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singing (Kriner and Schwabl 1991), aggression (Sandell 2007), non-

reproductive physiological processes (Zysling et  al. 2006), and fit-

ness (Veiga and Polo 2008; Cain and Ketterson 2012). However, 

testosterone may have different regulatory roles in females than in 

males (Goymann and Wingfield 2014) and, in some cases, testoster-

one levels can also be correlated across the sexes without having a 

measurable function in females (e.g. Ketterson et al. 2005; Møller 

et al. 2005; Goymann and Wingfield 2014).

Importantly, testosterone has the potential to link ornament 

expression with other morphological or behavioral traits to pro-

duce an integrated phenotype (Ketterson and Nolan 1992; Cox 

et  al. 2017), in which suites of  functionally and mechanistically 

related traits are coupled in an adaptive manner (Pigliucci 2003). 

For example, it is well established that changes in circulating tes-

tosterone levels regulate the expression of  both aggressive and 

reproductive behavior (Wingfield et al. 1990) and across vertebrates 

male ornaments are often testosterone regulated (e.g. fish: Fernald 

1976, reptiles: Cox et al. 2008, and birds: Lank et al. 1999; Peters 

et al. 2000; Mougeot et al. 2004; Lindsay et al. 2011). When pres-

ent in females, ornaments may function in competition over eco-

logical or social resources (West-Eberhard 1979; West-Eberhard 

1983), which suggests a potential link between aggression and the 

adaptive function of  female ornaments. Indeed, empirical work has 

corroborated the idea that aggression in females is often associated 

with the development of  female ornamented traits (e.g. Pryke 2007; 

Rubenstein and Lovette 2009; Crowhurst et  al. 2012) and female 

birds possess androgen receptors in brain regions associated with 

aggression (Rosvall et al. 2012). Aggression may also be associated 

with circulating sex steroids in female birds (Kriner and Schwabl 

1991; Pärn et  al. 2008; Cain and Ketterson 2012), which may 

have fitness consequences (Veiga and Polo 2008). Testosterone may 

become elevated as a response to aggressive encounters (Wingfield 

et al. 1990; Langmore et al. 2002), but in other species aggression 

appears to be independent of  testosterone levels (Jawor et al. 2006). 

Similarly, experimental testosterone treatments may stimulate orna-

ment expression in unornamented males of  some species (e.g. van 

Oordt and Junge 1934; Fernald 1976; Mougeot et al. 2004), but not 

others (Owens and Short 1995), suggesting species-specific effects 

of  testosterone on aggression and ornamentation.

Between the sexes, females may decouple associations between 

testosterone and traits to produce female-specific phenotypes and 

behaviors (Rosvall 2013), though the degree to which females are 

able to do so is unclear. Sexes could use different mechanisms (e.g. 

hormone target sensitivity, circulation, and conversion to other 

hormones, or nonendocrine mechanisms, such as gene regulatory 

mechanisms) to achieve ornamentation (Rosvall et  al. 2012), such 

that ornamentation in females is effectively decoupled from associ-

ated behavioral traits observed in males. The evolution of  andro-

gen-mediated sexual dimorphism can also be achieved by coupling 

trait expression to testosterone in males without decoupling these 

traits from testosterone in females (Cox et  al. 2015). Alternatively, 

the integrated phenotype may remain highly conserved across the 

sexes so that the same mechanisms involved in the expression of  

male ornaments and associated behaviors exist in females.

In the current study, we assessed associations between testoster-

one and territorial aggression between 2 subspecies of  the White-

shouldered Fairywren (Malurus alboscapulatus) that differ in degree 

of  female, but not male, ornamentation (Rowley and Russell 

1997; Karubian 2013; Enbody et al. 2017). The White-shouldered 

Fairywren is sister to the Red-backed Fairywren (Malurus melano-

cephalus) and, although the current study is focused exclusively on 

White-shouldered Fairywren, some basic information on individual 

flexibility in ornamentation in Red-backed Fairywren helps to con-

textualize hypotheses that we present about fixed difference between 

populations of  White-shouldered Fairywrens. Among Red-backed 

Fairywrens, male plumage ornamentation (Karubian 2002) is asso-

ciated with increased aggression (Karubian et  al. 2008) and both 

naturally and experimentally elevated circulating testosterone titres 

(Lindsay et al. 2009; Lindsay et al. 2011). This relationship has led 

to the expectation that testosterone acts on a mechanistic level to 

integrate these traits in male Red-backed Fairywrens (Webster et al. 

2010). However, recent work has shown that this relationship may 

vary by age, body condition, and population (Barron et  al. 2015; 

Dowling and Webster 2017; Lantz et al. 2017). The naturally unor-

namented female Red-backed Fairywrens have lower circulating 

testosterone than do males (Schwabl et al. 2015), but testosterone-

implanted females develop a partial, male-like phenotype (red, but 

no black coloration; Lindsay et al. 2016). This implies that sex dif-

ferences in ornamentation of  Red-backed Fairywrens are in part 

mediated by sex differences in circulating levels of  testosterone, but 

the role of  testosterone in integration of  female ornamentation 

with behavioral traits is not known.

Resolving the degree to which the integrated ornamented phe-

notype is conserved between the sexes requires information about 

the associations between testosterone, ornamentation, and behav-

ioral traits in females, appropriate comparison points with males, 

and phylogenetic history. Accordingly, the null hypothesis (con-

servation of  mechanisms) predicts that the same combinations of  

traits (morphological and behavioral) will be regulated via the same 

mechanism(s) in male and female White-shouldered Fairywrens as 

in male Red-backed Fairywrens, namely via variation in circulat-

ing testosterone levels. Female traits may have developed as a cor-

related response of  selection on males if  female hormone levels and 

behaviors co-vary with males in between-population transitions in 

ornamentation. Alternatively, female traits may vary independ-

ently from males between populations, which would support sex-

specific selection pressures. More specifically, if  female ornaments 

are under selection in this system, we would expect that populations 

of  White-shouldered Fairywren with ornamented female plumage 

show: 1)  higher circulating testosterone levels in females, 2)  coor-

dinated increases in aggressive behavior in females, and 3)  con-

stant levels of  testosterone and aggression in males across the 2 

populations.

METHODS

Study system and general field methods

Malurus fairywrens are predominantly socially monogamous, though 

sexually promiscuous passerine birds with an extensive background 

in life history and behavioral research (Buchanan and Cockburn 

2013). The White-shouldered Fairywren (Malurus alboscapulatus) of  

New Guinea forms a monophyletic clade with the sexually dichro-

matic Red-backed Fairywren and White-winged Fairywren (Malurus 

leucopterus, Driskell et al. 2011) of  Australia. Female ornamentation 

is likely a derived trait in White-shouldered Fairywren populations 

with female ornamentation, as females are unornamented in both 

sister taxa (Driskell et al. 2011; Lee et al. 2012; Karubian 2013).

Our study was designed to compare females from 2 popula-

tions in Papua New Guinea: one with ornamented females (black-

and-white, M.  a.  moretoni) and the other with unornamented females 

(cryptic brown, M.  a.  lorentzi). Ornamented M.  a.  moretoni females 
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are qualitatively similar to ornamented males, but differ in lack-

ing a dense barbule structure and satin sheen (Enbody et  al. 2017). 

We studied M.  a.  moretoni (“ornamented” population hereafter) in 

Milne Bay Province (150°30′E, 10°15′S, 0–20 m ASL, Figure 1) and 

2)  M.  a.  lorentzi (“unornamented” population hereafter) in Western 

Province (141°19′E, 7°35′S, 10–20 m ASL, Figure 1). Both sites are 

centered in rural villages surrounded by tropical lowland Savannah. 

The study site in Milne Bay province includes less contiguous grassland 

patches and slightly higher (2682  mm/year) and less variable (23% 

precipitation seasonality, WorldClim) rainfall than the site in Western 

Province (2339 mm/year, 49% precipitation seasonality, WorldClim).

We monitored populations at the Milne Bay Province site from 

2013 to 2016 and the Western Province site during visits in 2014–

2016. In each of  these periods, we captured most or all adults in 

an area of  approximately 200 ha and monitored their behavior 

and breeding. As in many other tropical passerines (Stutchbury and 

Morton 2001), White-shouldered Fairywrens in both populations 

breed year-round, and males in both populations possess enlarged 

cloacal protuberances year-round (Enbody ED, Boersma J, unpub-

lished data). Individuals were captured in mist nets by flushing or 

using playback and banded with a unique combination of  plastic 

color bands and single aluminum band with a unique number pro-

vided by the Australian Bird and Bat Banding Scheme. At the time 

of  capture, we collected blood samples (ca. 60–100 µL, mean net 

to bleeding time = 6 min, range = 1–19 min), which were spun in 

a centrifuge for 5 min for separation. Plasma was stored in 100% 

ethanol (Goymann et al. 2007) for analyses.

Androgen radioimmunoassay methods

We used a radioimmunoassay, closely following previously published 

methods (Lindsay et al. 2009; Lantz et al. 2017), for measuring levels 

of  circulating androgens to approximate testosterone levels for 139 

females (105 ornamented, 34 unornamented) and 143 males. The 

protocol for the present study differed in that plasma samples were 

stored in ethanol and were only assayed for androgens. Samples 

ranging from 16.8 to 83.5 μL (mean: 39.49 μL; median: 41.65 μL) 

were vortexed and centrifuged, and the supernatant was transferred 

to extrelut columns (MilliporeSigma, Billerica, MA) for extraction 

of  steroids. After extracting with diethyl ether, each sample was 

redissolved with 125 μL of  phosphate-buffered saline with gelatin 

before being assayed for total androgens. Samples were assayed in 

single 100  μL aliquots using tritium-labeled testosterone (Perkin 

Elmer Life Science NET-553, Waltham, MA) and a testosterone 

antibody (Wien Laboratories, T-3003, Flanders, NJ) that has 100% 

reactivity with testosterone, 60% with 5α-dihydrotestosterone, 5% 

with aldosterone, and <15% reactivity with other steroids. Note 

that we refer to testosterone although our radioimmunoassay cross-

reacts with other androgens such as 5α-dihydrotestosterone. We ran 

samples in singlets rather than duplicates to maximize hormone 

detection in small sample volumes, following the validated protocol 

of  Lindsay et al. (2009). Samples from both populations and sexes 

were randomly distributed across 8 separate assays, with a between 

assay coefficient of  variation of  11.46% and a mean within assay 

coefficient of  variation of  7.34% (range  =  4.07–11.33%; coeffi-

cients of  variation calculated according to Chard 1995). Androgen 

recovery rates were determined for each sample using tritiated tes-

tosterone, with a mean across assays of  64.12%. The minimum 

detectable androgen concentration was 228.09 pg/mL based on a 

16-μL plasma sample cutoff and average recovery rate. Detectable 

samples had androgen titres ranging from 84.78 to 6025.95 pg/

ml. We back-calculated plasma androgen titres from undetectable 

samples using our assay’s minimal detectable levels of  1.95 pg/

tube, which yielded a range of  58.46–389.17 pg/mL, depending 

on plasma volume.

New Guinea

M.a. lorentzi

M.a. moretoni

Figure 1

Illustrations of  the 2 taxa included in this study (del Hoyo et al. 2017, reproduced with permission). Females are either lacking in melanized ornamentation 

(“unornamented”) and the white shoulder patch (left: M. a. lorentzi) or possess a melanized black-and-white plumage (“ornamented,” right: M. a. moretoni). 

Males, illustrated behind females, have similar plumage features in both populations. Gray regions on the map of  the island of  New Guinea (with the 

political border drawn in the middle) refer to other populations of  White-shouldered Fairywren not included in this study and ranges are based on Birdlife 

International and NatureServe (2013).
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Experimental design

We designed a presentation experiment to test the response of  both 

sexes to the ornamented and unornamented phenotype in each 

subspecies between January and March, 2016. During this time 

in both populations, a small number of  individuals were nesting 

or nested after presentation experiments were completed. In each 

trial, a pair that was known to be territorial was presented with arti-

ficial mounts created from cardstock and accompanied by playback 

consisting of  a previously recorded pair duet from their own popu-

lation. Twelve cardstock mounts were adapted from designs for bird 

models by an artist (http://www.johanscherft.com). Each mount 

was painted using a combination of  spray paint and gouache paint 

to resemble the 2 female phenotypes (n = 4 ornamented and unor-

namented each) and male phenotype (n = 4) and tail feathers from 

the respective phenotype were attached to the mount. The use of  

artificially colored mounts in this study (and others, e.g. Greig et al. 

2015) could influence the degree to which aggression measurements 

reflect interactions between live birds. However, we are interested 

in the relative difference in aggression between receivers with differ-

ent phenotypes and interpret our findings in light of  comparative 

aggression differences between females with ornamented or unor-

namented plumage. We quantified responses to artificial mounts 

using a male mount with an ornamented female mount or a male 

mount with an unornamented female mount. We used both a male 

and a female mount to simulate a territorial intrusion by a White-

shouldered Fairywren pair and to distinguish between responses to 

an ornamented female or a male. Preliminary trials suggested that 

when presented with a lone female combined with female song, 

males would often respond alone in an apparent attempt to incite 

courtship (Enbody ED, unpublished data), so presenting a pair with 

duet song was used to present a biologically meaningful intrusion in 

an agonistic context.

Five duets from each population were recorded from pairs using 

a Marantz PMD 661 Mk II (96 kHz sampling rate, 24-bit depth; 

D&M Professional, Itasca, IL) with a Sennheiser ME66 shot-

gun microphone and K6 power module (Sennheiser Electronic 

Corporation, Old Lyme, CT). Each duet stimulus for playback 

consisted of  the same duet repeated separated by 10 s, filtered for 

noise below 500 Hz, and amplitude standardized using Audacity. 

Playbacks were broadcasted using an iPod touch (Apple Inc, 

Cupertino, CA) and an Altec Lansing iM227 Orbit MP3 speaker 

(Altec Lansing LLC, New York, NY).

Prior to running a trial, we located a territorial pair and observed 

their behavior for 3–5 min prior to placing mounts on a location 

known to be within their territory. We only tested pairs where both 

individuals were in adult plumage. We randomly selected a stimu-

lus mount and a local population stimulus song using the following 

protocol prior to each trial: 1)  randomly selected stimulus pheno-

type (ornamented or unornamented), 2)  randomly selected female 

mount (1–4; of  the selected phenotype), 3) randomly selected male 

mount (1–4), and 4) randomly selected song stimulus (1–5; recorded 

locally). Each duet stimulus was used an average of  8 times (range: 

3–15), each female mount an average of  9 times (range: 6–12), and 

each male mount an average of  19 times (range: 15–21). We only 

used songs recorded from pairs not adjacent to the focal territory to 

avoid the possibility that pairs were familiar with the song stimulus. 

In other words, each focal pair was presented with either of  2 com-

binations: ornamented female mount and male mount (with local 

song) or unornamented female mount and male mount (with local 

song). This experimental design was chosen to test the response to 

different visual stimuli, but not to different vocal stimuli.

Male and female mounts were placed on 2 similar 1.5-m tall 

sticks that we used for all experiments. Each stick included 3 stems 

25  cm from the top where one stem held the mount and the 2 

other were available for the responding pair to perch on. Male 

and female mounts were separated by 1 m and a speaker, con-

trolled remotely by observers, was placed in vegetation between 

and below the mounts. Next, we set up a small blind 20 m away 

from the mount location for 2 observers. At the start of  the trial, 

1 observer began recording using the Marantz PMD 661 MK 

II sound recorder and another using a Sony DCRSX40/L cam-

corder. Each trial began with 1 min of  acclimation time, followed 

by playback that continued until the focal female came within 1 

m of  the mount or 5 min had passed, whichever was first. In the 

former scenario (female approaches within 1 m), 3 more songs were 

played before ceasing playback, and for the latter scenario playback 

ceased at the end of  5 min. If  the focal female never approached 

within 10 m after 5 min then the trial was scored as “no response,” 

ceased, and repeated another day. This usually occurred if  the pair 

had traveled out of  hearing distance or was engaged in another 

territorial dispute. A  successful trial ended 10 min after the cessa-

tion of  playback. Depending on the latency to response to 1 m, 

trials varied in length between 10 and 15 min (13.34 ± 1.57 min), 

so continuous time variables are analyzed as rates (duration or # 

of  behavior / trial length). Trials where focal pairs interacted with 

neighboring territorial holders were discarded (n  =  9). Following 

Greig et al. (2015), this protocol allowed us to assess the response to 

the mounts after a constant number of  songs had been played with 

the pair in close proximity. One observer focused on the female and 

the other on the male and narrated behaviors into the microphone 

or video camera, respectively. We only include trials in which the 

female responded, excluding male-only responses. For both sexes, 

we recorded the duration of  time at 0–5 m from the mounts, the 

number of  duets, flybys (when an individual flew within 0.5 m of  

the mount), and leapfrogs (when one responding individual hopped 

over the other responding member of  the pair), and latency to 

each behavior (see Table  1). These behaviors were selected based 

on their use in previous experimental playback trials for recording 

aggressive behaviors (Pearson and Rohwer 2000; Uy et al. 2009).

We conducted 75 total presentations (44 in the ornamented pop-

ulation, 31 in the unornamented population), but we only analyzed 

a sub-set of  55 trials (73%; 33 in the ornamented population, 22 in 

the unornamented population) in which females responded. Males 

responded together with the female in 51 of  the 55 trials (93% of  

responsive trials). Raw data on male response in n = 15 trials was 

irretrievably lost in the field due to failure of  a data storage device 

(corresponding data on female response from these trials was not 

lost). We analyzed our data with and without the 15 trials and 

obtained qualitatively similar results; for this reason, we decided 

to include the 15 trails in which only data on female response was 

available in the analyses presented below.

Statistical analysis

Circulating testosterone

Although all individuals were potentially in breeding condition (see 

above) we excluded individuals known to be nest building (n = 8), 

egg laying (n  =  4), incubating (n  =  11), or nestling provisioning 

(n = 11) stages due to well-documented short term impacts on cir-

culating androgen levels associated with these reproductive activ-

ities in this and other species (Lindsay et  al. 2009; Schwabl et  al. 

2014). The remaining dataset included individuals (n  =  235) in a 

reproductive stage that we consider to be comparable to temperate 
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species’ “pre-breeding” levels, allowing us to avoid potentially con-

founding breeding stage effects on testosterone titres in males and 

females (Lindsay et  al. 2009; Schwabl et  al. 2014). Age may also 

influence testosterone levels (Lantz et al. 2017), but our sample sizes 

for known age birds in the unornamented population were insuffi-

cient to include as a predictor in the analysis. Delay between capture 

and blood sampling has a significant negative effect on circulat-

ing testosterone levels in other species (Lindsay et  al. 2009), so as 

noted, we included only samples obtained within 20 min of  capture 

and include time delay as a fixed effect (Lindsay et al. 2009; Lantz 

et al. 2017). Delay had no significant effect on testosterone titres, so 

this term was removed from subsequent models (linear regression: 

F = 0.023, df = 233, R2 = 0.0001, P = 0.878). Furthermore, the use 

of  playback did not appear to have an effect on circulating testos-

terone titres (students t-test; t = 1.0459, df = 127.59, P = 0.298). We 

included individual as a random effect in all models because some 

individuals were re-captured within and/or between years. After 

these filtering steps, we analyzed circulating testosterone from a 

total of  30 adult females and 26 adult males in the population with 

unornamented females and 84 adult females and 95 adult males in 

the population with ornamented females.

We first built a generalized linear model with a binomial dis-

tribution to test if  subspecies differed in the probability that the 

androgen assay detected testosterone using androgen detection 

as a binary response variable. We then used linear-mixed models 

to test whether testosterone levels were related to subspecies, sex, 

year, time delay (until bled), and Julian date and 2 interaction terms 

as predictors of  testosterone levels (see Supplementary Table  S1). 

Following initial model comparisons, we corrected for heteroscedas-

ticity in the subspecies and sex interaction term using a correction 

for variance structure. As we were primarily interested in the effect 

of  subspecies and sex on circulating testosterone, we performed 

stepwise model selection using AIC to remove nonsignificant effects. 

We present measures of  support for our top models based on AIC. 

The linear-mixed model for testing predictors of  testosterone were 

conducted in R v3.4.2 (R Core Development Team 2017). using 

nlme (Pinheiro et al. 2017).

Response to simulated territorial intrusion

We first tested the effect of  song stimulus (i.e. 1–5 at each site) and 

subspecies on the probability that an individual would respond 

using the expanded dataset that included both responding indi-

viduals and nonresponders. We report the results of  a generalized 

linear model using a binomial distribution on a binary response 

variable (i.e. “yes” or “no”). We then used principal components 

analysis (PCA) to quantify responses of  free-flying birds from 2 sub-

species of  White-shouldered Fairywren in our field-based mount 

presentation experiments. All response variables were log trans-

formed to improve normality, scaled, and centered prior to run-

ning the PCA (following Filardi and Smith 2008; Uy et al. 2009). 

We assessed the effect of  subspecies, sex, and stimulus type (and all 

interactions) on the top 3 principal components using linear-mixed 

models in the package lme4 in R (links to R scripts are available 

from the journal office), because lme4 handles multiple random 

effects (Bates et al. 2015). We reduced the effect of  pseudoreplica-

tion in our results (Kroodsma et al. 2001) by including male mount 

stimulus (1–4), female mount stimulus (1–4, nested in female phe-

notype), and song stimulus (1–5, nested in subspecies) as random 

effects in the model. We removed trials with individuals known to 

be nest building, incubating, or with nestlings (unornamented n = 7, 

ornamented n  =  5), because breeding stage can influence aggres-

sion in other species (e.g. Hunt et  al. 1995). Residuals of  the full 

model were normally distributed and did not violate homoscedastic 

assumptions. We tested for significant predictors of  each model (i.e. 

the top 3 PCs) using a Wald chi-square test with alpha set at 0.05 

using the Anova (Type II) command in the R package “car” (Fox 

and Weisberg 2011).

RESULTS

Circulating testosterone

A greater proportion of  ornamented female samples had detect-

able levels of  testosterone (n  =  42, 50%) than did unornamented 

female samples (n  =  9, 30%), but this effect was not significant 

(glm: z = 1.865, df = 112, P = 0.062). The opposite, nonsignificant 

trend, was found in males, as a lower proportion of  males from the 

population with ornamented females had of  detectable testoster-

one (n = 76, 80%) than males from the unornamented population 

(n = 25, 96%): 0.96; glm: z = −1.743, df = 119, P = 0.081).

The top model for the effect of  different predictors on circu-

lating testosterone levels included the interaction between sub-

species and sex, the interaction between subspecies and year, and 

Julian date (Table  1; we report AIC values for stepwise model 

comparisons in Supplementary Table  S1). However, circulating 

testosterone was only significantly predicted by the interaction 

between subspecies and sex, and also year; other variables had 

nonsignificant effects on testosterone (Table  1). Between sex and 

between-population comparisons (following a Tukey’s adjustment 

for multiple comparisons) of  circulating testosterone levels indicate 

that ornamented females had higher levels of  testosterone than 

unornamented females did, and females of  both populations were 

lower in circulating testosterone than males (Figure 2; Table 2). In 

contrast, males did not differ between populations in circulating 

testosterone (Figure 2; Table 2).

Table 1

The effect of  the fixed predictor variables on circulating testosterone using a linear-mixed model, with individual as a random effect

Value Std Error Df t-value P

(Intercept) 4.052 0.386 160 10.509 <0.001*
Subspecies 0.79 0.229 160 3.449 <0.01*
Sex 1.628 0.188 160 8.639 <0.001*
Year (2015) 0.101 0.203 66 0.495 0.622
Year (2016) 1.144 0.309 66 3.698 <0.001*
Julian Date 0.003 0.002 66 1.405 0.165
Subspecies*Sex −0.98 0.233 160 −4.208 <0.001*
Subspecies*Year(2015) −0.434 0.287 66 −1.515 0.135
Subspecies*Year(2016) −0.545 0.332 66 −1.642 0.105
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Response to simulated territorial intrusion

Stimulus song type (i.e. different song types from the same popula-

tion that was being presented to; glm females: z = 0.135, P = 0.893; 

glm males: z  =  1.719, P  =  0.086) did not predict the likelihood 

that an individual would respond to the simulated territorial intru-

sion. Neither subspecies was more likely to respond to a trial (glm 

females: z = 0.156, P = 0.876; glm males: z = −0.101, P = 0.919).

Among the 55 trials we included in our analyses, the first 3 PCs 

cumulatively explained 78.7% of  variation in behavioral responses 

in both sexes to simulated territorial intrusion (eigenvectors and 

variable loadings are shown in Table  3). We interpret higher val-

ues of  PC1 as an index of  increased aggression, characterized by 

faster response time and more time spent close to the mount, as 

well as greater rates of  pair coordination behavior (duets and leap-

frogs). Interpretation is less clear for PC2, but the component seems 

to correspond to responses that were rapid, but of  short duration, 

or characterize the overall motivation of  an individual to respond. 

PC3 was also associated with increased aggressive response, in 

particular a high number of  flybys, and by less pair coordination 

behavior (duets and leapfrogs). Individual response variables are 

shown in Supplementary Figure S2.

Subspecies was a significant predictor of  PC1, PC2, and PC3 

(Table  4; Figure  3), indicating that birds in the population with 

ornamented females exhibited a more aggressive response to simu-

lated territorial intrusion than birds in the population with unorna-

mented females did. Responses were tightly correlated between the 

sexes, consistent with the observation that pairs generally responded 

together with similar intensity. However, sex was a significant pre-

dictor of  PC2, indicating that, between the 2 populations, females 

may have been overall less quick to approach and remain close to 

the mount, while still interacting to a high degree in pair coordina-

tion behavior and song. No other effects, including stimulus type or 

any interactions, were significant predictors of  PC1, PC2, or PC3 

(Table 4).

DISCUSSION

This study examined the association between circulating testos-

terone, ornamentation, and aggression in females and males of  2 

recently diverged populations of  passerine bird, White-shouldered 

Fairywrens (Malurus alboscapulatus), that differ in female ornamen-

tation. In doing so, our goal was to explore the extent to which the 

integrated ornamented phenotype is conserved between the sexes 

and across populations with variable ornamentation. We found that 

females with an ornamented plumage phenotype have higher levels 

of  circulating testosterone than do females with an unornamented 

phenotype. Females and males from the population with elevated 

levels of  female testosterone and female ornamentation also exhib-

ited greater aggressive response to experimental territorial intru-

sions. Our results indicate that a hormonal mechanism mediates 

integration of  plumage ornamentation and aggression in female 

White-shouldered Fairywrens, following the same associations 

between these traits previously documented in male Red-backed 

Fairywrens (Lindsay et al. 2009; Webster et al. 2010; Lindsay et al. 

2011, but see Barron et  al. 2015). Importantly, we recovered no 

corresponding relationship between testosterone and aggression 

among male White-shouldered Fairywrens suggesting that selection 

acts on female traits independent of  selection on males.

Our finding that 2 populations with variation in female orna-

mentation differ in circulating levels of  testosterone suggests a role 

for testosterone in mediating the female ornamented phenotype. In 

other sexually dimorphic species, testosterone-implanted females 

produce only a portion of  the male’s morphological phenotype 
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Figure 2

The relationship between circulating testosterone titres (untransformed) and 

subspecies in male (gray) and female (white or light gray) White-shouldered 

Fairywrens. Error bars denote standard error and significant comparisons 

are denoted by an asterisk (*P < 0.01).

Table 2

Contrasts for linear-mixed model comparing circulating testosterone between subspecies and sex following a Tukey’s adjustment for 
multiple comparisons

Sex Subspecies estimate SE Df t.ratio P

F–F M. a. lorentzi–M. a. moretoni −0.464 0.136 66 −3.4 <0.01*
M–F M. a. lorentzi–M. a. lorentzi −1.628 0.188 160 −8.639 <0.0001*

M. a. lorentzi–M. a. moretoni −1.111 0.148 66 −7.49 <0.0001*
M. a. moretoni–M. a. lorentzi −1.164 0.210 66 −5.542 <0.0001*
M. a. moretoni–M. a. moretoni −0.648 0.137 160 −4.731 <0.0001*

M–M M. a. lorentzi–M. a. moretoni 0.516 0.218 66 2.368 0.0935

M. a. moretoni have ornamented females and M. a. lorentzi have unornamented females.
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(Malurus cyaneus, Peters 2007; Malurus melanocephalus, Lindsay et  al. 

2016) or song type (Sturnis vulgaris, Ridder et  al. 2002). Together, 

these results are consistent with circulating testosterone being par-

tially responsible for regulating sexual dimorphism, suggesting that 

other circulating hormones (e.g. oestrogen, Owens and Short 1995) 

or hormone receptor differences (Rosvall et al. 2012) also mediate 

ornament expression differences between the sexes. Yet in White-

shouldered Fairywrens, the association between elevated plasma 

testosterone, the production of  an ornamented plumage, and 

increased aggression implies similarity in the relationship between 

testosterone and ornament production between the sexes. This find-

ing supports the supposition that differential sex steroid production 

and secretion in adulthood is a potential mechanism through which 

sexual dimorphism can be maintained, despite males and females 

sharing most of  their genetic architecture (Adkins-Regan 2005). 

Despite our robust findings, the pattern we observe is limited to 

2 allopatric populations and is therefore limited by overall sample 

size. Thus, though the differences detected in our statistical analysis 

appear sufficient for documenting the general patterns between the 

different female phenotypes, the complete pathway for ornament 

production is still unknown, but could be further addressed using 

experimental testosterone-implant studies.

Intriguingly, the observation that testosterone is elevated in 

ornamented females, but not males of  that population, suggests 

that testosterone is not elevated in females simply as a byproduct 

of  selection for higher androgen levels in males (Ketterson et  al. 

2005; Møller et  al. 2005). Accordingly, adaptive explanations for 

the appearance of  ornamentation and higher aggression should be 

considered for the evolution of  ornamentation in females. Female 

aggression can have fitness consequences in both vertebrates 

(Dloniak et  al. 2006; Stockley and Bro-Jørgensen 2011; Cain and 

Langmore 2016) and invertebrates (Elias et  al. 2010; Bath et  al. 

2017). Female Red-backed Fairywrens also respond aggressively to 

female intruders (Karubian et  al. 2008). Therefore, it is parsimo-

nious to suggest that female ornaments would function in similar 

contexts where they are present in White-shouldered Fairywrens. 

Aggression is important for establishing dominance relationships 

and mediating intrasexual conflict, a process that is associated with 

sexual selection and speciation (Lipshutz 2018). Our study demon-

strates that aggressive behavior differs between females of  2 popu-

lations that vary in female, but not male ornamentation. We suggest 

that female ornaments in this system function in territory defense 

and may mediate access to limiting resources (ecological or social) 

by gaining access to higher quality territories. In addition, heav-

ily weighted principal components for duets and leapfrog behav-

ior suggest that ornamented females may be coordinating to a 

greater degree with their mate to improve territory defense. This is 

important, because both males and females in the population with 

ornamented females responded with greater aggression scores, so 

pair coordination (and not just female aggression alone) is likely a 

strong driver of  the observed population differences in aggression. 

If  this hypothesis is true, social selection may play a role in shap-

ing female phenotypic traits by improving access to ecological or 

Table 3

PCA eigenvectors (standard deviation), variance explained, and 
loadings for the top 3 PCs

PC1 PC2 PC3

Standard deviation 1.462 1.283 0.968
Proportion of  Variance 0.356 0.275 0.156
Leapfrogs 0.377 0.363 −0.458
Duets 0.47 0.456 0.271
Time <5 m 0.383 −0.441 −0.442
Latency to 5 m −0.367 0.524 0.149
Latency to first duet −0.566 −0.154 −0.257
Flybys 0.188 −0.41 0.659

Leapfrogs is the rate of  leapfrog behavior in each trial, duets are the rate of  
coordinated songs per trial, time <5 m is the proportion of  time spent at a 
distance of  <5 m from the mounts, and flybys are flights within 0.5 m of  the 
mounts.

Table 4

Model estimates, standard error, and t-value for the effect of  subspecies (focal M. a. moretoni or focal M. a. lorentzi), sex, mount 
stimulus (ornamented or unornamented), and all interactions on the top 3 principal components

Estimate Standard error t-value Chi square df P

PC1 Subspecies 1.004 0.575 1.745 27.002 1 <0.01*
Sex −0.498 0.664 −0.75 0.129 1 0.72
Stimulus −0.688 0.601 −1.144 0.886 1 0.346
Subspecies*Sex 0.789 0.85 0.928 0.058 1 0.81
Subspecies*Stimulus 0.774 0.754 1.027 0.209 1 0.648
Sex*Stimulus 0.627 0.944 0.664 0.087 1 0.768
Subspecies*Sex*Stimulus −1.26 1.187 −1.061 1.127 1 0.289

PC2 Subspecies 0.635 0.566 1.12 4.846 1 <0.05*
Sex −0.765 0.564 −1.356 6.445 1 <0.05*
Stimulus −0.281 0.591 −0.476 0.364 1 0.546
Subspecies*Sex 0.341 0.726 0.47 0.06 1 0.806
Subspecies*Stimulus 0.175 0.677 0.258 0 1 0.988
Sex*Stimulus 0.145 0.811 0.179 0.065 1 0.799
Subspecies*Sex*Stimulus −0.426 1.021 −0.417 0.174 1 0.676

PC3 Subspecies 0.872 0.379 2.298 19.151 1 <0.01*
Sex −0.253 0.388 −0.653 2.365 1 0.124
Stimulus 0.139 0.445 0.313 0.173 1 0.678
Subspecies*Sex 0.27 0.499 0.541 0.044 1 0.834
Subspecies*Stimulus 0.185 0.465 0.397 0.007 1 0.931
Sex*Stimulus −0.078 0.558 −0.14 0.921 1 0.337
Subspecies*Sex*Stimulus −0.389 0.703 −0.553 0.306 1 0.58

Significance tested using a Wald’s chi-square test and we report chi-square values, degrees of  freedom, and P value with significant effects marked with an 
asterisk. Subspecies is a significant predictor of  PC1, PC2, and PC3.
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social resources (West-Eberhard 1979). It is possible that habitat or 

environmental differences drive this pattern, as the site with unor-

namented females shows greater variability in seasonality of  rain-

fall (see Methods). For example, resources (e.g. food, nesting sites, or 

nest and display materials) may be more evenly distributed in the 

less seasonal environment where the ornamented population occurs 

and species that experience little seasonality may have low terri-

tory turnover between years (Stutchbury and Morton 2001), which 

could lead to long-term investment in territory maintenance and 

elevate the importance of  territory defense behaviors.

Our findings provide compelling evidence that males and female 

in a population with ornamented females respond with a greater 

degree of  territorial defense than individuals in a population with 

unornamented females. Differential aggression towards heterospe-

cific stimuli can influence species interactions by mediating aggres-

sive interactions (e.g. Jankowski et  al. 2010; Tobias et  al. 2014; 

Freeman 2016), but we find that presentation of  different stimulus 

types (ornamented or unornamented female) does not elicit differ-

ential aggression in either population. The artificial mounts used in 

this project may elicit a different amplitude of  response compared 

with live birds, but the lack of  differential response to different stim-

uli at least suggests that broader patterns in aggression represents 

a true difference in baseline aggression in the 2 subspecies, rather 

than a differential response to the stimulus type we presented. 

These results also suggest that unornamented females do not have 

a pre-existing bias to respond with greater aggression towards a 

perceived aggressive phenotype (e.g. through sensory drive: Endler 

1992). However, future research investigating responses to song 

types versus plumage phenotypes from the 2 populations would 

clarify whether there are pre-existing biases for signal types in 

White-shouldered Fairywrens.

Male testosterone levels were not elevated in the White-

shouldered Fairywren population that showed higher male and 

female territorial responses, and in which females had higher 
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Figure 3

Response of  White-shouldered Fairywrens to simulated territorial intrusions. Shown are responses by free-flying females and males of  2 populations that 

differ in degree of  female ornamentation. In M.  a.  lorentzi, females are unornamented and, in M.  a.  moretoni, females are ornamented. Color of  the bar 

represents the type of  stimulus presented: white denotes trials where an unornamented stimulus was presented and gray denotes trials where an ornamented 

stimulus was presented. Both sexes are plotted on the x axis. Individuals of  both sexes in the population with ornamented females responded with greater 

values in PC1 (A), PC2 (B), and PC3 (C). Females responded with greater overall values of  PC2 than males. Error bars show standard error and significance 

is shown for comparisons between populations (**P < 0.01, *P < 0.05).
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testosterone levels. Our findings suggest that in White-shouldered 

Fairywrens, as in Red-backed Fairywrens (Karubian et  al. 2011), 

testosterone levels are elevated in males relative to females, but 

that relative subspecific differences in testosterone for males do 

not mirror differences in aggression. Similar research in songbirds 

with differing aggression between populations has suggested that 

testosterone sensitivity may have a more direct effect than differ-

ences in circulating levels (Bergeon Burns et  al. 2013; Bergeon 

Burns et  al. 2014), which may apply to male White-shouldered 

Fairywrens as well. It remains to be shown whether sex differences 

in White-shouldered Fairywrens suggest decoupling of  male terri-

torial behavior from testosterone levels or result from differences 

in habitat structure, breeding density, and seasonality that could 

affect male testosterone levels and territorial behavior. For exam-

ple, males in the population with unornamented females appear to 

spend more time interacting with members of  other groups than in 

the population with ornamented females (Enbody ED, J. Boersma 

J, unpublished data), which may elevate testosterone levels (e.g. 

Challenge Hypothesis; Wingfield et al. 1990), though this potential 

relationship requires additional work.

CONCLUSIONS

The multiple effects of  testosterone can couple different compo-

nents of  an individual’s physiology, morphology, and behavior to 

produce an integrated phenotypes (Ketterson et al. 2009). Findings 

in this study corroborate prior work on fairywren males suggesting 

that testosterone, ornamentation, and behavior are interrelated in 

the production of  competitive reproductive phenotypes (Wingfield 

et  al. 1990; Hau 2001; Archer 2006). The gain or loss of  orna-

mentation in females, independent of  males, has been shown to 

influence macroevolutionary speciation patterns (Irwin 1994; Burns 

1998; Figuerola and Green 2000; Friedman et al. 2009; Price and 

Whalen 2009; Johnson et  al. 2013; Shultz and Burns 2017) and 

our study suggests that it similarly influences differentiation among 

populations. Evidence of  associations between population-specific 

female ornamentation, testosterone levels, and aggressive behav-

ior suggests that females hormonally integrate morphological and 

competitive traits using a similar process as males in other species 

(namely testosterone, Cain and Ketterson 2012). Importantly, tran-

sitions in the female integrated phenotype in White-shouldered 

Fairywrens occur independently of  males and are reflected in 

behavioral differences between populations, which is consistent with 

selection on female ornamentation involved in competition over 

territorial resources. This lays out promising avenues for further 

study of  female ornament evolution focusing on mechanisms and 

underlying components of  integrated male and female phenotypes.

SUPPLEMENTARY MATERIAL

Supplementary data are available at Behavioral Ecology online.
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