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Both abiotic environmental conditions and variation in social environment are known to impact the
acquisition of sexual signals. However, the influences of abiotic environmental and social factors are
rarely compared to each other. Here we test the relative importance of these factors in determining
whether and when male red-backed fairy-wrens, Malurus melanocephalus, moult into ornamented
breeding plumage, a known sexual signal. One-year-old male red-backed fairy-wrens vary in whether or
not they acquire ornamentation, whereas males age 2 years and older vary in their timing of ornament
acquisition. It is unclear whether these processes are determined by the same or different factors, and we
examined both events using a combination of long-term breeding records and nonbreeding social net-
works. We found that 1-year-old males that paired prior to the start of the breeding season were more
likely to acquire ornamented plumage, but rainfall did not influence whether 1-year-old males acquired
ornamented plumage. Thus, for young individuals, social cues appear to play a larger role than abiotic
environmental factors in determining ornament acquisition. For older males, timing of ornamented
plumage acquisition was constrained by rainfall, with drier nonbreeding seasons leading to poorer
physiological condition and later moult dates. Thus, sexual signal variation in older males appears to be a
condition-dependent trait, driven by abiotic environmental and physiological factors rather than social
cues. These findings reveal that factors influencing sexual signal expression can vary with age when age
classes exhibit different forms of signal variation. Our results suggest that social environment may drive
sexual signal variation in young individuals, whereas abiotic environmental variation may drive sexual
signal variation in older individuals.
© 2021 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Sexual ornaments are thought to convey information about the
quality of a signaller when individuals vary in their ability to offset
costs associated with the production and maintenance of sexual
signals (Grafen, 1990; Johnstone, 1997; Zahavi, 1977). Identifying
the mechanisms that link individual quality to signal quality, and
thereby generate honest sexual signals, continues to be a major
focus of behavioural ecology (Penn & Sz�amad�o, 2019; Webster
et al., 2018). Considerable attention has been given to physiolog-
ical mechanisms that are broadly categorized under the physio-
logical cost hypothesis. This hypothesis proposes that endogenous
constraints, such as energetic (Basolo & Alcaraz, 2003; Buchanan
).

nimal Behaviour. Published by Els
et al., 2001), oxidative (Alonso-Alvarez et al., 2007; P�erez-
Rodríguez et al., 2010) or immunosuppressive (Folstad & Karter,
1992; Saino & Møller, 1996) costs incurred during signal produc-
tion or maintenance limit an individual's signalling ability. Under
this hypothesis, sexual signals are thought to be condition depen-
dent, such that individual differences in genotype, somatic states,
epigenetic states and processes that influence these can determine
an individual's ability to offset the physiological costs of signal
production and maintenance, leading to variation in the quality of
signals produced (Hill, 2011).

The physiological cost hypothesis also predicts that signals will
be constrained by exogenous factors, such as abiotic environmental
conditions (Cotton et al., 2004a; Rowe & Houle, 1996). This pre-
diction can be tested by examining variation in signal quality
within a population experiencing different abiotic environmental
evier Ltd. All rights reserved.
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conditions across years (Cockburn et al., 2008; Garant et al., 2004;
Mysterud et al., 2005). Variation in signal quality across different
environmental contexts may manifest in many ways, including
variation in ornament size (Cotton et al., 2004b; Emlen, 1997),
variation in the timing or duration of a signal (Brandt, 2003; Ruiz
et al., 2010), and at times, whether a signal is produced at all
(Emlen, 1994). In each of these contexts, greater access to resources
is predicted to be associated with higher-quality signals.

Alternatively, variation in sexual signals may be tied to the social
environment (Tarvin et al., 2016), in that individuals modulate their
degree of ornament expression in response to conspecific com-
petitors and potential mates (Dey et al., 2014; Kasumovic & Brooks,
2011; Webster et al., 2018). This modulation likely occurs through
the influence of social interactions on physiological state (Tibbetts,
2014; Vitousek et al., 2014), and at times, social cues can result in
individuals producing no ornament at all (Hawkins et al., 2012;
Lyon &Montgomerie, 1986). For example, in the African cichlid fish
Astatotilapia burtoni, reproductive state and expression of sexually
selected ornamentation are socially determined (Fernald &
Maruska, 2012) and result from rapid physiological changes in
response to changes in a male's social environment (Maruska et al.,
2013; Maruska & Fernald, 2013).

Seasonally breeding animals typically gain and lose their sexual
signals each year, providing natural experiments to test the relative
importance of abiotic environmental and social cues on signal
production (van de Pol et al., 2012; Vanp�e et al., 2007). In birds,
seasonal plumage is a widespread phenomenon that has been
associated with species under strong sexual selection and high
predation risk (McQueen et al., 2019). Avian species that exhibit
seasonal plumage are often sexually dimorphic, with males
exhibiting unornamented plumage during the nonbreeding season,
then moulting into a distinct and often conspicuous (i.e. orna-
mented) breeding plumage prior to the beginning of the breeding
season (Butcher & Rohwer, 1989). A number of bird species also
show variation in whether individuals acquire ornamented
breeding plumage, with some males exhibiting a plumage in their
first adult breeding season that differs from that of older males, a
phenomenon known as delayed plumage maturation (Cucco &
Malacarne, 2000; Greene et al., 2000; Rohwer et al., 1980).
Delayed plumage maturation may be driven by endogenous dif-
ferences in quality between young and old males that constrain
young males from producing definitive plumage (e.g. moult con-
straints; Rohwer & Butcher, 1988), or may be an adaptive response
to avoid predation or aggression from conspecifics (Hawkins et al.,
2012).

Australian fairy-wrens (genus Malurus) have emerged as an
important system for testing the abiotic environmental and social
cues associated with the production of ornamented plumage sig-
nals (Peters et al., 2013). In some of these species, the timing of
seasonal pre-alternate (prebreeding) moult into ornamented
plumage appears to be an important indicator of male quality
(Mulder & Magrath, 1994), whereby males who acquire orna-
mented plumage early obtain higher rates of extrapair copulations
than those who acquire ornamented plumage late (Brouwer et al.,
2011; Dunn & Cockburn, 1999). In fairy-wrens, moult into orna-
mented plumage involves replacing all feathers but the wing
feathers and is typically followed by an increase in courtship
behaviour that continues throughout the breeding season (Green
et al., 2000; Rowley & Russell, 1997). Combined, moult and court-
ship are thought to be physiologically intensive, and work on the
superb fairy-wren,Malurus cyaneus, has shown that the acquisition
of ornamented plumage is delayed in years with low rainfall when
insect food resources are less abundant (Cockburn et al., 2008). In
this species, older males moult earliest within a year and at times
completely skip the unornamented nonbreeding plumage, moult-
ing straight from ornamented to ornamented plumage at the end of
the breeding season (van de Pol et al., 2012).

Although most fairy-wrens exhibit complete or nearly complete
ornamented plumage in their first breeding season, a few species
differ in that many young males exhibit delayed plumage matura-
tion and remain in brown unornamented plumage for their first
adult breeding season (Karubian, 2002; Peters et al., 2013; Rowley
& Russell, 1995). In one such species, the red-backed fairy-wren,
Malurus melanocephalus, many 1-year-old males act as helpers at
their parent's nest, but others pair and breed, either in unorna-
mented brown plumage or in ornamented red-black plumage
(Karubian, 2008; Karubian et al., 2011). Among breeders, orna-
mented male red-backed fairy-wrens obtain higher reproductive
success than brown males, and both ornamented and brown
breeders obtain higher reproductive success than helpers (Webster
et al., 2008). In this species, moult into ornamented plumage can be
induced by testosterone (Lindsay et al., 2011), and therefore the
acquisition of ornamented plumage has been predicted to be
physiologically costly (Peters, 2000, 2007). However, evidence to
date gives mixed support for the physiological cost hypothesis as
driven by trade-offs with testosterone in Malurus fairy-wrens (e.g.
McQueen et al., 2020; McQueen et al., 2021), including in this
species (Barron et al., 2013; Barron et al., 2015; Lindsay et al., 2009).

Here we further test the hypothesis that ornamented red-black
plumage is physiologically costly to produce by examining both the
likelihood of ornament acquisition by young males and the timing
of seasonal ornament acquisition by older males across multiple
years with varying abiotic environmental conditions. We contrast
these findings with measures of social environment to understand
the relative importance of abiotic environmental versus social cues
in driving the likelihood and timing of ornament acquisition. Our
findings provide further insight into the relative roles physiological
and social costs play in generating signal variation among in-
dividuals and reveal how these factors differentially affect males of
different age classes who exhibit different forms of signal variation.
METHODS

Field Methods

We studied a colour-banded population of red-backed fairy-
wrens during multiple nonbreeding and breeding seasons near
Lake Samsonvale in Queensland, Australia (27�160S, 152�410E).
Breeding season data come from a long-term data set on breeding
demographics collected between August and January during
2010e2018 (field seasons are named for the year in which the
breeding season ends, so these years correspond to the 2011e2019
field seasons). During the breeding season, we recorded data on the
composition of breeding groups, individual status (helper versus
breeder), nesting attempts and male plumage types. Each male's
plumage type was recorded as the highest plumage score attained
during breeding, scored visually using binoculars as brown (0e32%
red-black plumage), intermediate (33e66%) or red-black (>67%;
Webster et al., 2008). Helper males never obtain greater than 32%
red-black plumage, whereas most breeders exhibit red-black
plumage and a few breeders exhibit intermediate plumage
(Webster et al., 2008). For this study, we consider any male above
32% red-black plumage to be ornamented in order to separate
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helper ornamentation from breeder ornamentation and determine
onset of moult.

We collected nonbreeding data during five nonbreeding seasons
during JuneeAugust leading up to the 2015e2019 breeding sea-
sons. Three of these seasons (2016, 2018, 2019; hereafter: ‘wetter
nonbreeding seasons’) received substantially more rainfall between
January and June than the other two (2015, 2017; hereafter ‘drier
nonbreeding seasons’; Supplementary Fig. S1). In each
nonbreeding season, we obtained data on the timing of orna-
mented plumage acquisition for males by estimating with binoc-
ulars the percentage of red-black plumage for all individuals to the
nearest 5% on each day that a bird was encountered. During the
2016e2019 nonbreeding seasons, we collected social network data
from approximately July through mid- to late August (Welklin,
2020). Briefly, we followed flocks of fairy-wrens for 15e25 min
per observation in most seasons (sometimes up to 1 h), recording
the presence of individuals in flocks every 5 min using the ‘gambit
of the group’ method (Whitehead & Dufault, 1999). From these
observations we built yearly social networks using the simple ratio
index and the R package ‘asnipe’ (Farine, 2013). To identify
nonbreeding social groups, we created dendrograms of each yearly
network using the UPGMA method, which organizes nodes into a
tree format based on association scores (Sneath & Sokal, 1973). We
identified social group membership by cutting the dendrogram at
the bifurcation point associated with the highest average silhouette
distance score, a clustering quality score (Rousseeuw, 1987).
Nonbreeding social groups were small (mean ¼ 3e4 individuals
per group; range 2e8), with most composed of parents and their
offspring from the previous breeding season, but some included
new pairs that bred together in the subsequent breeding season
(Welklin, 2020). We use ‘social group’ to refer to a nonbreeding
season social group (i.e. not a breeding group) unless otherwise
specified.

We aged most individuals using nestling banding records and
considered a bird to be 1 year old in the nonbreeding and breeding
season following the season it hatched. However, because the
breeding season is long, males designated as 1 year old may be
separated by up to 6 months in age. For individuals that were not
banded as nestlings, we determined whether they were in their
first year or not using a skull ossification scale previously validated
for this species (Lindsay et al., 2009). Individuals of unknown age,
such as those first captured as adults, were excluded from analyses
involving age unless specified. To determine nonbreeding physio-
logical condition, we visually assessed fat in the furcula cavity
(Lindsay et al., 2009) and scored pectoral muscle size on a scale
from 1 to 3, where 1 ¼ little to no palpable muscle and 3 ¼ bulging
muscle on either side of the keel (Bairlein, 1995). We also calculated
the residuals from a linear regression of mass on tarsus length
(residual condition; Lindsay et al., 2009) for captures before 19 July.
Each year of nonbreeding study eventually received appreciable
rainfall prior to the beginning of the breeding season and this date
marks approximately 1 month after the major rainfall events in the
2017 season. Before this date, mass scores would not likely have
been affected by the increased insect abundance that presumably
followed the rainfall due to the subsequent greening up of vege-
tation (Welklin, 2020). Comparing captures before this date
allowed us to emphasize differences in condition across wetter and
drier nonbreeding seasons. We used linear mixed models to test
whether ecological conditions during the nonbreeding season
influenced residual condition, fat and muscle scores for each age
class independently. We included whether a nonbreeding season
was wet or dry as a fixed effect and individual identity as a random
effect. All analyses were conducted in R v.3.5.2 (R Core Team, 2018).

Factors Influencing Ornament Acquisition

We used our long-term breeding data set to determine the
factors that influenced whether or not 1- and 2-year-old males
acquired ornamented plumage. For 1-year-old males, we first asked
whether a male's pairing status in his first adult breeding season
(helper versus breeder) influenced his likelihood of ornamented
plumage acquisition. For males that paired, we then tested whether
hatch date, the number of male helpers at the male's natal nest,
nonbreeding residual condition score (mass/tarsus), female
breeding experience (paired with an older female known to have
bred previously versus paired with a young female not known to
have bred previously), whether a male was a female's first mate in a
breeding season and climate (see below) influenced the likelihood
that a 1-year-old male acquired ornamented plumage. For 2-year-
old males, we tested whether previous breeding status, previous
ornamentation status and previous mating status (e.g. paired with
the same female as in the first breeding season) influenced a male's
likelihood of acquiring ornamented plumage in his second breeding
season. We tested the importance of most of these variables using
binomial logit link models and determined the significance of fixed
effects using likelihood ratio tests that compared models with and
without the variable of interest. When comparing proportions for
categorical variables, we used Fisher's exact tests. Most variables
were tested separately due to little overlap of the data sets asso-
ciated with each question about ornament acquisition in young
males. Details on each model can be found in the Appendix.

To understand the influence of abiotic environmental factors,
we used a sliding window approach with a binomial model to
determine whether total rainfall, mean minimum temperature,
mean maximum temperature or normalized difference vegetation
index (NDVI) influenced the likelihood a 1-year-old male acquired
ornamented plumage. This approach identifies which climate
windows within a range of dates best improve upon a baseline
model using DAIC scores (van de Pol et al., 2016). We used an ab-
solute windowwith a reference date of 31 December and a range of
0e333 days, which corresponded to climate variation from
February through to December. By February, nearly all males would
have hatched, and by 31 December, any 1-year-old males that were
going to moult into ornamented plumage would have done so. We
required climate windows to be at least 20 days long to identify
periods with extended climate differences across years, and we
tested whether the top climate windows for each variable were
false positives using permutation tests (Bailey & van de Pol, 2016).
Very few 2-year-old males spent the breeding season in brown
plumage, so we did not measure whether climate determined the
likelihood a 2-year-old male acquired ornamented plumage. We
tested the residual fit of all binomial models using the R package
‘DHARMa’ (Hartig, 2018).

Social Networks and Ornament Acquisition

We used nonbreeding social networks to assess the fine-scale
social factors that may determine whether 1-year-old males ac-
quire ornamented plumage. We were specifically interested in
whether the timing of when amale paired with a female influenced
his likelihood of acquiring ornamented plumage, however, identi-
fying a specific datewhen eachmale pairedwith a female appeared
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prone to arbitrary judgements (see Appendix). So instead of relying
on our own assumptions of what social network measure indicated
pairing, we implemented a sliding window approach to identify
important differences in the timing of associations to a future mate
between males who paired and acquired ornamented plumage and
those who paired but remained in brown plumage. We first iden-
tified the range of weeks that we had the most complete social
network data in the 4 years we collected these data. We converted
calendar dates toweeks using the R package ‘lubridate’ (Grolemund
& Wickham, 2011) and identified this period as the 28the32nd
weeks of year (8 Julye11 August). We then calculated the associa-
tion score for each maleefemale pair for each week within this
period and the mean association score for all possible windows of
weeks within this range. The scores from each of these windows
were then added to a binomial model along with year as fixed ef-
fects to determinewhether associations to a futuremate during any
of these windows was associated with the likelihood of orna-
mented plumage acquisition. We identified the window that best
improved upon the baseline model using DAIC scores and tested
whether the observed window was a false positive using a per-
mutation test (see Appendix). Once we confirmed the top window
was not a false positive, we expanded our data set to include any
individual that was seen during the top window to improve our
sample size and reran the model for that window only. We used a
permutation test to determine the significance of the association
score fixed effect. When testing positive coefficient values, as here,
the P value for permutations represents the number of times the
coefficients from the permutations were greater than the coeffi-
cient for the observed association score, divided by the number of
permutations. In later permutation tests where the coefficient of
interest was negative, the relationship between the observed and
randomized coefficients is reversed. Reported coefficient values are
the absolute difference between the observed coefficient and the
mean of the randomized coefficient values (Farine, 2017). See the
Appendix for full details on each permutation test.

We conducted further analyses to measure how paired 1-year-
old males that eventually acquired ornamented plumage differed
from those that stayed in brownplumagewith regard to their social
connections prior to acquiring ornamentation. We calculated each
male's weighted degree (the sum of an individual's association
scores) to all males, other 1-year-old males, older males and all
females prior to the male acquiring ornamented plumage. We
tested whether paired males that did or did not acquire orna-
mented plumage differed in these connections using linear mixed
models with weighted degree as the response variable and future
plumage and year as categorical fixed effects. We calculated the
coefficient and significance of the plumage variable in each test
using permutation tests.
Factors Influencing Timing of Ornamented Plumage Acquisition

Where possible, we tested hypotheses for abiotic environmental
and social cues influencing the timing of ornamented plumage
acquisition using males of all age classes, but in most years we did
not have accurate data on timing of ornamented plumage acqui-
sition for 3-year-old and older males. However, we were able to
obtain accurate data on timing of ornamented plumage acquisition
for most 2-year-old males in all years. Therefore, to measure the
influence of climate variation on timing of ornamented plumage
acquisition in males age 2 years and older, we first used broad
analyses that compared the proportions of males in ornamented
plumage during the nonbreeding season across years. We then
conducted more detailed analyses specifically on 2-year-old males
to determine the fine-scale ecological and social predictors of
timing of ornamented plumage acquisition.

We first used a broad sliding window analysis with an absolute
window to test whether variation in rainfall led to variation in the
timing of ornamented plumage acquisition across years (van de Pol
et al., 2016). Each nonbreeding season we completed surveying our
population by 1 July, so we assessed whether any rainfall windows
occurring 0e200 days before 1 July predicted the proportion of
males that acquired ornamented plumage by that date. All males in
this data set eventually acquired ornamented plumage in the years
they were present. Our baseline model was a generalized linear
mixed model with a binomial distribution and a categorical vari-
able of whether a male had acquired ornamented plumage by 1 July
or not as our response variable, age as a fixed effect and individual
identity as a random effect. For males that did not have an exact
age, we used their minimum age. Measuring the influence of age on
moult timingwas not ourmain focus for this model, sowe think the
benefits of a larger sample size outweigh any uncertainty generated
by slightly inaccurate age estimates. We required windows to be at
least 20 days long to identify extended periods of rainfall variation
across years and tested whether the top rainfall windowwas a false
positive using permutation tests. We assessed the significance of
the rainfall variable using a likelihood ratio test.

We tested whether climate and a male's previous experience
influenced the timing of ornamented plumage acquisition on a
finer scale using 2-year-old males. To build this data set, we first
calculated a ‘moult date’ for each 2-year-old male. We found that
once 2-year-old males obtained a plumage score of �33% red-black
plumage, the rest of moult was completed very quickly
(mean ¼ 10.9 days; Appendix). We also found that almost all males
achieved 100% red-black plumage in the breeding season and very
fewmales spent the breeding season at 90e95% red-black plumage
(Supplementary Fig. S2). Therefore, we defined ‘moult date’ to be
the first date we saw or captured a male at greater than 33% red-
black plumage, and we included any male that was seen between
33% and 85% red-black in our data set because they were likely
actively moulting. We removed males from our data set that were
seen in brown plumage (<33% red-black) and then next seen in
fully ornamented plumage (�90% red-black) if the gap between
these two sightings was longer than 20 days, because we could not
accurately estimate moult date. We did include males that were
first seen at 90% red-black or above and account for these obser-
vations using left-censoring in our survival analysis models. The
only 2-year-old males that spent the breeding season at 34e90%
red-black plumage appeared to obtain this plumage via adventi-
tious moult, which took place months later than the normal pre-
alternate moult. Ornamentation via adventitious moult likely rep-
resents a very different moult strategy from the normal pre-
alternate moult (see Lantz & Karubian, 2016), so we did not
include these males in our data set.

We tested whether a male's breeding and ornamentation status
in his first year influenced the timing of ornamented plumage
acquisition in his second year using semiparametric Cox propor-
tional hazards models implemented by the R package ‘icenReg’
(Anderson-Bergman, 2017). We considered any male that was first
seen at �90% red-black plumage to be left-censored, meaning we
did not observe the male's true moult date. When running these
models for all years, we included year as a fixed effect to control for
differences across years. We then constructed two additional
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Figure 1. Proportions of males of each age class that acquired brown versus orna-
mented plumage.
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models (without year as a fixed effect) to test the influence of the
same variables within relatively wetter (2016, 2018, 2019) and drier
(2015 and 2017) nonbreeding seasons. We used permutation tests
to test the significance of the fixed effects in each of these models
and calculated P values and coefficients as described previously for
permutation tests.

To determine in greater detail how climate influenced the
timing of ornamented plumage acquisition, we performed sliding
window analyses for 2-year-old males using total rainfall, mean
minimum temperature anomaly, mean maximum temperature
anomaly and mean NDVI climate variables. We used the 2-year-old
moult date data set described above but removed individuals that
were first seen in ornamented plumage because we did not know
their approximate moult dates. We used Cox proportional hazards
models implemented by the R package ‘survival’ (Therneau &
Lumley, 2014), and used relative climate windows as time-
dependent covariates to determine how climate influenced the
likelihood of moult into ornamented plumage on a given date
during the nonbreeding season. For each climate variable, we used
a range of 0e300 days prior to the observation date and required
windows to be at least 30 days long to identify periods of extended
climate differences that influenced timing of ornamented plumage
acquisition based on preliminary tests. We tested whether the
climate windows were false positives using permutation tests and
used likelihood ratio tests to determine the significance of the
climate variables.

We used a linear mixed model to determine whether
nonbreeding residual condition influenced timing of ornamented
plumage acquisition in 2-year-old males. This model used
restricted maximum likelihood with the number of days between
capture andmoult date as a response variable, residual condition as
a fixed effect and year as a random effect. We assessed significance
of the residual condition variable using a likelihood ratio test. We
also tested whether age for males 3 years and older influenced
timing of ornamented plumage acquisition by constructing a
semiparametric Cox proportional hazards model with age and
season as fixed effects. We tested the significance of the age vari-
able using a permutation test.

Social Networks and Timing of Ornamented Plumage Acquisition

We used the same sliding window approach described previ-
ously for 1-year-old males to determine whether associations be-
tween 2-year-old males and their females influenced timing of
ornamented plumage acquisition. We considered any windows
from the 27th to the 33rd week of the year (1 Julye18 August).
Within the sliding window analysis, we used a Cox proportional
hazards model and only included individuals for which we had
observed moult dates. We also measured how social environment
prior to ornamentation influenced timing of ornamented plumage
acquisition for 2-year-old males by calculating weighted degree
scores for 2-year-old males’ connections to other 1- and 2-year-old
males, older males, all females and their paired female before the
males reached ornamented plumage. We tested each variable in a
separate Cox proportional hazards model and used the same data
set as the sliding windowanalyses noted above.We determined the
significance of the weighted degree variables using permutation
tests.

Ethical Note

All procedures involving animals were approved by the Cornell
Institutional Animal Care and Use Committee (IACUC 2009-0105),
Tulane University IACUC (2019-1715) and the James Cook Univer-
sity Animal Ethics Committee (A2100) and were performed under a
Queensland Government Department of Environment and Heritage
Protection Scientific Purposes Permit (WISP15212314). We banded
both adults and nestlings for identification in the field. We
extracted adults frommist nets immediately after capture and held
adults in cloth bags before quickly conducting standard measure-
ments and taking a small blood sample. Red-backed fairy-wrens are
highly social and rarely alone, so after processing, we released so-
cial groups together to reduce stress. Handling of nestlings was
minimized by collecting a small blood sample and banding nes-
tlings on the same day. These methods have been used previously
in this species with no observable negative effect (Webster et al.,
2008).
RESULTS

Acquisition of Ornamented Plumage

One quarter of 1-year-old males (24%) in our population ac-
quired ornamented plumage in their first adult breeding season,
whereas most 2-year-old males (96%) and all males 3 years and
older acquired ornamented plumage (Fig. 1). Acquisition of the
ornamented phenotype in 1-year-old males did not appear to be
affected by climate, as all climate windows predicting moult into
ornamented plumage were false positives (Supplementary Figs S3,
S4, Table S1). In wetter nonbreeding seasons, 1-year-old males had
higher residual condition (likelihood ratio test: c2

1 ¼12.63,
N ¼ 169, P < 0.001; Fig. 2a, Supplementary Table S2) and muscle
scores (likelihood ratio test: c2

1 ¼ 9.11, N ¼ 169, P ¼ 0.003;
Supplementary Table S3, Fig. S5) than in drier nonbreeding seasons,
but residual condition did not influence the likelihood of orna-
mented plumage acquisition (likelihood ratio test: c2

1 ¼ 0.58,
N ¼ 74, P ¼ 0.45; Supplementary Table S4). Fat scores did not differ
across wetter and drier nonbreeding seasons for 1-year-old males
(likelihood ratio test: c2

1 ¼ 2.91, N ¼ 169, P ¼ 0.088;
Supplementary Table S5, Fig. S6).

In contrast, we found considerable evidence that social envi-
ronment, particularly interactions with a future mate, did affect
acquisition of the ornamented phenotype in 1-year-old males. First,
nearly one-third of paired 1-year-old males (N ¼ 52 of out of 162
paired 1-year-old males) acquired ornamented plumage, whereas
no unpaired, helper 1-year-old males (N ¼ 52) did so (Fisher's exact
test: N ¼ 214, P < 0.001; Fig. 3a). Among paired 1-year-old males,
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Figure 2. Relationships between residual condition and acquisition of ornamented plumage. (a) Residual condition in drier nonbreeding seasons (2015 and 2017) and in wetter
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those that hatched earlier in the previous breeding season were
more likely to acquire ornamented plumage (likelihood ratio test:
c2

1 ¼7.87, N ¼ 97, P ¼ 0.005; Fig. 3b, Supplementary Table S6), but
there was no effect of hatch date on residual condition score
(likelihood ratio test: c2

1 < 0.01, N ¼ 36, P ¼ 0.926; Supplementary
Table S7). Also, the number of male helpers at a male's natal nest
was not an important predictor of whether a male acquired orna-
mented plumage (likelihood ratio test: c2

1 ¼ 2.00, N ¼ 97,
P ¼ 0.158; Supplementary Table S6, Fig. S7), and we did not find any
effect of hatch date or number of male helpers at a male's natal nest
on whether a male was a helper or a breeder in his first breeding
season (likelihood ratio tests: hatch date: c2

1 < 0.01, N ¼ 113, P ¼ 1;
helpers: c2

1 < 0.01, N ¼ 113, P ¼ 0.941; Supplementary Table S8).
Second, 1-year-old males with experienced mates (i.e. had bred

previously) were more likely to acquire ornamented plumage than
males that paired with an inexperienced female who had not bred
in previous breeding seasons (likelihood ratio test: c2

1 ¼ 6.43,
N ¼ 112, P ¼ 0.011; Fig. 3c, Supplementary Table S9). Among males
that paired with experienced breeders, there was a nonsignificant
tendency for males who were a female's first mate in a breeding
season to be more likely to acquire ornamented plumage when
compared to males that filled a vacancy when the female's first
mate disappeared (likelihood ratio test: c2

1 ¼ 3.12, N ¼ 62,
P ¼ 0.077; Supplementary Table S10, Fig. S8).
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Figure 3. Predictors of whether a 1-year-old male acquired ornamented plumage. (a) Likelih
or paired with a female. (b) Model prediction plot from a binomial generalized linear mixed m
ornamented plumage. Line shows the model prediction, shaded areas show 95% confidence
(c) Likelihood of acquiring ornamented plumage based on whether 1-year-old males were p
female who had not bred previously.
Third, a fine-scale analysis of social interactions during the
nonbreeding season revealed that 1-year-old males that paired
with a female by the 30th week of the year (late July, approximately
1e4 weeks before the start of breeding) were more likely to acquire
ornamented plumage than were those that paired after that date
(permutation test: coef ¼ 7.33, N ¼ 34, P ¼ 0.001; Fig. 4a,
Supplementary Figs S9eS13, Table S11). The males that did acquire
ornamented plumage paired with a female before moulting
(Fig. 4b). Within this subset of males for which we had social
network data, those that acquired ornamented plumage were not
in better condition during the nonbreeding season than those that
did not acquire ornamented plumage (F1,26 ¼ 2.82, N ¼ 31,
P ¼ 0.105; Supplementary Table S12), and condition did not influ-
ence their likelihood of acquiring ornamented plumage (likelihood
ratio test: c2

1 ¼ 0.05, N ¼ 31, P ¼ 0.821; Supplementary Table S13).
Not all males that were well connected (i.e. paired) to their mate by
week 30 acquired ornamented plumage: of the 12 males that were
well connected to their female by week 30, only half acquired
ornamented plumage (Supplementary Fig. S13). All but one of these
12 males were in the same social group as the female they bred
with, and those that acquired ornamented plumage (N ¼ 6) were in
a social group without any other male, whereas half of the males
that stayed brown (N ¼ 3) were in a group with another male
(Fisher's exact test: P ¼ 0.182). Of the males in a social group with
300 340
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their female, males that acquired ornamented plumage had lower
weighted degree to individuals outside of their pair bond prior to
moult into ornamented plumage than males that remained in
brown plumage (permutation test: coef ¼ �1.38, N ¼ 10, P ¼ 0.019;
Supplementary Table S14, Fig. S14). Together, these results indicate
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second year, but this association could have been due to chance
(Fisher's exact test: N ¼ 117, P ¼ 0.334).

Timing of Ornamented Plumage Acquisition

Within a given year, timing of ornamented plumage acquisition
was highly dependent on age, with males 3 years old and older
moulting into ornamented plumage first, followed by 2-year-old
males and then some 1-year-old males (Fig. 5). Even within males
�3 years old, age was an important factor determining timing of
ornamented plumage acquisition, with older males moulting
earlier in the nonbreeding season (permutation test: coef ¼ 0.54,
N ¼ 103, P ¼ 0.006; Supplementary Table S15, Figs S15eS16).
Indeed, many of the oldest males in our study population were
already in ornamented plumage (and may have moulted directly
from ornamented plumage) when we arrived at our field site each
year, approximately 9e12 weeks before the start of breeding
(Fig. 5).

For males 2 years and older, the date they acquired ornamented
plumagewas affected by short-term climate variation. Across years,
total rainfall between 24 February and 3 May was highly predictive
of the number of males in ornamented plumage by 1 July, with
wetter nonbreeding seasons leading to a greater percentage of
males in ornamented plumage by that date (likelihood ratio test:
c2

1 ¼107.25, N ¼ 281, P < 0.001; Fig. 6a, Supplementary
Figs S17eS18, Table S16). A more detailed analysis revealed that,
for 2-year-old males, rainfall totals greater than 40 cm during a
window of 216e79 days before a given date led to an increased
likelihood of moult into ornamented plumage on that date (likeli-
hood ratio test: c2

1 ¼ 33.78, N ¼ 40, P < 0.001; Fig. 6b,
Supplementary Tables S17eS18, Figs S19eS20). We also found that
temperature and NDVI windows were important determinants of
daily likelihood of moult into ornamented plumage for 2-year-old
males, but these windows followed and were strongly correlated
with the top rainfall window, meaning they may have been con-
sequences of rainfall (Supplementary Tables S17eS18,
Figs S19eS22). Minimum temperature was the only window that
preceded the rainfall window, but when the rainfall and minimum
temperature windows were added to a single model, removing
minimum temperature from the model did not change model fit by
more than two AIC units, so we did not include it in the final model
(Supplementary Table S18).

Like young males, older males had higher residual condition
scores in wetter nonbreeding seasons than in drier nonbreeding
seasons (likelihood ratio tests: 2 years old: c2

1 ¼ 5.72, N ¼ 63,
P ¼ 0.017; 3 years and older: c2

1 ¼ 5.78, N ¼ 82, P ¼ 0.016; Fig. 2a,
Supplementary Table S2), but showed no difference in muscle
(likelihood ratio tests: 2 years old: c2

1 ¼1.61, N ¼ 63, P ¼ 0.204; 3
years and older: c2

1 ¼1.99, N ¼ 82, P ¼ 0.158; Supplementary
Table S3, Fig. S5) and fat scores (likelihood ratio tests: 2 years
old: c2

1 ¼ 0.38, N ¼ 62, P ¼ 0.537; 3 years and older: c2
1 ¼1.04,

N ¼ 82, P ¼ 0.308; Supplementary Table S5, Fig. S6). Within 2-year-
old males, a male's residual condition score on a capture date was
an important predictor of how long after the capture date the male
acquired ornamented plumage, with higher condition scores
leading to earlier moult dates (likelihood ratio test: c2

1 ¼ 5.81,
N ¼ 20, P ¼ 0.016; Fig. 2b, Supplementary Table S19). These results
suggest that differences in condition may explain the connection
between climate variation and the timing of ornamented plumage
acquisition.

In contrast to the effects of climate, we found little evidence that
social factors affected timing of ornament acquisition for 2-year-old
males. We found no effect of whether a male was paired to the
same female as in his first year on timing of ornamented plumage
acquisition (Supplementary Table S20, Fig. S23), and also no effect
of when a male paired with a female or any other nonbreeding
social connections on timing of ornamented plumage acquisition
(see Appendix, Additional Results; Supplementary Figs S26eS27,
Table S23). Additionally, neither plumage phenotype nor breeding
status of males in their first year were statistically significant pre-
dictors of ornamented plumage acquisition when all years were
examined (plumage phenotype: permutation coef ¼ 0.55, N ¼ 57,
P ¼ 0.068; breeding status: permutation coef ¼ 0.56, N ¼ 57,
P ¼ 0.093; Supplementary Table S24, Fig. S28). However, when we
ran these analyses separately for wetter versus drier nonbreeding
seasons, we found that in wetter nonbreeding seasons, 2-year-old
males that were ornamented in their first year moulted into
ornamented plumage earlier than 2-year-old males that were not
ornamented previously (permutation test: coef ¼ 1.26, N ¼ 31,
P ¼ 0.014; Supplementary Figs S29eS30, Table S25). Previous
breeding status was not a predictor of timing of ornamented
plumage acquisition in wetter nonbreeding seasons (permutation
test: coef ¼ 0.62, N ¼ 31, P ¼ 0.151; Supplementary Figs S29eS30,
Table S25), and both previous plumage phenotype and previous
breeding status were nonsignificant in drier nonbreeding seasons
(plumage phenotype: N ¼ 26, permutation coef ¼ 0.21, P ¼ 0.332;
breeding status: permutation coef ¼ 0.32, N ¼ 26, P ¼ 0.304;
Supplementary Figs S29, S31, Table S26). These results indicate that
climate variation, but not social environment, is a key factor in
determining when older males acquire ornamented plumage
within a year.

DISCUSSION

Sexual signals are thought to convey information about a sig-
naller's quality due to physiological (Hill, 2011) or social mecha-
nisms (Rohwer, 1975; Webster et al., 2018), or a combination of
these (Tibbetts, 2014; Vitousek et al., 2014) that link the production
and maintenance of sexual signals to individual quality (Grafen,
1990; Johnstone, 1997; Zahavi, 1977). Identifying these mecha-
nisms is important for understanding sources of interindividual
variation in sexual signals, as well as why this variation is tied to
mating success. Identifying endogenous and exogenous factors
associated with ornamentation helps reveal these mechanisms
(Cockburn et al., 2008; Cothran & Jeyasingh, 2010; Vergara et al.,
2012). Here we tested the importance of abiotic environmental
and social cues in determining variation in plumage ornamentation
among male red-backed fairy-wrens. One-year-old males either do
or do not obtain ornamented plumage during their first breeding
season, and older males exhibit substantial variation in the timing
of when they acquire ornamented plumage within a year. Both
components of variation have important consequences for repro-
ductive success (Dunn & Cockburn, 1999; Webster et al., 2008).

Acquisition of Ornamentation by Young Males

Previous work investigating variation in ornamentation in
young male red-backed fairy-wrens focused on the hypothesis that
the acquisition of ornamented plumage is condition dependent due
to the potential costs of elevated androgens associated with orna-
mented plumage (Peters, 2000, 2007). This work produced mixed
results: young male red-backed fairy-wrens in ornamented
plumage had higher circulating androgen levels and were in better
condition than brown males (Lindsay et al., 2009), but when both
phenotypes were injected with GnRH, a precursor molecule to
testosterone production, ornamented and brown males were able
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to upregulate androgens to an equal degree (Barron et al., 2015).
Furthermore, an experimental manipulation of body condition
affected acquisition of ornamented plumage, but did not signifi-
cantly affect androgen levels (Barron et al., 2013). These results
suggested that while androgens likely play a role in ornamented
plumage acquisition, physiological differences associated with an-
drogens were not enough to explain signal variation among young
males.

Here we used a combination of long-term breeding data and
nonbreeding season social networks to test whether abiotic envi-
ronmental or social factors are associated with acquisition of
ornamented plumage in red-backed fairy-wrens. Our results show
that a majority of 1-year-old males exhibit delayed plumage
maturation and express unornamented brown plumage in their
first breeding season, whereas nearly all older males breed in
ornamented plumage, matching previous findings from a different
population of this species (Karubian et al., 2011; Webster et al.,
2008). We found that social cues and hatch date, but not climate
variation, influenced whether 1-year-old males acquired orna-
mented plumage. Specifically, 1-year-old males that acquired a
social mate prior to the start of the breeding season (before the end
of July) and those that hatched early in the previous breeding
season, were more likely to acquire ornamented plumage than
those that did not pair early or that hatched late.

The importance of both hatch date and pairing suggests that
both endogenous and exogenous cues are important in deter-
mining whether a 1-year-old male acquires ornamented plumage.
Hatch date did not influence a male's ability to pair, but may be
tied to physiological cues, as late-hatching males would theoreti-
cally have less time to acquire resources and develop prior to the
oncoming breeding season. Indeed, access to resources is a com-
mon determinant of ornament expression in many taxa (Cotton
et al., 2004b; Emlen, 1994). However, we found no effect of
hatch date on residual condition and no effect of residual condition
on the likelihood a young male acquired ornamented plumage,
indicating that hatch date might influence ornament expression
through different physiological constraints, such as moult con-
straints (Rohwer & Butcher, 1988). This finding contrasts with that
of a previous experimental study in which 1-year-old males in
better conditionwere more likely to acquire ornamented plumage,
although the time frame in that study was very different from
ours: Barron et al. (2013) measured condition and plumage orna-
mentation during breeding season captures, whereas in the pre-
sent study, we measured whether nonbreeding condition
influenced the likelihood of ornament acquisition later in the
season. One physiological mechanism that may be influenced by
hatch date is the timing of prebasic moult. Young fairy-wrens
fledge their nest in a juvenile plumage, then complete a prebasic
body moult during the nonbreeding season into unornamented
nonbreeding plumage (Schodde, 1982). If late-hatching males
complete this prebasic moult late in the nonbreeding season, it
may influence when they can complete their pre-alternate moult
into breeding plumage, possibly restricting their ability to produce
ornamented plumage due to costs associated with overlap be-
tween moult and breeding (Echeverry-Galvis & Hau, 2012).
However, males that do not moult into ornamented plumage are
thought to replace their brown body and tail feathers at the
beginning of the breeding season (Schodde, 1982), suggesting that
moultebreeding overlap is possible. Clearly, further work is
needed to determine the importance of moult constraints and
moultebreeding overlap in this system.

In contrast, the mechanism behind timing of pairing seems
clearer. Social interactions are widely known to influence physio-
logical processes (Tibbetts, 2014; Vitousek et al., 2014), and because
males pair before moulting into ornamented plumage, it is likely
that pairing triggers physiological changes that lead to the initia-
tion of moult into ornamented plumage. Previous research on red-
backed fairy-wrens has shown that implantation with testosterone
triggers moult into ornamented plumage (Lindsay et al., 2011) and
that pairing leads to increased testosterone production in red-
backed fairy-wrens (Karubian et al., 2011) and other birds
(reviewed in Goymann et al., 2019). Thus, in red-backed fairy-
wrens, pairing may trigger increased testosterone production,
which then influences gene expression in the liver, facilitating the
production of metabolized carotenoids required for ornamented
plumage (Khalil et al., 2020). Our findings here indicate the pres-
ence of a critical period governing this process, in which pairing
may need to occur before the end of July for 1-year-old males to
acquire ornamented plumage. Previous research has shown that
males experimentally provided with breeding opportunities during
the breeding season upregulate testosterone levels and can pro-
duce ornamented feathers to replace plucked feathers, but these
males did not perform a complete moult into ornamented plumage
(Karubian et al., 2011).

Interestingly, not all 1-year-old males who paired before the
end of July moulted into ornamented plumage, suggesting that
for some males, the benefits of pairing did not offset the costs of
moult into ornamented plumage. Our results suggest that these
costs of early acquisition of ornamentation by young males are
likely social in origin. Competition for reproductive opportunities
(Faulkes et al., 1990; Langer et al., 2004; Oi et al., 2021) and
aggression from dominants towards subordinates (Tibbetts &
Izzo, 2010; Young et al., 2006) are commonly observed in coop-
eratively breeding social groups, including fairy-wrens (e.g.
Double & Cockburn, 2003; Mulder & Langmore, 1993). The costs
of such competitive interactions would be reduced or avoided by
males that signal that they are not competitive, such as through a
lack of ornamentation. Indeed, previous work has shown that
adult male fairy-wrens are more aggressive towards ornamented
males than towards males in brown plumage (Karubian et al.,
2008). Correspondingly, we found that young males that did
pair early but did not acquire ornamented plumage had other
males in their nonbreeding social group and also had more in-
teractions with individuals other than their mate, compared to
young paired males that did acquire ornamented plumage. We
also found that young males who paired with experienced fe-
males were more likely to acquire ornamented plumage
compared to those who paired with inexperienced females.
Males that pair with an inexperienced female may have to carve
out a new territory in a potentially crowded social environment,
whereas males that pair with an experienced female may face
less opposition from other social groups by filling a vacancy on an
established territory.

Together these results support the importance of social cues
as a mechanism underlying variation in delayed plumage matu-
ration (Hawkins et al., 2012) and suggest that 1-year-old male
red-backed fairy-wrens modulate their plumage phenotype for
the breeding season based on their social role and their social
environment by the end of July. Breeding typically begins in
August or September (Welklin, 2020), and males that obtained a
mate prior to the start of breeding in an area with few neigh-
bouring groups were likely to acquire ornamented plumage. In
contrast, males with many neighbouring groups and those that
entered August still unpaired remained in brown plumage. This
indicates that the benefits of ornamented plumage e namely
increased reproductive success (Webster et al., 2008) e may
outweigh the costs only when males are likely to obtain a
breeding role in an uncrowded environment, or that males are
constrained from obtaining ornamented plumage after the start
of breeding.
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Timing of Ornamented Plumage Acquisition

We measured the timing of ornamented plumage acquisition
over five nonbreeding seasons to determine whether moult into
ornamented plumage is constrained by environmental conditions,
as predicted by the physiological cost hypothesis (Cotton et al.,
2004a; Rowe & Houle, 1996). Previous research has shown that
early-moulting males obtain higher reproductive success than late-
moulting males in two other species of fairy-wren (Brouwer et al.,
2011; Dunn & Cockburn, 1999), suggesting that timing of orna-
mented plumage acquisition may be an indicator of male quality
(Mulder & Magrath, 1994). For males 2-years and older, we found
that nonbreeding rainfall, specifically between February and May,
was an important predictor of variation in the timing of orna-
mented plumage acquisition across years. Further detailed analyses
on 2-year-old males indicated that rainfall 31e11 weeks before a
given date during the nonbreeding season was predictive of
whether males acquired ornamented plumage on that date,
matching similar findings for superb fairy-wrens showing that
rainfall in the preceding 25weeks influenced timing of ornamented
plumage acquisition (van de Pol et al., 2012).

We also found that males exhibited lower condition scores in
drier nonbreeding seasons than inwetter nonbreeding seasons and
that residual condition was an important predictor of when a male
acquired ornamented plumage. As insectivores, physiological con-
dition in red-backed fairy-wrens is likely highly dependent on the
availability of insects, and earlier analyses using these same climate
data found rainfall was an important predictor of NDVI (Welklin,
2020), which is often positively correlated with insect abundance
(Recher et al., 1996). Although minimum temperature was not the
main determinant of timing of ornamented plumage acquisition,
we did find that higher-than-average minimum temperatures were
correlated with higher rainfall (Supplementary Table S16).
Together, these findings indicate that warmer periods during the
early nonbreeding season led to increased rainfall, higher NDVI
scores, and likely increased insect abundance, leading to earlier
moult into ornamented plumage for 2-year-old and older males.

In contrast to the determinants of whether a young male
moulted into ornamented plumage, we found no evidence that
social cues drive timing of ornamented plumage acquisition for
older males. This result may not be surprising, as older males may
be expected to be more socially stable than younger males, and
previous research has shown that moult into ornamented plumage
by older males may not be dependent on circulating androgens
(Lantz et al., 2017). Many older males remained paired to the same
female across seasons, and breeding groups tend to stay together
throughout the nonbreeding season in an area that encompasses
their breeding season territory (Welklin, 2020). However, it should
also be noted that the only year we had enough data tomeasure the
influence of social connections on the timing of ornamented
plumage acquisition was our 2017 season, which was by far the
driest nonbreeding season we observed, resulting in nearly all
males moulting very late (Figs 5, 6a). If we had started our
nonbreeding field seasons earlier, and in less extreme years, it is
possible that we would have found evidence that social environ-
ment affects the timing of ornamented plumage acquisition in
older males.

Conclusion

Combined, these findings indicate that for red-backed fairy-
wrens, the different forms of signal variation among age classes are
affected by different processes. For 1-year-old males, signal varia-
tion is primarily determined by whether or not males acquire
ornamented plumage. We found that hatch date and social cues,
especially whether a male paired with a female prior to the
beginning of the breeding season, were important in determining
whether a 1-year-old male acquired ornamented plumage. In
contrast, for older males, signal variation is determined by the
timing of ornamented plumage acquisition. In older males, we
found that abiotic environmental cues such as rainfall were asso-
ciated with the timing of ornamented plumage acquisition across
years, likely through effects on physiological condition. These re-
sults provide support for the hypothesis that social cues determine
the acquisition of sexual signals by younger males, but that physi-
ological condition affects the timing of ornament acquisition in
older males. The latter result may be due to the physiological costs
of ornament acquisition, such as trade-offs between moult and
immunity (Ellis et al., 2012) or to males in poorer condition being
less able to tolerate social costs of early ornament acquisition. We
have shown that both social and physiological processes can lead to
signal variation within the same species through their influence on
males of different age classes. We propose this difference among
age classes occurs because older males are nearly always territory
holders, and thus are established in their social environment,
whereas young males can exhibit flexible social roles in their first
breeding season depending on whether they pair with a female or
not. For young males, a mismatch in ornamentation and social
status (i.e. ornamented helper male) may elicit aggression from
other males (Rohwer, 1977; Tibbetts & Dale, 2004). However,
ornamentation in older, established males who are territory
holders may simply be a signal of their status as a dominant
breedingmale. Ultimately, further experimental work is required to
fully resolve the hypotheses presented here, but these results reveal
the importance of considering both social and abiotic environ-
mental factors when investigating the causes of sexual signal
variation.
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Appendix

Additional Methods

Capture methods
Most adults were captured at least once per year usingmist nets.

In years that included nonbreeding season work, most adults were
captured during the nonbreeding season. Individuals who had not
been captured previously were banded with an Australian Bird and
Bat Banding Scheme (ABBBS) aluminium numbered band and a
unique combination of three plastic colour bands, or two plastic
colour bands and one coloured metal band. Nestlings were banded
with an ABBBS aluminium numbered band 6 days after hatching.
We took standard morphological measurements (Karubian, 2002)
and a small blood sample (20e70 ml) from the wing vein from
adults during captures and a smaller blood sample from nestlings
from the tarsal vein.

Climate and vegetation data
We obtained rainfall and temperature data from the Australian

Government Bureau of Meteorology (Climate Data Online: http://
www.bom.gov.au/climate/data/). Rainfall recording was inconsis-
tent for the weather station closest to our field site, so we averaged
rainfall totals from the three sites closest to our site (Welklin, 2020).
Temperature data were collected at the Brisbane Airport, approxi-
mately 30 km southeast of our field site, and we obtained daily
temperature anomalies by calculating residual daily temperature
values from a loess trendline we plotted using the R function ‘loess’
in the ‘stats’ package with the span variable set to 0.5 for all tem-
perature data during years 2002e2019. We obtained normalized
difference vegetation index (NDVI) data for the area covered by red-
backed fairy-wren nonbreeding territories at our study site from
Landsat 7 tier 1 surface reflectance satellite images courtesy of the
U.S. Geological Survey through Google Earth Engine (GEE) (Gorelick
et al., 2017). We calculated NDVI by taking the normalized differ-
ence of bands 4 (NIR) and 3 (red) for each image that included no
clouds or cloud shadows over the area encompassed by the com-
bined home ranges and used linear interpolation to generate daily
values to use in sliding window analyses.

Age and ornamentation
For Fig. 1, we only included males that were recorded in

breeding groups during a breeding season. Males that were only
seen during the nonbreeding season may not have had time to
moult into ornamented plumage.

Whether 1-year-old males paired with a female
We used our long-term breeding data set to determine the

broad factors that influencedwhether 1-year-oldmales pairedwith
a female. We asked whether hatch date and the number of male
helpers at a male's natal nest influenced whether a 1-year-old male
paired or not. We used generalized linear mixed models with
binomial distributions and logit link functions to test the impor-
tance of these variables. We tested the significance of fixed effects
using likelihood ratio tests.

In this analysis and all following analyses for 1-year-old males,
we did not include males that received testosterone implants as a
part of a separate experiment. We also did not include 1-year-old
males from communities where older males had been removed
during our 2017 nonbreeding season for a separate experiment.
This change in social environment could have influenced the like-
lihood a 1-year-old male paired with a female or moulted into
ornamented plumage.

Whether males moulted into ornamented plumage
We considered males to be breeders if they ever paired with a

female during the breeding season. We considered females to be
experienced breeders if we had records of them breeding in pre-
vious seasons or if they were first captured as older than 1 year. We
considered females inexperienced if they were 1 year old, or if we
had records of them acting as helpers and not breeders in the
previous breeding season. For analyses using residual condition, if a
bird was captured multiple times within a nonbreeding season, we
calculated the individual's average residual condition scores for
that season to obtain a single value. We tested whether hatch date
influenced a 1-year-old male's residual condition score within a
year using a linear model where condition score had been centred
on year (van de Pol & Wright, 2009).

When testing the importance of hatch date and male helpers at
the male's natal nest, we used nest identity (ID) as a random effect.
Where possible, we used year as a random effect (when it was not
singular), and in some models we used individual ID as an
observation-level random effect to improve residual fit (details for
each model are available in the Supplementary material). We ran
most of these models separately in order to maximize the amount
of data available for each question in our data set.

For sliding window analyses measuring the influence of climate
on the likelihood of moult, we tested each climate variable sepa-
rately and used female breeding experience (whether the female
had bred previously or not) as a fixed effect. We found that mea-
surements of temperature anomaly and temperature variables
produced nearly the same results, so we only report temperature
variables here. For each climate variable, we tested whether the
observed top window was a false positive by comparing the DAIC
values of the observed top window to the top windows from 100
permutations. If the observed DAIC value was greater than 95% of
the randomized values, we considered the top window to not be a
false positive (Bailey & van de Pol, 2016). In each permutation, we
randomly reassigned the year to which each data point belonged in
order to randomize the distribution of ornamented males across
years.

Social networks
We built yearly social networks for our 2016e2019 nonbreeding

seasons using the ‘asnipe’ package in R (Farine, 2013). We used
permutation tests to confirm that the observed social group
structure was more structured than expected by chance. We also
measured the robustness of our social groups and social commu-
nities to sampling error following Shizuka and Farine (2016) and
found that social groups were very robust to sampling error.
Further details on social network construction can be found in
Welklin (2020).

Identifying when 1-year-old males pair with a female
We were interested in how both interactions with females and

other males influenced whether 1-year-old males acquired orna-
mented plumage. For interactions with females, the most impor-
tant of these interactions is likely a 1-year-old male's interactions

https://doi.org/10.1016/0022-5193(77)90061-3
https://doi.org/10.1016/0022-5193(77)90061-3
http://www.bom.gov.au/climate/data/
http://www.bom.gov.au/climate/data/
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with his potential social mate in the coming breeding season. Thus,
calculating the date the male paired with his female was an
important goal, but we found that doing so was fraught with po-
tential error for multiple reasons. First, 1-year-old males and their
future paired females typically begin the nonbreeding season in
separate nonbreeding social groups. These social groups sometimes
interact before the male and female leave their social group and
begin forming their own territory. Second, even once a male and
female begin forming their own territory and primarily associate
with one another, they still often interact with their previous social
group, sometimes without their mate. These dynamics can be seen
in Supplementary Fig. S9. These dynamics made it difficult to assign
a specific pairing date to each male, as it appears that pairing is
probably a process that occurs gradually over time. Thus, to test the
importance of male's connections to his paired female, we imple-
mented the sliding window approach described in the main text
and below, which searches through our raw social network data to
find the period with the biggest difference in maleefemale asso-
ciation scores between ornamented and brown males rather than
arbitrarily defining a date for pairing, such as the first date a pair
was seen alone. We used this latter method in Fig. 4b to show the
approximate difference in timing of pairing versus moulting into
ornamented plumage, but we did not use these dates in our ana-
lyses of likelihood of moulting into ornamented plumage.

Whether males moulted and social networks
For the sliding window analysis measuring whether the timing

of pairing between a 1-year-old male and a female influenced the
likelihood of the male moulting into ornamented plumage, not all
pairs were seen in every week from week 28 to week 32. For pairs
that were not seen during a week or were seen in fewer than three
5 min points during a week, but had values on either side of the
missing weeks, we used linear interpolation to calculate the
weighted degree between the male and his female for the missing
week. No pairs for which we interpolated data were missing for
more than 1 week during this period.

Following van de Pol et al. (2016), we tested whether the
observed windowwas a false positive since we were conducting so
many tests. To do this, we conducted permutation tests by
randomly reassigning the ornamented/unornamented response
variable and its respective year variable among individuals. This
process maintained the association between the year variable and
the response variable but mixed up their association to each in-
dividual's distribution of weekly weighted degree measurements.
We did not mix up weekly weighted degree measurements among
individuals. We ran this permutation 100 times and compared the
DAIC of the observed top window to the DAIC values of the top
windows in each of the 100 permutations (Supplementary
Figs S10eS11). We only used 100 permutations due to the long
time frame of running sliding window permutation tests.

We used the same permutation method to calculate the signif-
icance of the weighted degree fixed effect during the observed top
window, but this time included all individuals we had weighted
degree data for during the topwindowas in the test of the observed
data. We ran this permutation 1000 times and compared the
observed coefficient for the association variable to 1000 random
coefficients (Supplementary Fig. S12).

We tested whether weighted degree connections differed be-
tween paired 1-year-old males that moulted into ornamented
plumage and paired 1-year-old males that remained in brown
plumage. We considered males to be paired in this analysis if they
were in the same nonbreeding social group as the first female they
bred with in the upcoming breeding season. We determined the
significance of the plumage variable using permutation tests,
where we randomly reassigned the plumage variable among males
and compared the observed coefficient to the distribution of 10 000
random coefficients.

Timing of moult into ornamented plumage
For the sliding window analysis testing the influence of rainfall

on the proportion of males in ornamented plumage by 1 July, we
required individuals to either be seen in ornamented plumage by 1
July or be seen in brown plumage after 1 July to be included in the
analysis. For individuals only seen in ornamented plumage after 1
July, we could not be sure when they moulted. We tested whether
the top rainfall windowwas a false positive using permutation tests
by randomizing the year to which each data point belonged in or-
der to randomize the distribution of ornamented males across
years. We ran 100 permutations and compared the DAIC values of
the observed top window to the top window from each permuta-
tion as described previously.

To understand whether an observation of a male moulting into
ornamented plumage (a red-black plumage score between 33% and
85%) was a quality indicator of the approximate date that male
achieved ornamented plumage, we measured how quickly males
moulted into ornamented plumage once the moulting process
began. Specifically, we measured the amount of time males took to
transition from intermediate plumage (33e66% red-black plumage)
to just short of complete red-black plumage (67e90% red-black
plumage). By using 90% rather than 100% as an upper limit for
this analysis, we could be sure that nearly all individuals at 90% red-
black plumage were still in the process of moulting, whereas if we
had used 100% red-black plumage as an upper limit, for individuals
that were seen in intermediate plumage, then at 100% red-black
plumage, we would not be sure of the date they actually achieved
red-black plumage status.

We found that nearly all 2-year-old males took less than 20 days
to go from intermediate to red-black plumage, with a mean of 10.9
days (Figs A1, A2). This gave us confidence, that while approximate,
an observation of a male during moult was likely very close to the
first date that the male achieved ornamented plumage (�33% red-
black).

For the semiparametric Cox proportional hazards models
implemented by the R package ‘icenReg’ (Anderson-Bergman,
2017), we used Julian date as our timing variable and left-
censored individuals (individuals first seen at 90% red-black
plumage or above) were coded as start time ¼ 0, event time -
¼ first date observed. For all other individuals, both start and event
time were the male's moult date. We used similar models as those
described in the main text to measure the influence of previous
ornamentation and previous paring status on the timing of moult to
determine whether re-pairing with the same female as in the first
breeding season influenced a 2-year-old male's timing of moult.
These models were the same as described previously, only we
replaced the paired previously fixed effect with a categorical effect
of whether the male was paired to the same female or not. To test
the significance of each fixed effect, we conducted 1000 permuta-
tion tests that randomly reassigned the fixed effect of interest but
kept relationships between the response variable and other fixed
effects intact.
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For the fine-scale climate sliding window analysis using Cox
proportional hazard models, we tested that the top climate win-
dows were not false positives by comparing the top DAIC value to
the DAIC of 100 randomizations. For these randomizations, we
randomly reassigned moult dates across individuals but kept the
other fixed effects associated with their respective moult dates.

Timing of moult and social networks
We again used linear interpolation to calculate missing

weighted degree values for 2-year-old males that were not seen for
1 week during the window of weeks 27e33. Males were missing
data for no more than 1 week during this window. We only used
data from the 2017 season in this analysis and other social network
analyses involving 2-year-old males because in all other seasons
most 2-year-old males were already ornamented by the time we
began collecting social network data. During the 2017 season, we
also conducted a removal experiment wherewe removed oldmales
from two large social communities and kept two other social
communities intact to measure the social costs of moult into
ornamented plumage (Welklin, 2020).We includedmeanweighted
degree to a male's female, whether the male had been paired
previously, treatment group (removal or control) and whether the
male was ornamented previously as fixed effects in the Cox pro-
portional hazards models.

For analyses measuring how social environment prior to moult
influenced timing of moult in 2-year-old males, we tested each
weighted degree variable in a separate Cox proportional hazard
model matching the model described above. We determined the
significance of each of the weighted degree variables using per-
mutation tests, where we randomly reassigned the weighted de-
gree variable across individuals and compared the observed
coefficient for the weighted degree variable to the distribution of
random coefficients.

Additional Results

Whether males moulted into ornamented plumage
For 1-year-old males that were in a nonbreeding social group

with the female they bred with, those that moulted into
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Figure A1. Interval (in days) between the first sighting of each 2-year-old male in intermedi
in red-black plumage (67e90% red-black).
ornamented plumage had lower weighted degree to males (per-
mutation test: coef ¼ �1.12, N ¼ 10, P ¼ 0.013), lower weighted
degree to old males (permutation test: coef ¼ �0.29, N ¼ 10,
P ¼ 0.042), lower weighted degree to 1-year-old males (permuta-
tion test: coef ¼ �0.83, N ¼ 10, P ¼ 0.048) and lower weighted
degree to females in different groups (permutation test:
coef ¼ �0.26, N ¼ 10, P ¼ 0.057) prior to moult into ornamented
plumage than males that remained in brown plumage
(Supplementary Table S14, Fig. S14). Males that were breeders in
their first year were not more likely to moult into ornamented
plumage in their second year (likelihood ratio test: c2

1 ¼ 2.72,
N ¼ 104, P ¼ 0.099; Supplementary Table S27), and staying paired
to the same female in their second year was also not important in
determining ornament acquisition as a 2-year-old (likelihood ratio
test: c2

1 ¼ 0.01, N ¼ 77, P ¼ 0.926; Supplementary Table S28).

Timing of moult into ornamented plumage
We found multiple temperature and NDVI windows that were

also important determinants of likelihood of moult into orna-
mented plumage for 2-year-old males, but all of these windows
were strongly correlated with the 216e79 day rainfall window.
These correlations showed that warmer periods led to higher
rainfall, cooler periods followed rainfall, and rainfall led to higher
NDVI scores (Supplementary Figs S21eS22).

Within 2-year-old males that were paired in their first year,
staying paired to the same female did not influence timing of moult
into ornamented plumage in their second year when all years were
measured at the same time (permutation test: coef ¼ 0.41, N ¼ 45,
P ¼ 0.167; Supplementary Table S20, Fig. S23), in wet years (per-
mutation test: coef ¼ 0.50, N ¼ 25, P ¼ 0.157; Supplementary
Table S21, Fig. S24), or in dry years (permutation test: coef ¼ 0.58,
N ¼ 20, P ¼ 0.164; Supplementary Table S22, Fig. S25). The sliding
window analysis measuring whether the timing of a 2-year-old
male's association to his female influenced the timing of moult into
ornamented plumage did not improve upon the baseline model by
more than two AIC units (Supplementary Fig. S26), and we found
no effect of nonbreeding social connections before moult on timing
of moult into ornamented plumage for 2-year-old males
(Supplementary Table S23, Fig. S27).
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Figure A2. Moult trajectories for 2-year-old males used in the speed of moult analysis. Points are coloured by the season the individual was active. Three-letter combinations at the
top of each plot are the individual's colour band combination and the grey dotted lines in each plot show the 66% plumage score. Moult trajectories are not smooth when observers
sometimes assigned slightly different moult scores.
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