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Abstract
Ontogenetic habitat shifts are predicted to increase the fitness and survival of individuals 
by allowing effective utilization of spatially distributed resources. Evidence supports nutri-
tional requirements and predation pressure as drivers of habitat shifts. Likewise, intraspe-
cific interactions are thought to lead to ontogenetic habitat shifts, however, empirical 
evidence is lacking. Here, we test if intraspecific male–male interactions are responsible 
for ontogenetic habitat shifts in Xanthagrion erythroneurum, a damselfly that undergoes 
developmental colour change. The juvenile males are yellow and change colour to red with 
sexual maturity. Field observations showed that the proportion of juvenile males is higher 
in adjacent woods than in primary mating arenas by ponds. We measured male–male inter-
actions by the pond and in the woods, predicting the habitat switch would reduce male 
antagonistic interactions such as male aggression and male–male mating attempts. We 
showed that juvenile males receive less aggression in woods than at the pond mating arena. 
We conclude that lower population density and lower male encounter rates in the woods 
reduce the cost of male aggression for juvenile males. Our study provides evidence that 
stage-dependent habitat choice resulting from intrasexual antagonistic interactions may 
drive ontogenetic habitat shifts.

Keywords  Colour polymorphism · Sexual conflict · Sexual selection · Ontogenetic colour 
change

Introduction

Different developmental stages often require specific habitats (Moran 1994), and habitat 
shifts at different developmental stages can generate stage-structured populations (Shine 
et al. 2003). Habitat shifts are thought to increase fitness and survival at different life stages 
by optimizing the utilization of spatially distributed resources (Miller and Rudolf 2011). 
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Some evidence exists supporting physiological limitations, differential nutritional require-
ments, and predator avoidance as selective agents of ontogenetic habitat shifts (Moran 
1994; Grof-Tisza et al. 2015). Antagonistic interactions within and between sympatric spe-
cies are predicted to be potential drivers of ontogenetic habitat shifts (Morris 2003; Martin 
et al. 2013; Delaney and Warner 2017), but are poorly supported by experimental evidence.

Antagonistic interactions between juveniles and adults are common in many vertebrate 
and invertebrate taxa, including damselflies (Corbet 1999; Martin et al. 2013; Delaney and 
Warner 2017). Damselflies shift from aquatic to terrestrial habitats after emerging from 
their larval stage (Corbet 1999). The adults, however, return to aquatic habitats for breed-
ing as the females oviposit in the water or on submerged plants (Corbet 1999). Adult males 
assemble in mating arenas (lakes, ponds, or streams) and engage in scramble competition 
where they aggressively attack conspecifics to defend or access breeding grounds (Khan 
and Herberstein 2019, 2020b). In high-density assemblages, males often attempt to mate 
with conspecific males (Miller 1987; Beatty et al. 2015). Adult male aggression and male 
mating attempts are costly for juvenile males (Gering 2017). We predict that these costly 
interactions can be mitigated if juveniles relocate away from the aquatic breeding ground, 
thereby driving ontogenetic habitat shifts.

In this study, we aim to determine the patterns of ontogenetic habitat shift in X. eryth-
roneurum damselflies, which exhibit ontogenetic colour change whereby the juvenile 
males change colour from dull yellow to conspicuous red upon sexual maturity (Fig. 1a, b; 
Khan and Herberstein 2020a). Juvenile dull colouration signals subordinance in animals, 
and can reduce adult aggression (Hawkins et al. 2012). In this study species, dull juvenile 
colouration, however, does not reduce adult aggression. Rather, yellow males incur higher 
conspecific aggression within breeding areas (Khan and Herberstein 2020b). We therefore 
hypothesized that such male–male aggressions could drive ontogenetic habitat shift. We 
calculated the proportion of juvenile and adult males active at the pond breeding territory 
and in the adjacent woods, away from the breeding area, to quantify the developmental 
habitat shift. We predicted, juvenile males would occupy woods over pond habitat if it 
reduces adult male aggression. Next, we aim to determine whether this ontogenetic habi-
tat shift reduces costly male–male interactions incurred by yellow males. We performed a 
behavioural experiment to determine male aggression and mating attempts with juvenile 
males at the pond and wood habitats predicting that males at the wood habitat will receive 
fewer aggression and mating attempt than males at the pond habitat. In accordance with 
our prediction, we found that juvenile males at the wood receive male–male interactions 
than in pond habitats.

Materials and methods

Study species and field site

X. erythroneurum is an Australian damselfly commonly found in ponds, lakes, and marshes 
(Theischinger and Hawking 2016; Khan and Herberstein 2020a). Adult males of this spe-
cies are distinguished from other sympatric species by their conspicuous red colouration 
and blue abdominal bands on terminal abdominal segments (Khan and Herberstein 2019). 
X. erythroneurum exhibits ontogenetic colour changes: the juvenile males are yellow and 
attain a conspicuous red colour 6–7 days after emergence (Fig. 1a, b; Khan and Herberstein 
2020a). This yellow to red colour shift signals sexual maturity in males as only red males 
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mate (Khan and Herberstein 2020a). Yellow males never mate, even in the absence of com-
petitors (Khan and Herberstein 2020a). Adult females, like adult males, are red in colour, 
whereas juvenile (age 1–7  days) and subadult females (7–14  days) exhibit yellow body 
colour like juvenile males (Khan and Herberstein, unpublished data).

We conducted field studies at a pond situated on the North Ryde campus of Macquarie 
University, Sydney, Australia (33.772 S, 151.114 E). In the Sydney region, X. erythroneu-
rum start emerging in September. The juveniles are seen in flight until December, whereas 

Fig. 1   Ontogenetic colour variation of male. a sexually immature yellow male b mature red male. Male 
proportions and population density in pond and woods. c proportions of newly emerged males (n = 8), d 
proportions of yellow males (n = 16), e proportions of red males at the pond and the woods (n = 16), f popu-
lation density (number of captured individuals/min) at the pond (n = 11) and the woods (n = 9). Bold lines 
indicate medians. Boxes enclose 25th to 75th percentiles. Error bars enclose the data range, excluding outli-
ers. Dots are data points of each study day; dots that are vertically outside the error bars are outliers, > 1.5 
times the interquartile range; * indicates p < 0.05
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the adults remain active until June (Khan and Herberstein 2019). We did not require per-
mits for this study as it was conducted outside national parks and protected areas, and X. 
erythroneurum is not protected in Australia.

Habitat selection

To determine whether red and yellow males prefer different habitats, we calculated damsel-
fly frequencies by a pond (vegetation surrounding the pond, < 5 meters from the pond edge) 
and within nearby woods (> 10 meters from the pond edge, in bushy patches under tree 
cover). Selecting sunny days only, we slowly walked along the edge of the pond and woods 
and captured damselflies using an insect sweep net (Khan 2015, 2018). During a single 
sample event, we collected males for 25–35  min in either habitat and then counted the 
number of red, yellow, and newly emerged yellow males captured at the pond and woods. 
We identified newly emerged males by their shiny wings (Khan 2020; Khan and Herber-
stein 2020a). We released red and yellow males after counting them, however we kept 
newly emerged males for 2–4 h to allow their wings to harden before release. We marked 
the wings of damselflies with a dot before releasing them to avoid counting the same indi-
viduals more than once. We calculated damselfly frequencies in 2017 (n = 7 days), 2018 
(n = 6 days), and 2019 (n = 3 days) between September and October when juveniles and 
adults co-occurred. Number of sampling days varied in different studied years because of 
logistical constraints.

Male–male interaction

X. erythroneurum females and sexually immature males are non-aggressive to conspecif-
ics. Therefore, we only considered response of the adult males when assessing male–male 
interactions. Our interest is in understanding the driver of habitat selection of yellow 
males. Thus we experimentally investigated if yellow males received less male–male inter-
actions (male approaches, male aggression, male–male copulation attempts) in the woods 
than by the pond using a modified damsel-on-a-dowel technique (Fincke et al. 2007; Khan 
and Herberstein 2020b). Using UHU™ glue, we glued the legs of live yellow males to 
dowels. In such a condition, restrained males still were able to exhibit mating refusal 
and aggressive display by raising their abdomen like free-flying damselflies. We placed 
the dowels at the edge of the pond and in the woods, and measured the interactions from 
conspecific males while sitting approximately one meter away from the dowel. This dis-
tance allowed us to follow the interactions clearly without disturbing regular movements 
of the approaching damselflies. An approaching male can detect the focal male when it 
passes within 10 cm of the focal male (Fincke 2015). We counted numbers of approaches 
when intruder males passed within 10 cm of focal males on the right or left. An approach 
can result in an aggressive response, a non-aggressive response or a mating attempt. If 
approaching males passed focal males without any physical contact, we recorded it as a 
non-aggressive response. When approaching males bit the focal males, we counted it as 
aggressive response. Finally, when approaching males tried to clasp the focal male (moving 
their cerci to the focal male’s prothorax), or formed a tandem (physically connected to the 
focal male with their cerci) we counted it as a mating attempt. We measured interactions 
for a focal male for 10 min (one trial). We performed all trials (n = 41) on sunny days and 
used each male only once. At the end of the experiment, males were unglued, body length 
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was measured and their wings were marked before they were released. As our hypothesis 
did not pertain to the habitat selection of red males, we did not include them in this set up.

Statistical analyses

We calculated the proportions of red, yellow, and newly emerged males collected from the 
pond and woods. The proportions of a male colour type can vary from 0 to 1 in their habi-
tats. These type data such as proportions and rates are best fitted by beta regression model 
(Cribari-Neto and Zeileis 2010). We fitted a beta regression model to determine whether 
males prefer a certain habitat type. Beta regression models cannot deal with extreme values 
of 1 and 0, so we transformed male proportions by using the equation y * (n − 1) + 0.5)/n, 
where y is the calculated proportion and n is the sample size (Smithson and Verkuilen 
2006). We fitted beta regression models using proportions of the three male categories as 
response variables, and habitat (pond or woods) as a covariate.

We estimated population density at the pond and woods as the number of damselflies 
collected per minute (Iserbyt et al. 2013). We applied a linear mixed effect model (LMM) 
using male density as the response variable and habitat (pond or woods) as a fixed factor. 
We used study days as a random factor to account for abiotic factors (temperature, cloud 
cover, wind speed, and humidity) that might affect damselfly assemblage and density. We 
used the r.squaredGLMM function of the R package ‘MuMIn’ to determine the effect size 
of the model (Johnson 2014).

We fitted a generalized linear model (GLM) using overdispersed Poisson distribution 
(quasipoisson) to determine effects of habitat on the number of approaches received by 
focal males. We tested possible models with habitat and total body length as covariates and 
selected the best model using quasi Akaike’s information criterion (QAIC). To account for 
zero inflation and overdispersion, we fitted zero-inflated generalized linear mixed models 
(ZIGLMM) to determine aggression and mating attempts received by focal males at the 
pond and woods. We tested a number of models with habitat (pond and woods) and total 
body length of the focal damselfly as fixed effects, and experimental days as a random 
effect. We choose the best-fitting models using Akaike’s information criterion corrected 
for small sample sizes (AICc) (see supplementary material for model selection). All mod-
els were fitted in R v 3.5.2 using the packages ‘betareg’ (Cribari-Neto and Zeileis 2010), 
‘lme4’ (Bates et al. 2019), and ‘glmmADMB’ (Fournier et al. 2012).

Results

Male proportions and population density in pond and woods

Proportions of newly emerged males were greater at the pond than the woods (beta regres-
sion: estimate = 2.01 ± 0.04, z = 48.68, p < 0.001, pseudo R2 = 0.98; Fig. 1c). By contrast, 
proportions of juvenile yellow males were higher in the woods than the pond (beta regres-
sion: estimate = 1.88 ± 0.04, z = 39.40, p < 0.001, pseudo R2 = 0.97; Fig. 1d). The propor-
tion of adult red males, on the other hand, was higher at the pond habitat than the woods 
(beta regression: estimate = 1.04 ± 0.23, z = 5.04, p < 0.001, pseudo R2 = 0.59; Fig.  1e). 
Population density of damselflies was higher at the pond than the woods (GLM: esti-
mate = 1.10 ± 0.18, t = 5.85, p < 0.001, R2 = 0.46; Fig. 1f).
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Male–male interactions

The juvenile focal males received more approaches from the intruder males at the pond 
than in the woods (GLM: estimate = 2.33 ± 0.32, t = 7.22, p < 0.001, R2 = 0.78; Fig.  2a). 
Similarly, the focal juvenile males at the pond received more aggression than those in 
the woods (ZIGLMM: estimate = 2.88 ± 0.48, z = 5.99, p < 0.001; Fig.  2b). The focal 
males also received fewer mating attempts in the woods than the pond (ZIGLMM: esti-
mate = 3.24 ± 1.06, z = 3.05, p < 0.01). Body size of the focal male, however, did not have 
a significant effect on received aggression (ZIGLMM: estimate = 0.18 ± 0.12, z = 1.50, 
p = 0.13) or mating attempts (ZIGLMM: estimate = 0.14 ± 0.36, z = 0.39, p = 0.69).

Discussion

Ontogenetic habitat shifts can occur due to nutritional requirements, to avoid predation, and 
to reduce intra- and interspecific antagonistic interactions (Kleeck et al. 2018; Nokelainen 
et  al. 2019; Sánchez-Hernández et  al. 2019). We determined ontogenetic habitat prefer-
ence in X. erythroneurum damselfly and showed that the proportion of juvenile males was 
higher in the woods, whereas adult males occurred in higher proportions at the pond. We 
further measured adult male aggression towards, and mating attempts with juvenile males 
and showed that juvenile males received less aggression and fewer mating attempts in the 
woods than the pond. We conclude that male antagonistic interactions (aggression and 
mating attempts) at the pond are significant contributors to the observed ontogenetic habi-
tat shifts in X. erythroneurum damselflies.

Sexually mature X. erythroneurm males assemble in a mating arena (pond) and 
engage in scramble competition where they aggressively attack conspecific males (Khan 
and Herberstein 2020b). Such aggressive male–male interactions at the pond have been 
shown to reduce male fitness and longevity in damselflies (Gering 2017). The juvenile 
males, on the other hand, do not benefit from occupying the pond as they are not sexu-
ally mature and do not mate (Khan and Herberstein 2020a). Thus, by moving to a dif-
ferent habitat, juvenile males could reduce adult aggression. Accordingly, our results 

Fig. 2   Male–male interactions at the pond and the woods. a number of approaches and b aggression rate 
(number of attacks/number of approaches) received by the focal males at the pond (n = 19) and the woods 
(n = 22). Bold lines indicate medians. Boxes enclose 25th to 75th percentiles. Error bars enclose the data 
range, excluding outliers. Dots are data points; dots that are vertically outside the error bars are outli-
ers, > 1.5 times the interquartile range; * indicates p < 0.05
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showed that juvenile males can effectively evade male aggression by shifting to the 
woods. The mechanisms for this are two-fold: firstly, fewer aggressive red males occur 
in the woods and secondly, overall population density, and therefore male interactions, 
are lower in the woods than the pond. Other possible mechanisms that we did not test 
here include a lower detection probability of yellow males due to greater background 
matching in the woods.

In addition to aggressive interactions, male–male mating attempts frequently occur 
in damselflies, especially in high male density assemblages (Miller 1987). These 
male–male mating attempts are costly in terms of time, energy and unsuccessful mating 
attempts and reduce male fitness (Gering 2017). Male morphological traits, such as blue 
abdominal bands, conspicuous body colouration, and behaviour such as refusal display, 
can reduce male–male mating interactions (Sherratt and Forbes 2001; Khan and Herber-
stein 2019, 2020b). Our experiment showed that juvenile males that reside at the pond 
habitat are likely to incur male–male mating attempts. The adult males probably recog-
nise juvenile males as potential mates because of the body colour similarities between 
juvenile males and juvenile females. Body colour similarity between males and females 
increase male–male mating interactions in other damselflies (Beatty et  al. 2015; Ger-
ing 2017). Since adult males and females are similarly red in colour, recognition error 
among adult males is also possible and reduced due to the male-limited abdominal blue 
bands that function as antiharassment aposematic signals and reduce male–male mating 
interactions (Beatty et al. 2015; Khan and Herberstein 2019). While juvenile males also 
have these blue bands, they are much paler (personal observation) and likely to be less 
effective than habitat shifts.

While our study makes a convincing case that juvenile males enjoy a selective benefit 
from habitat shifts based on reduced aggression and male–male mating attempts, we can-
not, however, exclude the possibility that the woods additionally provide selective benefits 
such as food resources or protection from predators. Damselflies feed on other smaller 
insects including Diptera and Lepidoptera (Corbet 1999). Bushes and woods with more 
complex vegetation structure are more suitable habitats than pond sites, thereby offering 
more food resources (Hughes et  al. 2000). Furthermore, woods probably provide better 
camouflage for damselflies thus reducing predation risks. Further studies are required to 
test these mutually non-exclusive hypotheses.

Ontogenetic habitat shifts are common in many vertebrates and invertebrates often 
meet the ecological requirements at different developmental stages. In fishes and reptiles, 
ontogenetic habitat shift is primarily driven by nutritional demands and interspecific inter-
actions such as predation risk (Dahlgren and Eggleston 2000; Keren-Rotem et al. 2006). 
Here, in damselflies, we showed that adult male aggressions and mating attempts towards 
juvenile males selects for ontogenetic habitat shift. The sexually immature males shift from 
pond site to the woods where they stay until sexual maturity and after gaining sexual matu-
rity return to the pond again where they mate. Our study highlights the contribution of 
intraspecific interactions in habitat dispersion and provides experimental evidence for the 
role of intraspecific interactions in ontogenetic habitat shift.
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