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Ornamentation is associated with social costs in male
red-backed fairywrens (Malurus melanocephalus)

Joseph F. Welklin®?**®, Sarah Khalil**>*®, Samantha M. Lantz®, Jordan Boersma’*”-®, William E. Feeney®, Hubert Schwabl’,
Jordan Karubian®®, Michael S. Webster"?

1Departr‘nent of Neurobiology and Behavior, Cornell University, 215 Tower Rd, Ithaca, NY 14853, United States

*Macaulay Library, Cornell Lab of Ornithology, 159 Sapsucker Woods Rd, Ithaca, NY 14850, United States

3Depalftlrnent of Biology, University of Nevada, 1664 N Virginia St, Reno, NV 89557, United States

“Department of Ecology and Evolutionary Biology, Cornell University, 215 Tower Rd, Ithaca, NY 14853, United States

°Fuller Evolutionary Biology Program, Lab of Ornithology, 159 Sapsucker Woods Rd, Ithaca, NY 14850, United States

®Department of Ecology and Evolutionary Biology, Tulane University, 400 Lindy Boggs Center, New Orleans, LA 70118, United States
’School of Biological Sciences, PO Box 644236, Washington State University, Pullman, WA 99164, United States

#Dofiana Biological Station (CSIC), C/ Americo Vespucio, 26, 41092, La Cartuja Island, Seville, Spain

*Corresponding author: Department of Biology, University of Nevada, 1664 N Virginia St, Reno, NV 89557, United States. Email: jwelklin@gmail.com
Handling Editor: Dr. Rachael Shaw

Sexually-selected ornaments typically confer reproductive benefits, but ornamented and unornamented male phenotypes often co-occur in
the same population. Reduced social costs are one potential compensatory benefit of unornamented male phenotypes, but few studies have
tested this hypothesis in a natural context. Here we present a field-based experiment testing whether ornamented plumage carries social
costs in the red-backed fairywren (Malurus melanocephalus), a small Australian songbird that exhibits delayed but flexible plumage
maturation. Only one-quarter of 1-yr-old male red-backed fairywrens acquire ornamented plumage, but young ornamented males
obtain greater reproductive success than males that retain brown, female-like plumage. We experimentally tested whether ornamented
plumage is associated with social costs by implanting brown 1-yr-old males with testosterone to induce molt into ornamented plumage,
then recorded the resulting social interactions. Testosterone-implanted males developed ornamentation and were chased and attacked
more often by conspecific males than were control-implanted males without ornamentation, supporting the hypothesis that molt into
ornamented plumage is socially costly. However, despite these apparent costs, some 1-yr-old males naturally acquired ornamented
plumage after pairing with a female. Paired 1-yr-olds who naturally acquired ornamented plumage exhibited smaller home ranges than
the unpaired, implanted males in their natal groups. Post-hoc simulations suggested that smaller home ranges could result in fewer
interactions with neighbors, meaning smaller home ranges may reduce the social costs associated with acquiring ornamentation. We
discuss the aspects of manipulating ornamentation with testosterone and suggest that our results add to growing evidence that social
costs can enforce the honesty of sexually-selected ornaments.

Keywords: delayed plumage maturation; honest signals; plumage ornamentation; sexual selection; social costs; testosterone.

Introduction

Omamentation, such as elaborate coloration or song, is often a key
determinant of male reproductive success (Andersson 1994), yet in
many species it is common for some males to adopt unornamented
phenotypes even when they are capable of breeding (Oliveira et al.
2008). For example, many bird species exhibit delayed plumage mat-
uration, a phenomenon characterized by young individuals not ac-
quiring the adult-specific plumage until a certain age (Hawkins
etal. 2012). In songbirds, delayed plumage maturation is often char-
acterized by young males not acquiring the ornamented breeding
plumage typical of older males and instead displaying female-like
or intermediate phenotypes (Rohwer et al. 1980). Although a lack
of ornamentation is associated with sneaker reproductive strategies
inmany taxa (Taborsky 1994; Emlen 1997; Utamietal. 2002), unorna-
mented young male birds rarely exhibit sneaker reproductive
behaviors, and typically obtain lower reproductive success than
do older, ornamented males (Grant 1990; Morton et al. 1990;
Greene et al. 2000; Webster et al. 2008). These findings suggest that

young malebirds may adopt unornamented female-like phenotypes
as a “best of a bad job” strategy due to costs associated with orna-
mentation that outweigh the reproductive benefits of exhibiting or-
namented plumage at a young age. However, our understanding of
the “costs” that constrain the development of ornamented plumage
remains limited.

Three hypothesized types of costs of ornamentation have been
advanced to explain signal variation among individuals, including
delayed signal acquisition in young males. The ecological costs
hypothesis proposes that unormamented phenotypes benefit
from decreased predation pressure because they are more cam-
ouflaged to predators (Dunn et al. 2015; Cain et al. 2019).
Alternatively, the physiological costs hypothesis suggests that
sexual signals are condition-dependent, such that individual
differences in genotype, somatic states, epigenetic states, and
other physiological processes determine an individual’s ability
to produce costly ornamentation (Folstad and Karter 1992;
Buchanan et al. 2001; Hill 2011). Under this hypothesis, males
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should produce unornamented phenotypes when physiologically
or energetically constrained from producing costly ornamented
phenotypes (Rohwer and Butcher 1988). Finally, the social costs
hypothesis proposes that costs of ornamentation are receiver-
dependent; examples include attracting aggression from conspe-
cifics (Webster et al. 2018), or through increased social interac-
tions negatively influencing physiological processes such as
oxidative stress (Tibbetts 2014; Vitousek et al. 2014). This hypoth-
esis predicts that older males experience reduced competition for
mating opportunities when they prevent young males from ob-
taining ornamented phenotypes, and young or competitively in-
ferior males benefit from delayed signal acquisition by clearly
signaling their subordinate status to reduce aggression from older
males (Lyon and Montgomerie 1986).

Of these three hypotheses, the social costs hypothesis may be
best suited to explain signal variation in many birds that exhibit
delayed plumage maturation (Hawkins et al. 2012). The ecological
costs hypothesis has received mixed support when comparing
predation rates across colorful and dull phenotypes (eg,
Gotmark 1993; Cain et al. 2019). Similarly, physiology is likely to
be an important determinant of individual variation in signal
quality in many systems, but experimental tests of the physio-
logical costs hypothesis, such as the costs of elevated testoster-
one, have produced mixed results (Roberts et al. 2004; Foo et al.
2017; Webster et al. 2018; McQueen et al. 2021). In contrast, the so-
cial environment plays an important role in signal expression
across many taxa, including in birds (Maia et al. 2012; Dey et al.
2014; Welklin et al. 2021), fish (Munday et al. 2006; Maruska and
Fernald 2013), insects (Kasumovic et al. 2011), and mammals
(Pradhan et al. 2012). Further, social costs have been shown to
be important enforcers of signal honesty in many species
(Tibbetts and Dale 2004; Chaine et al. 2013; Ligon and McGraw
2016), but most previous studies of signal honesty have focused
on badge-of-status type signals and have not examined sexually-
selected ornaments or delayed signal acquisition (but see Conover
et al. 2000; Bywater and Wilson 2012). Several observational stud-
ies and mount presentation experiments have found support for
the social costs hypothesis (see Hawkins et al. 2012 for a compre-
hensive review), but few studies have combined an experimental
approach with observations of free-living animals to test whether
acquisition of ornamented plumage is socially costly in natural
contexts (Rohwer 1977; Rohwer and Rohwer 1978; Stutchbury
1991; Conover et al. 2000; Berggren et al. 2004). To confirm that so-
cial costs are sufficient to explain delayed plumage maturation,
the hypothesis should be addressed in free-living animals in a nat-
ural context, ideally by manipulating their signals and observing
the resulting social consequences (Higham 2014).

The red-backed fairywren (Malurus melanocephalus) is a model
species for studying the causes and consequences of delayed
plumage maturation (Karubian 2002). Older males typically
alternate between a red-black ornamented plumage during the
breeding season and a brown, female-like plumage during the
non-breeding season, but approximately three-quarters of 1-yr-
old male red-backed fairywrens spend their first breeding season
in the brown plumage, and only one quarter of 1-yr-old males ac-
quire the ornamented, red-black breeding plumage typical of old-
er males (Welklin et al. 2021). All 1-yr-old males, including helper
males, are capable of siring offspring, but neither helpers nor
brown breeders exhibit sneaker reproductive strategies, and ac-
cordingly sire few extra-pair offspring (Webster et al. 2008).
Paired brown and ornamented males are typically cuckolded at
similar rates (but see Dowling and Webster 2017), but ornamented
1-yr-old males sire more extra-pair offspring than brown 1-yr-old

males, resulting in ornamented 1-yr-old males obtaining higher
reproductive success than brown 1-yr-old males (Webster et al.
2008; Barron et al. 2025). Similarly, since helper males are un-
paired, brown breeders obtain higher reproductive success than
helper males because they typically sire some within-pair off-
spring (Webster et al. 2008). Thus, both pairing and ornamenta-
tion are associated with reproductive benefits for 1-yr-old males.

Previous research into the costs of ornamented plumage in red-
backed fairywrens has not found support for the ecological costs
hypothesis and has found only partial support for the physiologic-
al costs hypothesis. Comparison of brown and ornamented male
phenotypes revealed similar survival rates, suggesting similar
predation pressure, in contrast to the expectations of the ecologic-
al costs hypothesis (Karubian et al. 2008), although whether orna-
mented males behaviorally compensate for potential predation
costs has not been investigated in this species (McQueen et al.
2017). Observational tests of the physiological costs hypothesis
have revealed that males molting into ornamented plumage are
in better body condition (Lindsay et al. 2009; Barron et al. 2013;
Welklin et al. 2021), and that the timing of ornamented plumage
acquisition may be associated with physiological constraints in
older, but not younger males due to differences in when they ac-
quire ornamented plumage. Older males acquire ornamented
plumage during the dry season (well before the onset of breeding)
and inter-annual variation in timing of molt in older males is
tightly connected to rainfall, which likely determines food abun-
dance, a key prediction of the physiological costs hypothesis
(Welklin et al. 2021). However, 1-yr-old males acquire ornamented
plumage just prior to or during the breeding season when their in-
sect prey is abundant, and as a result, acquisition of ornamented
plumage by 1-yr-old males is not associated with climatic factors
(Welklin et al. 2021), except in cases of extreme environmental
conditions such as wildfire (Boersma et al. 2021). Males that natur-
ally molt into ornamented plumage have higher testosterone lev-
els than males in brown plumage (Lindsay et al. 2009), and
experimental tests of the physiological costs hypothesis have
revealed that brown males respond to testosterone supplementa-
tion by initiating molt and producing ornamented plumage, sug-
gesting that plumage ornamentation is testosterone-dependent
(Lindsay et al. 2011). However, brown males appear physiological-
ly capable of increasing testosterone levels to the same level as or-
namented males (Barron et al. 2015), and brown males elevate
testosterone when given the opportunity to pair with a female
(Karubian et al. 2011). Therefore, brown males do not appear to
be unornamented due to a physiological inability to elevate
testosterone.

Instead, whether or not a 1-yr-old male acquires ornamented
plumage appears to be influenced by the timing of social cues
that likely trigger physiological changes (Welklin et al. 2021), in-
cluding the elevation of testosterone and its downstream effects
(Khalil et al. 2020, 2023). Specifically, 1-yr-old male red-backed
fairywrens do not molt into ornamented plumage until after
they have dispersed from their natal group and paired with a fe-
male. One-yr-old males pair while in brown plumage, but those
who pair with a female during the non-breeding season typically
molt into ornamented plumage after pairing, whereas 1-yr-old
males that pair during breeding or remain as unpaired helpers
at their parents’ nest, remain in brown plumage (Welklin et al.
2021). These findings suggest that the benefits of ornamented
plumage only outweigh the costs of ornamentation once a male
has paired with a female. Since ornamented 1-yr-old males sire
more offspring than brown 1-yr-old males, the benefits of orna-
mentation are likely reproductive (Webster et al. 2008), but the
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nature of the costs causing unpaired males to remain in brown
plumage are still unclear. During breeding, older males are more
aggressive toward ornamented males intruding on their territory
than they are toward brown male intruders (Karubian et al.
2008), so it is possible the costs of ornamentation come from in-
creased aggression from conspecifics. Indeed, neighboring social
groups often interact with one another during the non-breeding
season when the pre-breeding molt occurs (Welklin et al. 2023),
possibly resulting in opportunities for older conspecific males to
suppress molt and ornamentation in 1-yr-old males.

Here we experimentally test whether ornamented plumage ac-
quisition carries social costs to better understand why most 1-yr-old
male red-backed fairywrens exhibit delayed plumage maturation.
We implanted unpaired 1-yr-old males with testosterone to induce
early molt into ornamented plumage during the non-breeding sea-
son (method established in Lindsay et al. 2011). This experimental
manipulation allowed us to test a key prediction of the social costs
hypothesis: that ormamented 1-yr-old males, relative to brown
same-aged males, receive more aggression (eg, chases and attacks)
from older males. We test this hypothesis using a social network ap-
proach to quantify rates of aggression toward testosterone and
control-implanted 1-yr-old males during dyadic associations within
foraging flocks of fairywrens. However, elevated testosterone levels
have pleiotropic effects on multiple traits with physiological and be-
havioral consequences (Wingfield et al. 1990; Ketterson et al. 2009;
Khalil et al. 2023), in addition to regulating morphological changes
such as molt into ornamented plumage (Lindsay et al. 2011). We in-
terpret the results of this experiment in light of the fact that we can-
not rule out undetected behavioral changes as an additional
potential cause of differences in aggression received.

In addition to observing testosterone-implanted and brown
males, we followed a number of paired 1-yr-old males that naturally
molted into ornamented plumage in order to understand how
paired 1-yr-old males deal with the potential social costs associated
with acquiring omamented plumage. Following naturally-molting
males allowed us to test a second prediction of the social costs hy-
pothesis: that acquisition of ornamentation should be associated
with social environments that limit interactions with potential ag-
gressors. Males naturally molting into ornamented plumage were
paired to a female, and thus in smaller social groups than the im-
planted unpaired brown males who were still in their natal social
groups. Anecdotally, paired 1-yr-old males appeared to inhabit
smaller home ranges than unpaired males, so we tested the hypoth-
esis that paired 1-yr-old males have smaller home ranges than un-
paired males and that smaller home ranges are associated with
fewer interactions with neighboring conspecific males. Combined,
these tests help further reveal why unpaired 1-yr-old male red-
backed fairywrens exhibit delayed plumage maturation and provide
further insight into how social costs affect signal acquisition in spe-
cies with variable ornamentation.

Methods

Field methods

We studied a population of color-banded red-backed fairywrens
near Lake Samsonvale in Queensland, Australia (27° 16'S, 152°
41'E) over two non-breeding seasons (June through August 2017
and 2018). Red-backed fairywrens at this site typically breed
from September through January. Seasons are named for the
year the breeding season ends in (ie these years correspond to
the 2018 and 2019 seasons). Banding during this study was pri-
marily conducted in June but yearly banding efforts in the
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population began in 2010. Unbanded adults were captured using
mist nets and banded with an ABBBS (Australian Bird and Bat
Banding Scheme) aluminum band and a unique combination of
three plastic color bands, or two plastic color bands and one col-
ored metal band. We collected a small blood sample (20 to
70 uL) from the brachial vein of adults and determined the age
(1 or 2+years) of unbanded individuals using a skull ossification
scale for this species (Lindsay et al. 2009).

All procedures involving animals were approved by the Cornell
Institutional Animal Care and Use Committee (IACUC 2009-0105),
Tulane University IACUC (2019-1715), the James Cook University
Animal Ethics Committee (A2100) and performed under a
Queensland Government Department of Environment and
Heritage Protection Scientific Purposes Permit (WISP15212314).

Experimental evaluation of the social costs
of ornamentation

We experimentally tested whether molt into ornamented plumage
is socially costly by implanting brown 1-yr-old males in their natal
groups with testosterone implants to induce molt into ornamented
plumage (N=5 in the 2018 season and N =6 in the 2019 season) or
with control implants that contained no testosterone (N=5 in the
2018 season and N=3 in the 2019 season; Khalil et al. 2020;
Boersma et al. 2023). Implants are described in Khalil et al. (2020)
and Boersma et al. (2023) and were composed of beeswax (73% by
weight) and peanut oil (24% by weight). Testosterone implants in-
cluded 3% crystalline testosterone by weight (0.5 mg dose) and ele-
vated androgen levels for approximately 14 d after implantation,
after which androgen levels sharply declined (Boersma et al. 2023).
Males were implanted in late June and July by making a small inci-
sion in the skin just above the thigh using medical scissors, then in-
serting the implant subcutaneously using forceps (see Table S1 for
exact timing). Vetbond tissue adhesive was used to close the incision
(3M, Saint Paul, MN). All implanted 1-yr-old males were unpaired
and had not yet dispersed from their natal social groups that typical-
ly included their parents, siblings from the same breeding season,
and sometimes older siblings from previous breeding seasons
(Welklin et al. 2023 ). All 11 testosterone-implanted males were in
separate non-breeding social groups from one another. All 8
control-implanted males were also in separate non-breeding social
groups from one another, but some control and testosterone-
implanted males were in the same non-breeding social groups.
Afterimplantation, we monitored molt into ornamented plum-
age by estimating the percentage of red-black plumage to the
nearest 5% and monitored each focal male’s associations with
other individuals through observations of non-breeding foraging
flocks for approximately 1.5 to 2 mo (Welklin et al. 2021). This ob-
servation period (July-August) ended just before the start of
breeding. During observations, we followed foraging flocks for 15
to 60 min and recorded the identities of all individuals associating
every 5 min, recorded flock locations every 5 min using Garmin
Etrex GPS units, and recorded the occurrence of all aggressive be-
haviors (chases and physical attacks; see below) throughout the
observations, including the identity of the aggressor and receiver
when possible. We refer to each of these samples of flocks at the
5-min mark as “sightings’. Individual red-backed fairywrens
were considered associating if they were part of the same foraging
flock that moved and vocalized in a coordinated manner; most in-
dividuals in these flocks remained within 20 m of one another
(Welklin et al. 2023). We generated social networks from these ob-
servations and determined the composition of non-breeding so-
cial groups following Welklin et al. (2023). Briefly, we generated
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dendrograms using the UPGMA method to organize individuals
into trees based on network association scores (Sneath and
Sokal 1973), then cut the dendrogram at the bifurcation point as-
sociated with the highest silhouette distance score (clustering
quality score; Rousseeuw 1987) to identify social groups (Welklin
et al. 2023). We attempted to follow all social groups equally,
but red-backed fairywrens occupy large home ranges during the
non-breeding season and spend most of the day foraging quietly,
so we did not find every group on every attempt at observation.
Our statistical methods account for differences in observation
counts among social groups and focal males. We also collected
data on the composition and behaviors of foraging flocks oppor-
tunistically while conducting other tasks but did notinclude these
opportunistic sightings in our social networks.

To determine whether ornamented plumage was socially costly,
we tested whether the likelihood of a subject being chased or at-
tacked was associated with implant type (testosterone or control).
A chase occurred when an aggressor displaced a receiver more
than twice in quick succession and an attack occurred if the aggres-
sor made physical contact with the receiver. Attacks were violent—
the attacking bird often crashed into the receiving bird and took the
receiving bird to the ground. Chases that led to attacks were treated
as one aggressive event (attack). We obtained our response variable
by creating a network edge list that contained all dyadic associations
between implanted males and other red-backed fairywrens re-
corded during our social network observations (sightings collected
every 5min) and opportunistic sightings. For each dyadic associ-
ation, we coded whether the conspecific directed any aggression to-
ward the 1-yr-old male. This method helped control for differences
in social environment between 1-yr-old males, such that the num-
ber of aggressive acts a focal male received was relative to the num-
ber of associations with potential aggressors that male experienced.
Aggression only came from males, never from females, and a
Fisher’s exact test revealed that this result was not likely due to
chance (P<0.001). Therefore, we restricted our analysis to
male-male associations only. Although not experimentally quanti-
fied, we observed no obvious behavioral differences (ie aggression
as described above, singing, or displays) between control-implanted
and testosterone-implanted males.

In addition to implanted males, we followed several brown
1-yr-old males with no implants each year that were still in their
natal groups (N=4 in the 2018 season, and N=13 in the 2019 sea-
son). Some of these males were in the same social groups as males
with implants. These males did not differ from control-implanted
males in the number of aggressive acts received (N =8,213 associ-
ations with other males in 1,828 sightings resulting in 6 aggressive
events (1 toward a control-implanted male and 5 toward brown
males with no implant), generalized linear mixed model with a bi-
nomial distribution: ¥3=0.03, P=0.857), so we combined these
groups to compare to males with testosterone implants. We mod-
eled whether 1-yr-old males were targeted with aggression during
each association between a 1-yr-old male and another male using
a generalized linear mixed model with a binomial distribution and
logit link in the R package “glmmTMB” (Brooks et al. 2017). Our
model included implant type (control and no implant versus tes-
tosterone implant), the potential aggressor’s plumage type (orna-
mented or brown), and whether the potential aggressor and
receiver were in the same non-breeding social group as fixed ef-
fects. The focal 1-yr-old male’s social group identity and his indi-
vidual identity (nested within his group identity) were included as
random effects. We used a likelihood ratio test to test whether day
of year influenced aggression received, but found no support for a
date effect, so day of year was not included in the final model. We

used the same model structure to separately test whether the
amount of red-black plumage a testosterone-implanted male
had developed was associated with whether or not he received ag-
gression by including the percentage of red-black plumage (0 to
100%) present on the date of each association as a fixed effect in-
stead of male implant type. Additional versions of these models
that included sighting identity as a random effect to control for
sightings that included multiple 1-yr-old males returned the
same results, but the residual fit of these models suggested severe
underdispersion (a sign of an overfit model).

In addition to the unpaired males we followed for our experiment,
we also observed a number of paired 1-yr-old males that had dis-
persed out of their natal groups, paired with a female on a new terri-
tory or on the female’s previous territory (if her mate had died) and
were naturally molting into ornamented plumage (ie without testos-
terone implants; N=5 in the 2018 season, N =2 in the 2019 season).
Two of these naturally-ornamented, paired males had an additional
1-yr-old female in their group who dispersed before the breeding sea-
son. These naturally-ornamented males were not initially part of our
experiment, so were followed less often than the unpaired 1-yr-old
males in their natal social groups that were the focus of our experi-
ment. However, each of these naturally-ornamented males exhib-
ited at least 5% red-black plumage before the start of breeding and
therefore provided an opportunity to test whether differences in so-
cial context (unpaired vs paired) and cause of ornamentation (testos-
terone-implant vs naturally induced) affected aggression toward
1-yr-old males molting into ornamented plumage. We compared
the aggression received by testosterone-implanted males to these
naturally-ornamented males using the same model structure as de-
scribed above.

Statistical analyses were performed in R (version 4.0.4; R Core
Team 2021), and we assessed the residual fit of all models using
the R package “DHARMa” (Hartig 2021). P-values come from
Type Il Wald chi-square tests unless otherwise stated.

Home range size and social interactions

During our observations of the naturally molting, paired males, we
noticed these males appeared to inhabit smaller home ranges
than unpaired 1-yr-old males who were still in their natal groups
with their siblings and their parents. This observation led to the hy-
pothesis that smaller home ranges, whether an effect of a smaller
group size or an active strategy by molting males, may allow
naturally-molting males to avoid interacting with conspecific males
while molting. We investigated this hypothesis by first testing
whether home range sizes differed between males that were in their
natal groups and naturally-ornamented, paired males. Home range
sizes were calculated using 85% autocorrelated kernel density esti-
mates (aKDE) using the continuous time stochastic process method
described in Calabrese et al. (2016), and as previously described in
Welklin et al. (2023). We tested whether home range size varied
among three 1-yr-old male plumage and implant classes: (1)
testosterone-implanted males, (2) control-implanted males and
brown males without implants but in their natal groups, and (3)
paired, naturally-ornamented males. We used a linear mixed model
with aKDE size as the response variable, plumage and implant class,
year, and number of GPS waypoints per male as fixed effects, and so-
cial groupidentity as arandom effect. The response variable was log-
transformed to improve residual fit, and we compared differences in
home range sizes between male classes using estimated marginal
means with a Tukey correction to control for multiple tests.
Finally, we conducted a post-hoc simulation to investigate
whether unpaired males in their natal groups could have
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decreased the potential social costs of acquiring ornamented
plumage by reducing their home range size. For this test, we fo-
cused on all of the unpaired males still in their natal groups (in-
cluding control and testosterone-implanted males) and took
advantage of the fact that every GPS waypoint we collected was
associated with data showing which individuals the male was as-
sociating with at that point in space and time. We then asked
whether associations with neighboring males could have been re-
duced if the unpaired males in their natal groups exhibited home
range sizes as small as the paired 1-yr-old males. We began by cal-
culating a “simulated reduced home range” for each of the un-
paired males by calculating a series of smaller home ranges at
coverages ranging from 5 to 85% aKDE by 1% increments. These
percentages represent the percent of a male’s GPS waypoints
that occur within the core area where the male spent most of
his time, with smaller percentages corresponding to smaller
home ranges. The coverage for each male that most closely
matched the median 85% home range size of the
naturally-ornamented paired males (0.85 ha) was chosen as his si-
mulated reduced home range. If an unpaired male’s 85% home
range was smaller than the median home range size of the paired
males, we used his 85% home range as his simulated reduced
home range.

We then generated a separate social network for each male
that included only the associations that occurred within the
male’s simulated reduced home range and tested how each un-
paired male’s associations with males in other social groups dif-
fered between his full home range and his simulated reduced
home range. We conducted this test using a generalized linear
mixed model with a Tweedie distribution to improve residual fit
(Dunn and Smyth 2005, 2008). Weighted degree (strength) to
malesin different social groups was included as the response vari-
able, representing the sum of each male’s social connections to
males in different social groups (Farine and Whitehead 2015).
We used the simple ratio index to calculate social networks (see
Farine and Whitehead 2015; Welklin et al. 2023). Home range
type (full vs reduced) was included as a fixed effect, and social
group identity and individual identity were included as random
effects. Separately, to help understand our simulations, we tested
whether the change in weighted degree to males in different social
groups was related to how much home range sizes decreased be-
tween the full and reduced home ranges. We built a linear model
using difference in weighted degree as the response variable, a
quadratic effect of percent change in home range size as a fixed
effect, and social group identity was included as a random effect.

The social networks based on the simulated reduced home
rangesincluded fewer social associations than the networks calcu-
lated from the full home ranges due to the fewer observations in-
cluded in the simulated reduced home ranges. It is possible that
any reduction in sample size could result in a change in weighted
degree values between the full and reduced networks, so we tested
whether differencesin samples size could explain the observed dif-
ferences in weighted degree between the two networks using a per-
mutation test. Permutation tests compare an observed metric, in
this case the observed difference in weighted degree between the
full the simulated reduced network, to a distribution of random-
ized values to test whether the observed metric falls within or out-
side of the randomized distribution. We first created a set of
randomized simulated reduced home ranges for each male by ran-
domly sampling the same number of waypoints used to create
each male’s original simulated reduced home range from his full
list of waypoints. We then recalculated the weighted degree metric
for each of the social networks associated with these randomized
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reduced home ranges and repeated this process 1,000 times, gener-
ating a distribution of 1,000 randomized weighted degree differen-
ces between the full network and the 1,000 random networks. We
generated a P-value by comparing the observed difference in
weighted degree between the full network and the original simu-
lated reduced network to the distribution of differences in
weighted degree from the networks associated with the random-
ized reduced home ranges (Farine 2017). If the observed difference
in weighted degree fell within the distribution of randomized dif-
ferences, it would suggest that the change in weighted degree asso-
ciated with the reduction in home range size was simply a result of
thereductionin sample size between the networks. However, if the
observed value was outside of the range of randomized values, it
would suggest that a smaller home range size is associated with
fewer associations with males in other social groups.

Results

Experimental test of the social costs hypothesis

One-yr-old male red-backed fairywrens implanted with testoster-
one took on average 16.4 d (range 12 to 23 d; Figure S2) to show or-
namented feathers that were visible through binoculars. The
extent of ornamented plumage acquired was variable among
testosterone-implanted males (range 5 to 100% ornamented
plumage), but each testosterone-implanted male produced
some red-black plumage during our observations (Figure S3).
The only exception was a single testosterone-implanted male
that disappeared 13 d after implantation, prior to any molt visible
through binoculars (see below). However, multiple males did ex-
hibit visible ornamentation within 13d of implantation
(Figure S2), and recaptures of recently-implanted males revealed
that brown feathers from the previous molt typically concealed
newly growing red-black feathers during the initial stage of molt
into ornamented plumage (ie before we could see the growing
feathers with binoculars). Therefore, we retained observations
of this male in our analyses for the time before he disappeared be-
cause it was likely that conspecifics who were in close proximity to
him could see evidence of molt. The results of the main analysis
are not affected if we remove observations of this male.
Control-implanted males and brown 1-yr-old males with no im-
plant remained in brown plumage throughout the non-breeding
season. All testosterone-implanted and control-implanted 1-yr-
old males, including brown males with no implant, remained un-
paired in their natal groups throughout the non-breeding portions
of the study. All chases and attacks directed toward unpaired
1-yr-old males (18 out of 21 aggressive events where we identified
the aggressor) came from males and not females (Fisher’s exact
test P<0.001). In total, we recorded 2,539 sightings of red-backed
fairywrens flocks that included 1-yr-old males in our experiment.

Our experiment found support for the social costs hypothesis.
1-yr-old males induced to molt into ornamented plumage with
testosterone implants received more aggression than did control
males who remained in brown plumage: we observed an average
of 0.83+0.44 (meanz+SE) aggressive events directed at
testosterone-implanted ornamented males per 100 associations
between testosterone-implanted males and other males, and ob-
served an average of 0.16 +£0.09 (mean + SE) aggressive events di-
rected at control-implanted (brown) males and brown males
with no implant per 100 associations (Table 1, Fig. 1). However,
among testosterone-implanted males, amount of red-black plum-
age did not predict the likelihood of receiving aggression (N = 3,324
associations among testosterone-implanted males and other
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Table 1. Results from a generalized linear mixed model with a
binomial distribution and logit link investigating whether implant
type, aggressor plumage type, and social group membership
influenced the likelihood of a 1-yr-old male being chased or attacked
in 11,533 associations between focal 1-yr-old males and other males
in 2,539 sightings of red-backed fairywren foraging flocks.

Fixed effects Beta SE > Df P-value

Intercept -7.24 0.88 ...

Implant type: testosterone (vs. 212 081 6.86 1 0.009
control and no implant)

Plumage of potential aggressor: 1.11 059 350 1  0.061
ornamented (vs. brown)

Social group of the potential -2.78 0.59 2191 1 <0.001
aggressor: same as focal male (vs.
different social group)

Random effects Variance Standard Deviation

Focal male’s social group ID 1.59 1.26

Focal male identity 0.34 0.58

The dataset includes 36 1-yr-old males in 24 non-breeding social groups and
includes 18 observations of aggression toward 1-yr-old males with an identified
aggressor. Testosterone-implanted males were chased and attacked 12 times,
whereas control-implanted and males with no implant were chased and
attacked 6 times. Including day of year as a fixed effect did not improve the
model fit (likelihood ratio test: 53 = 1.23, P=0.268). Including sighting identity as
a random effect returns the same level of statistical significance for each of the
fixed effects.

males in 1,394 sightings resulting in 12 aggressive events with an
identified aggressor, 2 =1.73, P=0.188, Table S4), suggesting that
the presence of ornamentation was associated with receiving ag-
gression, rather than the amount of ornamentation. The three ag-
gressive events for which we did not identify the aggressor, and
thus were not included in our models, were directed toward
testosterone-implanted males. Aggressive interactions were initi-
ated more often by males from outside the focal male’s social
group than by a male in the same social group (14 aggressive
events by malesin different groups, 4 by a male in the same group,
Table 1), but aggression was not more likely to come from orna-
mented males than from brown males (14 aggressive events initi-
ated by ornamented males and 4 aggressive events initiated by
brown males; Table 1). Age of the potential aggressor (1-yr-old ver-
sus older males) also did not predict the likelihood of initiating an
aggressive interaction (N=9,892 associations with males of
known age in 2,411 sightings resulting in 17 aggressive events
with an identified aggressor with a known age, age fixed effect:
x3=0.88, P=0.348; Table S5). We observed only one chase of a
naturally-ornamented 1-yr-old male by an older ornamented
neighbor. After accounting for differences in observation
rates, naturally-ornamented males received similar amounts
of aggression as testosterone-implanted males (N=3,509
associations between 1-yr-old males and other males in 471
sightings of naturally-ornamented males and 1,551 sightings of
testosterone-implanted males resulting in 13 aggressive events
with an identified aggressor (1 toward a naturally-ornamented
male and 12 toward testosterone-implanted males), y3=0.83, P=
0.363; Table S6). Day of year did not influence the likelihood of a
1-yr-old male receiving aggression (Table 1).

Chases (N=17) occurred when 1-yr-old males flew away from
their pursuer, whereas attacks (N =4) occurred when focal males
did not see the potential aggressor, resulting in the aggressor fly-
ing quickly and quietly toward the 1-yr-old male from 3 to 10 m
away and initiating physical contact (ie, slamming into him and
often taking him to the ground). While on the ground, 1-yr-old
males produced distress calls and appeared to struggle to escape,

0.06 1
0.05 1
0.04 1

0.03
0.02 - e

Control/
No implant

Implant type

0.01 1
0.00 -

Rate of aggression received

Testosterone
implant

Fig. 1. Rate of aggression (chases and attacks) received in relation to
plumage/implant type. Rate of aggression received is calculated for
each individual male as the number of associations with other males
that involved aggression toward the 1-yr-old male (chase or attack)
divided by the total number of associations that male had with other
males. All control-implanted males and males with no implant were in
brown plumage. Control and no-implant males were equally likely to
receive aggression (N = 8,213 associations, ¥ =0.03, P=0.857).
Aggression toward control/no implant (brown) males differed
significantly from testosterone-implanted (ornamented) males
(indicated by the different letters (a, b) at the top of the figure).
Fairywren drawings courtesy of Allison Johnson.

but our line of sight was often limited by the tall grass this species
frequents. Aggressive interactions toward 1-yr-old males oc-
curred both within and outside of the home ranges of the 1-yr-old
males (12 within, 3 outside for aggressive events where location
was recorded). We observed no obvious differences in aggressive
behavior (initiation of chases and attacks) by 1-yr-old male im-
plant classes: six 1-yr-old males with control implants or no im-
plant initiated aggression 13 times, and we observed two
instances of testosterone-implanted males initiating aggression.
One testosterone-implanted male chased a female and the re-
ceiver in the other aggressive event had brown plumage but was
unidentified. Control and testosterone-implanted males were
equally likely to pair with a female during the breeding season
(N=36, y7=0.59, P=0.441; Table S7).

One testosterone-implanted male disappeared prior to show-
ing signs of molt after being chased by an un-implanted, 1-yr-old
brother approximately 13 d after implantation, around the time
the implanted male likely would have begun producing orna-
mented plumage (Figure S2). The chase occurred when the broth-
ers’ social group encountered a neighboring social group and the
ornamented male from each group began displaying and chasing
the female from the neighboring group. The un-implanted brother
displaced the testosterone-implanted male from his perch and
pursued him far away from the interacting social groups. The
testosterone-implanted male finally escaped his pursuer by flying
deep into the forest and hiding in a dense bush where he foraged
on his own for approximately 20 min, then rejoined his social
group. However, the testosterone-implanted male was absent
from his social group the next day and was never resighted again,
suggesting that he had dispersed off of the field site or died.
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Home range size and social interactions

One-yr-old males implanted with control and testosterone im-
plants exhibited similar home range sizes, suggesting that testos-
terone treatment did not significantly influence home range size
(control vs. testosterone-implanted males: Beta=-0.25+0.13 SE,
P=0.154, Fig. 2; Table S8). Instead, unpaired 1-yr-old malesin their
natal groups in both testosterone and control categories exhibited
larger home ranges than paired, naturally-ornamented 1-yr-old
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Fig. 2. Home range size of 1-yr-old males by implant type, plumage
phenotype, and social status (unpaired males in their natal group vs males
paired with a female in their own group) calculated from auto-correlated
kernel density estimates (aKDE). Brown males with noimplant, males with
control implants, and males with testosterone implants were unpaired
andin their natal groups. Naturally-ornamented males were paired with a
female in a new, non-natal group. Letters above (a, b) show statistically
significant differences among categories. Fairywren drawings courtesy of
Allison Johnson.
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males who had dispersed from their natal groups (N =41, control
and no-implant males versus naturally-ornamented males: Beta
=1.25+0.38 SE, P=0.007; testosterone-implanted males versus
naturally-ornamented males: Beta=1.5+0.41 SE, P=0.002, Fig. 2;
Table S8). The number of GPS waypoints collected for each male
did not influence home range size (y3=1.69, P=0.194).

Post hoc simulations suggested that if males in their natal
groups had reduced their home range size to that exhibited by
the paired, naturally-ornamented males, they could have signifi-
cantly reduced their rate of associations with males in neighbor-
ing social groups (N=234, x3=57.55, P<0.001; Fig. 3, Table S9).
Intuitively, the amount each unpaired male’s associations to
neighboring males decreased in the simulations was associated
with how much his home range size was reduced to match the
median home range size of the paired, naturally-ornamented
males: a negative quadratic relationship revealed that large re-
ductions in home range size resulted in fewer interactions with
neighboring males (N=34, F,,5=5.21, P<0.013, Table S10,
Figure S11). However, the relationship between the reduced
home ranges and fewer interactions with neighboring males was
not a consequence of the reduction in sample size required to pro-
duce each male’s simulated reduced home range. Permutation
tests revealed that the observed differences in weighted degree
between the full and simulated home ranges were always greater
than the differences in weighted degree between the males’ full
home ranges and the weighted degree metrics associated with
the randomized reduced home ranges (P <0.001, Figure S12).

Discussion

Ornamentation often confers reproductive benefits, but young
males of many avian species delay acquisition of ornamented
plumage until after their first year, despite being capable of
breeding (Hawkins et al. 2012). This delay suggests that the costs
associated with ornamentation can at times outweigh the
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Fig. 3. Home range size and social associations simulation results. a) Social network connections (weighted degree) to males in different social groups
for 1-yr-old males in their full home range versus their simulated reduced home range (N =34, ¥3=57.55P< 0.001). Lines connect individual males. The
same metric is also shown for paired, naturally ornamented 1-yr-old males in their full home-range. b) Full (not simulated) geographic home range of
one testosterone-implanted male (solid red line), his simulated reduced home range (dashed red line), and the full home ranges of his social group
members (gray lines). c) Full (not simulated) geographic home ranges of one naturally-ornamented paired male (red line) and his paired female (gray
line). The male’s home range was shifted slightly to the right to reduce overlap with his paired female’s home range. Full home ranges are plotted from
real data (85% auto-correlated kernel density estimates). Fairywren drawings courtesy of Allison Johnson.
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reproductive benefits obtained by young males exhibiting orna-
mented plumage (Grant 1990; Morton et al. 1990; Greene et al.
2000; Webster et al. 2008). The social costs hypothesis is a leading
candidate for functional explanations of delayed plumage matur-
ationin birds (Hawkins et al. 2012) and may be important to main-
taining honest signaling more generally (Webster et al. 2018), but
few studies have conducted experimental tests of this hypothesis
by manipulating the ornamentation of free-living individuals
(Rohwer 1977; Rohwer and Rohwer 1978; Stutchbury 1991;
Conover et al. 2000; Berggren et al. 2004).

Social costs of ornamented plumage acquisition

Ourresults show that unpaired, testosterone-implanted male red-
backed fairywrens molting into ornamented plumage experienced
more chases and attacks than did unpaired, unornamented brown
males with control-implants or with noimplant. Paired, naturally-
molting ornamented 1-yr-old males received similar amounts of
aggression as unpaired testosterone-implanted males, suggesting
that ornamented plumage, rather than a male’s pairing status,
was the cause of aggression toward 1-yr-old males molting into or-
namented plumage. Amount of ornamented plumage did not pre-
dict whether a (testosterone-implanted) male was attacked or not,
suggesting that the presence of ornamentation elicited aggression
rather than the degree of ornamentation. This result may be ex-
plained by the absence of “intermediate-plumaged” males during
breedingin this system. During breeding, nearly all males are com-
pletely brown, or completely red-black, with very few males exhib-
iting intermediate stages of ornamentation composed of both
red-black and brown feathers (Webster et al. 2008). Therefore,
most males that naturally begin molt into ornamented plumage
(ie in the absence of testosterone implants, but with elevated en-
dogenous testosterone (Lindsay et al. 2009)) will eventually acquire
ornamented plumage within a few weeks (Welklin et al. 2021). This
suggests thatany 1-yr-old male moltinginto ornamented plumage
may represent a potential reproductive threat to neighboring
males because ornamented males sire more extra-pair offspring
than do brown males (Webster et al. 2008).

Aggression toward 1-yr-old males was relatively rare in the thou-
sands of social associations we recorded within and among social
groups. Yet, due to the violent nature of the agonistic interactions
that ended in physical attacks, even one aggressive event could be
costly for thereceiver. Indeed, one testosterone-implanted male dis-
appeared from the study site within a day of being chased by a broth-
er, suggesting that this male was either forced to disperse or died,
emphasizing the potential costly nature of these aggressive interac-
tions. No other 1-yr-old males dispersed from our field site during the
study.

Aggression toward ornamented 1-yr-old males came from both
young and old males, not only from older males as usually pre-
dicted by the social costs hypothesis (Lyon and Montgomerie
1986). This finding may suggest that ornamented 1-yr-old males
may pose a threat to both young and old male neighbors. Older
males, most of whom are already paired with a female, are likely
threatened by the increased competition for reproductive oppor-
tunities presented by ornamented 1-yr-old males. In contrast,
young males, who often are not paired with a female, may be
threatened by the increased competition to pair with a female pre-
sented by unpaired ornamented 1-yr-old males, as female red-
backed fairywrens are more attracted to ornamented than to
brown males (Karubian 2002; Barron et al. 2025). Most aggression
toward 1-yr-old males molting into ornamented plumage came
from males outside their social group, in contrast to some other

species, such as Mute Swans (Cygnus olor), in which social costs
come primarily from the fathers of young males who chase orna-
mented offspring from the social group (Conover et al. 2000).
Combined, our findings provide support for the social costs hy-
pothesis and indicate that social costs from neighboring males
likely maintain the honesty of ornamented plumage in the red-
backed fairywren by preventing 1-yr-old males from acquiring or-
namented plumage until after they have paired with a female, at
which point the costs and benefits of ornamented plumage may
change (Webster et al. 2018; Welklin et al. 2021).

Thereis an important aspect of our study design that needs atten-
tion: we used testosterone implants to induce molt into ornamented
plumagein 1-yr-old males in this and a previous study (Lindsay et al.
2011). Our previous work has shown that males molting into the or-
namented phenotype have higher testosterone titers than those that
molt into brown, unornamented plumage (Lindsay et al. 2009), sug-
gesting that testosterone titers are the natural mediator of plumage
type. However, testosterone, acting as a phenotypic integrator, also
regulates other physiological and morphological processes, includ-
ing behavior (Wingfield and Hahn 1994; Goymann et al. 2007;
Ketterson et al. 2009; Maruska et al. 2013). For example, testosterone
supplementation has been reported to influence home range size
(Chandler et al. 1994) and increase singing rates (Strand et al. 2008).
Our experiment was not designed to separate the potential behavior-
al effects of testosterone from the effects of ornamented plumage, so
we cannot rule out the possibility that testosterone-regulated traits
other than moltinto ornamented plumage may have elicited aggres-
sion from conspecifics. Our implants elevated testosterone for ap-
proximately 2 wks (Boersma et al. 2023), but we observed no
obvious behavioral differences between testosterone and
control-implanted males. For example, there was little or no singing
and no displaying by any of the implanted 1-yr-old males in this ex-
periment and ornamented testosterone-implanted males were for-
aging, not singing or displaying when they were chased and
attacked. We also observed very little aggression initiated by
testosterone-implanted males, and testosterone-implanted males
did not have larger home ranges than did control males (Fig. 2;
Table S8), but testosterone-implanted males were still in their natal
groups. Therefore, the visual cues of ornamentation are likely the
simplest explanation for why testosterone-implanted males re-
ceived more aggression than brown males, but we cannot rule out
the possibility that undetected behavioral differences also contrib-
uted to testosterone-implanted males receiving aggression.

Future studies could separate the effects of morphological and be-
havioral change by manipulating plumage signals with art markers
or dye (eg Rohwer 1977) and further test the hypothesis of testoster-
one pleiotropy as phenotypic integration (Khalil et al. 2023).

Home range size and social interactions

The social costs hypothesis also predicts that acquisition of orna-
mentation should be associated with social environments that
limit interactions with potential aggressors. We found that, com-
pared to testosterone-implanted and control-implanted males
that remained in their natal social groups, paired 1-yr-old males
ranged over smaller areas during and after molt into ornamented
plumage. We do not know whether a small home range size is an
active strategy by paired 1-yr-old males molting into ornamented
plumage that allows them to avoid interacting with neighbors, or
whether it is simply a constraint of establishing a territory in a
crowded social environment. If smaller groups require smaller
home ranges than larger groups, then group size could offer a sim-
ple explanation for why unpaired 1-yr-old males in their natal
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groups exhibited larger home ranges than paired 1-yr-old males,
who in most cases were in a group with only their paired female.
Our post hoc simulations suggest that unpaired 1-yr-old males
could have reduced their associations with males in neighboring
social groups if they had reduced their movements to smaller
home ranges, such as those exhibited by the paired,
naturally-ornamented males, possibly reducing the social costs
associated with acquiring ornamentation. However, our observa-
tions clearly show that despite the possible benefits of a smaller
home range, most of the testosterone-implanted males did not
adopt this strategy and exhibited similar home range sizes as con-
trol males and exhibited larger home ranges than the paired,
naturally-ornamented 1-yr-old males.

Why testosterone-implanted ornamented males did not exhibit
small home ranges while molting into ornamented plumage may
be explained by social constraints associated with remaining in
their natal groups. Red-backed fairywrens are extremely social
and rarely forage independently from their social group (Rowley
and Russell 1997; Welklin et al. 2023). If paired 1-yr-old males are
socially dominant to their female social partner, they may be
able to set the pair’s territory size, whereas unpaired
testosterone-implanted males may have been constrained to fol-
lowing the dominantindividuals in their social group, such as their
parents who likely benefit from interacting with neighboring social
groups. For example, older, ornamented male fairywrens often
display to potential extra-pair females in neighboring groups
(Mulder 1997; Dowling and Webster 2017), and older females
may seek outinteractions with neighboring males to assess future
extra-pair mates (Varian-Ramos and Webster 2012; Brouwer et al.
2017). Alternatively, unpaired 1-yr-old males themselves may
benefit from interacting with neighboring groups to search for un-
paired females. Waiting to molt into ornamented plumage until
after pairing may be a “best of a bad job” strategy that allows 1-yr-
old males to draw less attention from other males until they can
pair with a female and settle on a new, smaller territory.

Conclusions

Combined, our experimental and observational results contribute to
a growing literature showing that social costs can play important
roles in maintaining the honesty of sexual signals (Webster et al.
2018). Such social costs may be particularly important to explaining
delayed signal acquisition (Conover et al. 2000; Hawkins et al 2012),
especially among young males (Lyon and Montgomerie 1986). Our
results indicate that social costs may play an important role in pre-
venting 1-yr-old male red-backed fairywrens from acquiring orna-
mented plumage until after they have left their natal social group
and paired with a female. Once a 1-yr-old male pairs with a female,
the reproductive benefits of pairing appear to outweigh the social
costs associated with ornamentation (Webster et al. 2008; Welklin
et al. 2021). Moreover, our results suggest that acquisition of signals
that carry social costs may be associated with social situations that
counter those costs, such as smaller home ranges that could reduce
interactions with conspecifics. Future studies should consider the
possibility that access to both increased benefits and reduced costs
associated with a new social situation contribute to variation in sex-
ual signal acquisition in nature.
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