead swims) and agonistic behaviors (fin displays) in a female choice test. Males were 983 

either prevented from interacting by an opaque divider (Step 1) or allowed to interact visually 984 

(Step 2). Agonistic behaviors were recorded over 5 min only, but multiplied by three to match 985 

15 min observation time for courtship behavior. 986 

987 
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Table 1. Principal components analysis (PCA) on measures of male sexual interest in a female 988 

mate choice study in Chrysiptera cyanea. Loadings and variance explained are given for two 989 

separate PCAs, on the two parts of the study (Step 1 and Step 2). Courtship behaviors (fin 990 

display, lead swim, approach) were entered as frequencies. Courtship propensity is the 991 

proportion of cases in which a male responded with courtship to encounters with the female. 992 

Male position, i.e. proximity to the female compartment, was measured as a proportion of 993 

scan samples. Strong loadings (>0.4) are highlighted in bold. 994 

 Eigenvalue % variance Fin display Lead swim Approach Courtship 

propensity 

Association  

with female 

Step 1        

PC1 2.0 37 0.80 0.75 0.79 0.15 -0.05 

PC2 1.4 31 0.15 -0.32 0.39 0.68 0.90 

Step 2        

PC1 2.0 40 0.81 0.67 0.87 0.22 0.29 

PC2 1.2 24 -0.08 -0.09 0.13 0.83 -0.69 

  995 

996 
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Table 2. Principal component analysis (PCA) on measures of CIE color quality (L*, a*, b*) 997 

and orange area (proportion orange in tail fin) in Chrysiptera cyanea males. Loadings after 998 

varimax rotation and variation explained by each component. Strong loadings (>0.4) are 999 

highlighted bold. 1000 

 Eigenvalue % variance L* a* b* orange area 

PC1 2.8 60 -0.88 0.92 0.85 0.26 

PC2 0.7 28 -0.21 0.18 0.30 0.96 

 1001 

1002 

Page 41 of 48 Behavioral Ecology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

 Female choice in a reef fish   42 

Table 3. Generalized linear multiple regressions on female preference for male coloration in 1003 

Chrysiptera cyanea. Female preference is quantified as either association with the more 1004 

colorful male (bias in female position) or bias in courtship (fin displays and sigmoid displays). 1005 

Male coloration (size and color of the orange tail ornament) is quantified as the contrast 1006 

between the bright and dull males of a trial. A separate GLM was fitted to each of the three 1007 

variables of female preference and for each step of the experiment, respectively. All estimates 1008 

are given on logit scale. Predictor variables were centered prior to analysis. The model 1009 

intercepts therefore represent female preference given average color contrast between males, 1010 

with an intercept of zero expected in the absence of female preference for male coloration. 1011 

  Intercept Ornament size Ornament color 

Female preference N Estimate ± SE P Estimate ± SE P Estimate ± SE P 

Step 1        

Female position 25 -0.08 ± 0.21 0.73 0.06 ± 0.26 0.84 0.15 ± 0.30 0.63 

Fin displays 23 0.11 ± 0.16 0.50 0.14 ± 0.16 0.38 0.53 ± 0.22 0.026 

Sigmoid displays 16 0.40 ± 0.35 0.27 0.34 ± 0.46 0.47 0.60 ± 0.57 0.31 

Step 2        

Female position 22 0.09 ± 0.22 0.70 -0.55 ± 0.28 0.067 -0.01 ± 0.31 0.97 

Fin displays 22 -0.03 ± 0.18 0.89 -0.41 ± 0.20 0.050 -0.02 ± 0.27 0.96 

 1012 

1013 
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Table 4. Pearson correlation coefficients (95% CI) for correlations among variables 1014 

quantifying female preference (position, fin displays and sigmoid displays) and variables 1015 

quantifying male courtship (PC1, PC2) in Chrysiptera cyanea. Variables were entered as 1016 

contrast between males within trials (bright male - dull male) and as bias in female preference 1017 

(proportion of time or behaviors associated to bright male). Sample sizes vary due to the 1018 

exclusion of trials in which no female fin or sigmoid displays occurred. 1019 

Female preference N Courtship frequency (PC1) Courtship propensity (PC2) Agonistic behavior 

Step 1     

Position 25 0.42 (0.03,0.70) -0.30 (-0.62,0.11)  

Fin displays 23 0.29 (-0.14,0.63) -0.32 (-0.65,0.10)  

Sigmoid displays 16 0.39 (-0.14,0.74) -0.27 (-0.68,0.26)  

Step 2     

Position 22 0.15 (-0.29,0.54) -0.26 (-0.62,0.18) 0.02 (-0.40,0.44) 

Fin displays 22 0.36 (-0.07,0.68) -0.31 (-0.65,0.13) -0.14 (-0.53,0.30) 

 1020 

1021 
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Table 5. Male and female courtship in a female choice study in Chrysiptera cyanea. Behavior 1022 

was quantified in the absence (Step 1) and presence (Step 2) of male-male interactions. Paired 1023 

t-tests are used to test for a change in male and female behavior from Step 1 to Step 2. 1024 

 Step 1 Step 2 Step 1 - Step 2 

 median range  median range mean SD t df P 

Male behavior          

Courtship propensity 0.57 0.33-0.75 0.17 0.03-0.5 0.36 0.18 9.3 21 <0.001 

Female behavior          

Fin display 18 0-140 19 3-56 7.4 24.8 1.4 21 0.18 

Sigmoid 3 0-34 1 0-4 3.9 7.6 2.4 21 0.027 

Association with males 0.20 0.04-0.78 0.33 0.16-0.67 -0.10 0.21 -2.34 21 0.029 

  1025 
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Figure 1. Male tail coloration.  

264x197mm (300 x 300 DPI)  
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Figure 2. Experimental set-up.  
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Figure 3. Female preference in relation to season.  
189x133mm (300 x 300 DPI)  
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Figure 4. Male courtship and agonistic behaviour.  
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