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Abstract 26 

Conspicuous colouration increases male reproductive success through female preferences 27 

and/or male-male competition. Despite the advantages of conspicuous colouration, 28 

inconspicuous male morphs can exist simultaneously in a population due to genetic diversity, 29 

condition dependence, or developmental constraints. We are interested in explaining the male 30 

dichromatism in Xanthagrion erythroneurum damselflies. We reared these damselflies in 31 

outdoor insectaries under natural conditions and showed that this species undergoes 32 

ontogenetic colour changes. The younger males are yellow and change colour to red six to 33 

seven days after their emergence. We took red and yellow male reflectance spectra and found 34 

that red males are brighter than yellow males. Next, we aimed to determine whether 35 

ontogenetic colour change signals sexual maturity with field observations and laboratory 36 

experiments. Our field observational data showed that red males are in higher abundance in the 37 

breeding territory, and they have a higher mating frequency than yellow males. We confirmed 38 

these field observations by enclosing a red and a yellow male with two females and found that 39 

yellow males do not mate in presence of red males. To determine whether colour change signals 40 

sexual maturity, we measured mating success of males before and after colour changes by 41 

enclosing a single male at different age (day 3-day 7) and colour (yellow, intermediate and red) 42 

with a single female in a mating cage.  Males did not mate when yellow but the same male 43 

mated after it changed colour to red, suggesting the ontogenetic colour change signals sexual 44 

maturity in this species. Our study shows that male dichromatism can be age-dependent and 45 

ontogenetic colour change can signal age and sexual readiness in non-territorial insects.  46 

 47 

 Keywords: Sexual selection, Animal communication, Developmental color change, Sexual 48 

dichromatism, Scramble mating system 49 

 50 
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Introduction  51 

 52 

Across different taxa, females prefer mating with conspicuous males because conspicuousness 53 

is associated with better immunity (Faivre et al., 2003), higher social status (Bergman, Ho & 54 

Beehner, 2009), and a larger territory (Vilela et al., 2017), all of which contribute to fitness. 55 

Moreover, competitor males avoid fighting with conspicuous males, leaving conspicuous 56 

males with larger territories and better access to breeding grounds (Serrano-Meneses et al., 57 

2007). Hence, conspicuousness increases male mating success through female preferences as 58 

well as male-male competition. Conspicuous, however, can be costly in terms of colour 59 

production and predation. Many animals acquire colour pigments from their diet, therefore they 60 

cannot attain conspicuous colouration until they obtain enough resources (Hill, Hill & 61 

McGraw, 2006; Taylor, Clark & McGraw, 2011). Additionally, conspicuous colouration 62 

increases visibility to predators, which makes conspicuous males vulnerable to predation 63 

(Husak et al., 2006). Conspicuousness also increases visibility of predators to their prey, 64 

thereby decreasing foraging success (Grether & Grey, 1996). Many animals mitigate these 65 

costs by changing colour. For example, developmental colour change, or ontogenetic colour 66 

change, can reduce the costs of sexually selected colouration by expressing dull colouration in 67 

the juvenile or pre-reproductive stage and attaining conspicuous colouration upon sexual 68 

maturity.  69 

  70 

Ontogenetic colour change is an irreversible colour change during the development of an 71 

organism. The developmental colour forms may signal age (Nicolaus et al., 2007), fitness 72 

(Beeching & Pike, 2010), fecundity (Takahashi & Watanabe, 2011) and/or sexual readiness 73 

(Wilson, Heinsohn & Wood, 2006; Huang & Reinhard, 2012). In cases where developmental 74 

stages signal sexual maturity, juvenile males are often dull coloured and subordinate to 75 
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conspicuous dominant males. The status signal hypothesis suggests that juvenile males receive 76 

less aggression by signalling their subordination, thereby increasing their survival during early 77 

life stages (Beauchamp, 2003; Karubian, Sillett & Webster, 2008). However, dull colouration 78 

is not always associated with sexual immaturity. Due to resource constrains, attaining 79 

conspicuous colouration can be delayed in a male (Hooper, Tsubaki & Siva‐Jothy, 1999; Ruell 80 

et al., 2013). In such cases, inconspicuous but sexually mature males may exist in a population 81 

and may deploy alternative strategies to secure mates compared to conspicuous males. 82 

Conspicuous males are often territorial whereas the inconspicuous ones are non-territorial 83 

(Watanabe & Taguchi, 1990; Contreras-Garduño et al., 2008), remain on the periphery of the 84 

territorial males and sneak upon females as they enter the territory (Watanabe & Taguchi, 1990; 85 

Córdoba-Aguilar & Cordero-Rivera, 2005). Alternatively, these males may gain access to 86 

females if they deceive the conspicuous males, who may misclassify the duller coloured males 87 

as either sexually immature or as females (Hawkins, Hill & Mercadante, 2012).  88 

   89 

Intrasexual colour variation is a common phenomenon in odonates either due to genetic 90 

variation or because of developmental constraints (Corbet 1999). In odonates, genetic and 91 

ontogenetic colour variation can occur in both sexes, or it can be limited to either males or 92 

females (Huang & Reinhard, 2012; Sanmartín-Villar, Zhang & Cordero-Rivera, 2017; Willink 93 

et al., 2019). Genetically determined female polychromatism occurs in sexually mature and 94 

immature in Ischnura senegalensis, Ischnura elegans, and Ischnura genei damselflies 95 

(Takahashi & Watanabe, 2010; Sanmartín-Villar & Cordero-Rivera, 2016; Willink et al., 96 

2019). Likewise, sexually mature male dichromatism (conspicuous orange-winged males and 97 

inconspicuous clear-winged males) occurs in Mnais costalis damselflies (Tsubaki, 2003). 98 

Alternatively, male dichromatism can occur as a result of ontogenetic colour change in 99 

territorial and non-territorial damselflies. In territorial odonates, such as Crocothemis sevilla, 100 
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Sympetrum darwinianum and Sympetrum frequens, ontogenetic colour change generates male 101 

dichromatism where pre-reproductive juvenile males are inconspicuous yellow and attain 102 

conspicuous red colouration upon sexual maturity (Futahashi et al., 2012). Similar 103 

developmental colour changes have also been documented in non-territorial species 104 

(Hinnekint, 1987; Henze et al., 2019). Mating frequencies in the field and an indirect 105 

correlation between colour change and spermatogenesis suggest that colour change signals 106 

sexual maturity in non-territorial damselflies (Hinnekint, 1987). Sexual maturity of colour 107 

changing males at different developmental stages could be tested with direct mating 108 

experiments, however these tests are yet to be performed.  109 

 110 

Here, we describe male dichromatism in a non-territorial Australian damselfly, 111 

Xanthagrion erythroneurum, in which males can be either dull yellow or conspicuous red. We 112 

aimed to determine if male dichromatism is age-dependent. We reared freshly emerged 113 

damselflies in their natural habitat and found that males changed colour six to seven days after 114 

emergence. We measured conspicuousness of yellow and red males by taking reflectance 115 

spectra. Finally, with field mating observations and more directly with controlled mating 116 

experiments, we tested whether male colour change is a signal of sexual maturity. We predicted 117 

that only red males would mate in the field and in the mating experiments.  118 

 119 

Methods and Materials  120 

 121 

Study species and field site  122 

 123 

Xanthagrion erythoneurum (Coenagrionidae: Zygoptera: Odonata) is a non-territorial 124 

damselfly.  This species is widely distributed in Australia and commonly found in stagnant 125 
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freshwater bodies such as ponds, creeks, marshes and dams. The adult males can be 126 

distinguished easily from other sympatric damselflies by their red face, red thorax, red 127 

abdominal segments one and two, and by blue bands on abdominal segments eight and nine 128 

(Theischinger & Hawking, 2016). This species is seen in flight from September to April in the 129 

Sydney region and its reproductive season lasts throughout the whole of this period (Khan & 130 

Herberstein, 2019).    131 

 132 

We carried out field observations at a pond located on the North Ryde campus of Macquarie 133 

University, Sydney, Australia (33.772 S, 151.114 E). The shoreline vegetation of the lake 134 

serves as perching and mating spot for the damselflies. The study 135 

species Xanthagrion erythoneurum coexists with Ishnura heterosticta, Austroagrion watsoni, 136 

Austrolestes annulosus, Diplacodes melanopsis, and Orthetrum caledonicum in this pond (M. 137 

K. Khan, personal observation). We surveyed the field and collected data on sunny and 138 

partially sunny days from September 2016 to March 2017 and September 2017 to March 2018.  139 

 140 

Rearing of X. erythoneurum males  141 

 142 

We set up a mating cage in the Macquarie University Fauna Park over an artificial pond. We 143 

collected mature males and females from the field in early Autumn (March-April) and placed 144 

them in the mating cage (58cm  32cm  34cm). After mating, the females laid eggs on the 145 

water. The following spring and summer, damselflies emerged from the larvae. We collected 146 

freshly emerged individuals (N = 40), which were identified by their shiny wings and immature 147 

thoracic colouration. We retained the immature males in a rearing cage made of fine mesh 148 

(58cm  32cm  34cm; 10 males per cage) and reared them from 5 to 25 December 2017 in 149 

the insectaries – large outdoor laboratories enclosed by fine fences – situated in the Fauna Park 150 
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of Macquarie University. To provide substrate where damselflies could perch, we placed small 151 

plants inside the cages.  We placed the cages over an artificial small pond inside the insectaries 152 

so that the damselflies obtained enough moisture. One corner of the cage was dipped in water 153 

so that the damselflies could access water for bathing and drinking. We provided cultured 154 

Drosophila regularly as a food source for the damselflies. The damselflies received the natural 155 

light cycle (approximately 14 hours daylight per 24 hours). The diurnal temperature fluctuated 156 

from 18 - 280C during the rearing period. We monitored the damselflies every day, inspecting 157 

for colour changes. Using a permanent marker, we marked the wings of each damselfly with a 158 

unique code, and housed them until colour change occurred.  159 

 160 

Reflective spectrometry    161 

 162 

We measured the reflective spectra of the damselflies (17 yellow males and 17 red males) 163 

using a JAZ EL-200 portable spectrophotometer (boxcar width = 10, integration time = 20 ms, 164 

scans to average = 5) (Ocean Optics, USA) with a PX-2 pulsed light source. To standardize the 165 

measurements, we measured the reflectance relative to a white standard (Ocean Optics, USA). 166 

We immobilized the damselflies by placing them in a refrigerator at 4 °C for five minutes 167 

before taking the spectra. We focused the probe of the spectrophotometer perpendicular to the 168 

cuticular surface of the mesothorax from a fixed distance of 2 mm. We used a black velvet 169 

cloth to block any other possible light sources apart from the probe. We took three reflectance 170 

spectra of each damselfly from 300nm to 700nm and subsequently averaged those three 171 

measurements. We processed the reflectance spectra with OceanOptics Spectrasuite software 172 

(ver. 1.6.0_11) and binned data to 1 nm wavelength intervals. We calculated the peak 173 

wavelength, total brightness, yellow chroma (relative contribution of 550nm-625nm to the total 174 

brightness) and red chroma (relative contribution of 605nm-700nm to the total brightness) of 175 
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the males using the R package pavo v 2.0 (Maia et al., 2019) implemented in R v 3.5.2 (R core 176 

team, 2018).      177 

 178 

Occurrence and mating frequencies of the males 179 

 180 

We calculated occurrence and mating frequencies of red and yellow males in the field by 181 

applying a mark recapture method. We calculated the mating frequency from 10:00-16:00 182 

hours when the abundance of damselflies is high and mating usually occurs in the field (Khan 183 

& Herberstein, 2019). We walked slowly around the shoreline and bushes besides the pond, 184 

capturing any damselflies we saw (Khan, 2015). We calculated the frequency of yellow and 185 

red males from the numbers of captured males. We marked the wings of captured damselflies 186 

to avoid recounting individuals. Mating frequencies were counted by observing occurrences of 187 

males and females in a tandem or copulation wheel in the field. For each mating pair, we noted 188 

whether a yellow or red male formed the mating pair.   189 

 190 

Mating experiment condition  191 

 192 

We performed the mating experiments in an insect mating cage (58cm  32cm  34cm). We 193 

placed the mating cage approximately three meters from the pond, in their natural habitat and 194 

measured their sexual interactions from a one-meter distance. We performed the mating trials 195 

on sunny or partially sunny days from 10:00 hr to 16:00 hr when mating usually occurs in the 196 

field. We performed each trial for 30 minutes with new individuals. We calculated a successful 197 

trial when a male formed a tandem with a female. We performed further analyses based on 198 

trials where a male formed a tandem with a female.   199 

 200 
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Male mating experiments  201 

 202 

We conducted two sets of experiments to determine whether yellow males can mate. In the 203 

first experiment, we collected red and yellow male damselflies from the field. We placed one 204 

red and one yellow male with two females in the mating cage. We conducted 25 trials, each 205 

time with new males and females. We recorded the number of tandems formed by the red males 206 

and the yellow males.   207 

For the second experiment, we collected the newly emerged males from the field and reared 208 

them until they changed colour from yellow to red. We placed different-aged males (from 3-7 209 

days) with a female in the mating cage and observed their reproductive activities. Each male 210 

was used twice in this experiment, once on either day 3, day 4, day 5 or day 6 and then again 211 

at day 7. We conducted a total of 80 trials; 40 trials with day 3 to day 6 males (10 trials for 212 

each day), and 40 trials with the same males at day 7.  All the day 3 - day 5 males were yellow, 213 

seven day 6 males were intermediate coloured whereas three day 6 males were red, and all day 214 

7 males were red in colour. We counted the number of tandems formed by males of each colour 215 

and at each developmental day. We used 80 females for this experiment, each trial with a new 216 

female.    217 

 218 

Statistical analyses  219 

 220 

We applied the F test and Levene test to determine normality and homogeneity of variance of 221 

the data. We applied Mann–Whitney U tests when data were not normally distributed, and two 222 

sample t-tests when data were normally distributed and variances were equal between the 223 

compared groups. We used chi-square tests to compare the differences between observed and 224 
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expected mating success of red and yellow males. We conducted all analyses in R v 3.5.2 (R 225 

core team, 2018).     226 

 227 

Results  228 

 229 

Ontogenetic colour change  230 

 231 

All of the juvenile males changed colour from pale yellow to bright red (Figure 1a-b). Under 232 

the applied experimental rearing conditions, the colour changed six or seven days after 233 

emergence. Among the 40 reared individuals, 16 males changed colour after six days, while 24 234 

males changed colour after seven days (Figure 1c).  235 

 236 

Reflectance spectra   237 

 238 

The reflectance spectra of both yellow and red males showed a peak between 588 nm and 700 239 

nm. There was no significant difference in peak wavelength (Mann Whitney U test, W = 180.5, 240 

p = 0.218) between the red and yellow males (Figure 2a). Total brightness of the red males was 241 

significantly higher (Two sample t-test, t = -7.723, df = 32, p < 0.001) than the yellow males 242 

(Figure 2b). The chroma of the yellow males was significantly higher (Mann Whitney U test, 243 

W= 279, p < 0.001) than the red males in the 550-625 nm wavelength range (Figure 2c). At the 244 

same time, the chroma of the red males was higher (Two sample t-test, t = -8.812, df = 32, p < 245 

0.001) than the yellow males in between 605-700 nm wavelength (Figure 2d). This chromatic 246 

difference explains the yellow and red appearance of the males to the human visual system.      247 

 248 

Mating frequency in the natural population and in mating experiments  249 
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 250 

We counted 408 male individuals in the field. Among them, only 9.56 % were yellow, whereas 251 

the rest (90.44 %) were red. We observed 102 mating pairs in the field. Under field conditions, 252 

red males (N = 101) had higher mating success (2 = 8.78, df = 1, p < 0.01) than yellow males 253 

(N = 1). In the cage experiment, when we placed a red male and a yellow male 254 

with two females, red males had higher mating success (2 = 40, df = 1, p <0.001) than yellow 255 

males. Out of 25 experimental males, 20 red males mated but yellow males did not mate, even 256 

once the red male was engaged in a tandem and unable to compete for the second female in the 257 

cage. When we placed one male with one female in the cage, day 3 - day 5 yellow males did 258 

not mate, even in the absence of a red male (Figure 3). Four out of 10 of the day 6 males mated 259 

(2/7 intermediate males and 2/3 red males) (Figure 3). Thirty-four out of 40 day seven red 260 

males mated with the females (Figure 3).  261 

  262 

Discussion:  263 

 264 

In the present study, we described ontogenetic colour changes in 265 

Xanthagrion erythroneurum damselflies. The younger males are yellow and change colour to 266 

red six to seven days after emergence. We showed that red males are brighter than the yellow 267 

males. Red males occur more frequently than yellow males in the breeding pond, and have 268 

higher mating success than the yellow males. Furthermore, the follow-up mating experiments 269 

showed red and intermediate males, but not yellow males, mated with females, thereby 270 

suggesting that colour change signals sexual maturity in males. 271 

  272 

The higher mating success of red males in the field can occur due to two reasons: 1) the yellow 273 

males are sexually mature but they cannot mate because they are unable to access the breeding 274 
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territory due to the red males’ aggression, or 2) the yellow males are sexually immature. In 275 

many damselflies,  more conspicuous males are in better physical condition (Fitzstephens & 276 

Getty, 2000; Contreras-Garduño et al., 2008), hence in territorial damselflies, conspicuous 277 

males maintain territories and secure higher mating success (Watanabe & Taguchi, 1990). 278 

Similarly, in non-territorial damselflies, males compete to access breeding territory and 279 

breeding resources such as oviposition sites (Corbet, 1999; Herberstein, Painting & Holwell, 280 

2017). Access to breeding territory, breeding resources and potential mates largely determines 281 

mating success in non-territorial mating systems (Debuse, Addison & Reynolds, 2003; Shuster 282 

& Wade, 2003). In support of that, we found that red males comprised 90% of the total male 283 

population in the pond, and they had a higher mating frequency than the yellow males.  284 

    285 

To establish whether lower mating frequency of the yellow males is due to their lower 286 

occurrence in the breeding pond or because they are sexually immature, we placed a red and a 287 

yellow male with two females so that both males had equal mating opportunities. If the yellow 288 

males were sexually mature, we predicted they would mate under these conditions. Moreover, 289 

if yellow males could mate but were unable to compete with the red males, we predicted that 290 

they would sneak a mate after the red male commenced mating. Our results showed that only 291 

the red male mated under these conditions, which suggests that the yellow males are sexually 292 

immature. However, one might argue that either the yellow males do not mate in the presence 293 

of red males, or that females reject yellow males when red males are present. To eliminate 294 

these causes, we placed a single yellow male with a single female in a mating cage. Our results 295 

showed that none of the yellow males mated, however, the same male mated after it changed 296 

colour to red. We therefore concluded that yellow males are not capable of mating and they 297 

attain sexual maturity after their colour changes.  298 
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Signalling sexual maturity through change in colour has been reported in many taxa including 299 

insects, amphibians, reptiles, and birds (Corbet, 1999; Chan, Stuart-Fox & Jessop, 2009; 300 

Griggio et al., 2009; Bell & Zamudio, 2012). Ischnura heterosticta, Ischnura genei, Ischnura 301 

elegans and Ischnura senegalensis females change colour during ontogenesis; juvenile females 302 

carry fewer eggs and mate less frequently than adult females (Hinnekint, 1987; Takahashi & 303 

Watanabe, 2011; Huang & Reinhard, 2012; Sanmartín-Villar & Cordero-Rivera, 2016). In 304 

Ischnura elegans, the males also change colour from green to blue, which correlates with 305 

spermatogenesis (Hinnekint, 1987; Henze et al., 2019). Outside the odonates, both male and 306 

female wood frogs (Rana sylvatica) become more conspicuous upon sexual maturity, and 307 

remain conspicuous throughout the breeding season (Lambert et al., 2017). In king penguins 308 

(Aptenodytus patagonicus), beak and head colour changes, which signal sexual maturity and 309 

also indicate social status (Nicolaus et al., 2007).  310 

 311 

The yellow to red shift during ontogenesis that we observed in X. erythroneurum is not 312 

uncommon in odonates. Similar colour changes are seen in Crocothemis sevilla, 313 

Sympetrum darwinianum, and Sympetrum frequens dragonflies (Futahashi et al., 2012). The 314 

ommochrome pigments stored in the epidermal chromotophores are the colour producing agent 315 

in these dragonflies. When they change colour from yellow to red they reduce the 316 

epidermal ommochrome pigments (Futahashi et al., 2012). Xanthommatin and 317 

dihydroxanthommatin were detected in the chromatophore in X. erythroneurum damselflies 318 

(Veron, O’Farrell & Dixon, 1974). Further studies, however, are needed to understand if the 319 

same mechanism underlies colour change in this species.  320 

  321 

Xanthagrion erythroneurum males change colour from yellow to red at day six or seven after 322 

emergence. This developmental period, which varies in different species and geographical 323 
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locations, is required for attaining physical fitness, behavioural modification, and gonadal 324 

development in damselflies (Corbet, 1999). The gonads of the newly emerged males are 325 

undeveloped and often do not contain spermatozoa (Pajunen, 1962; Midttun, 1974). 326 

Spermatogenesis occurs gradually during ontogenesis (Jacobs, 1955) and active sperm exists 327 

in about a week-old male in Lestes sponsa (Uéda, 1989). In Ischnura elegans, on the other 328 

hand, the newly emerged male contains active sperm, although the volume increases 329 

significantly during ontogenesis (Corbet, 1999). The initiation of spermatogenesis or the 330 

presence of active sperm, however do not always indicate sexual maturity (Uéda, 1989). In 331 

Lestes sponsa, active sperm can be found in dull coloured males, however sexual maturity is 332 

not achieved until the sperm volume reaches a threshold that is attained at colour maturation 333 

(Uéda, 1989). The precise interaction between sperm maturation, sperm volume and colour 334 

change in X. erythroneurum is currently unknown, but an obvious next step.  335 

 336 

Conspicuous colouration plays a vital role in the reproductive success of a male. Here, we 337 

described ontogenetic colour change in X. erythroneurum damselflies, which results in male 338 

dichromatism. Based on our field observations and behavioural experiments, we showed that 339 

ontogenetic colour change signals age and sexual readiness in non-territorial damselflies. In 340 

the immature stage, males are unable to mate, which may be due to a lack of sperm in their 341 

testes, a prediction that still requires confirmation. Our findings raise the tantalizing questions, 342 

why ontogenetic colour change occurs in non-territorial damselflies. We propose the following 343 

mechanisms to explain the existence of male dichromatism in non-territorial damselflies. After 344 

emerging, the males signal their sexual immaturity with a duller yellow colour. This dull colour 345 

is associated with habitat segregation away from the mating arena (personal observation), 346 

which we predict, reduces aggressive interactions from mature males. After attaining sexual 347 

maturity and bright red colouration, the conspicuous males take up residence in the mating 348 
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arena, and compete to access females for mating. Future work is needed to experimentally test 349 

the proposed mechanism of developmental male dichromatism in a non-territorial mating 350 

system.  351 

Figure legend:  352 

 353 

Figure 1: a) photographs of a yellow and b) a red male. c) Each circle represents a male 354 

damselfly at a different developmental day. Colour of the circle indicates the colour of a 355 

damselfly at a particular developmental day.      356 

 357 

Figure 2: a) The peak wavelength b) total brightness c) yellow chroma (550-625 nm) and d) 358 

red chroma (605-700 nm) of the red and yellow males. The internal line in the boxes represents 359 

the median, and the upper and lower edges of the boxes represent 75th and 25th percentile, 360 

respectively. The whiskers extend to the minimum and maximum data points, but exclude 361 

outliers which are beyond 1.5 times of the interquartile range. * denotes significant difference 362 

between compared groups.    363 

 364 

Figure 3: Each circle and triangle represent the mating outcome of a male. The colour of the 365 

data points indicates the colour of the experimental males. A triangle indicates a non-mated 366 

male, whereas a circle indicates a mated male. Data points above the horizontal lines indicate 367 

mated individuals and points below indicate non-mated individuals. Data points on the left of 368 

the vertical lines are the males before changing colour whereas data points on the right indicate 369 

males after changing colour.         370 

 371 

 372 
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