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Abstract

In many taxa, melanin-based coloration is a signal of dominance or fighting ability and is associated with concentrations of
hormones that may mediate aggressive behavior. Previous studies found that experimental manipulation of melanin-based
signals can result in manipulated individuals receiving more social challenges in some but not all species. These differences
could arise from mismatches between the signal, behavior, and hormone concentrations. In the present study, we experimen-
tally manipulated the chest spotting of urban and rural male song sparrows (Melospiza melodia) following an assessment
of their territorial aggression and initial concentrations of corticosterone and testosterone and then assessed their behavior
and hormone concentrations 2 weeks later. We found that males generally displayed less territorial aggression in the second
trial, consistent with our previous findings. Males in the enlarged treatment decreased aggression to a greater degree than
those in the reduced treatment. The effect of the plumage manipulation was similar across the rural and urban habitats.
Despite the changes in behavior we detected, we found no effects of the manipulation on concentrations of testosterone or
corticosterone. Our results show that melanin-based spotting in male song sparrows is a signal of territorial aggression but
the physiological mechanisms that mediate the relationships between chest spotting and behavior remain to be identified.

Significance statement

Many bird species use their plumage to signal their dominance status, fighting ability, or motivation during interactions with
other individuals to resolve conflicts without a fight. Here, we asked whether chest spotting is a signal in territorial interac-
tions among male song sparrows. We experimentally increased or reduced the extent of spotting in males and measured the
change in their aggression. We found that reduced-spotting males showed a more moderate seasonal decrease of aggression
compared to males with enlarged spotting reduced aggression, possibly because the former experienced more intrusions
later on in the breeding season while the latter experienced fewer intrusions. These results are consistent with chest spotting
size in song sparrows functioning as a signal of territory holding potential of the bearer.
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Introduction

Signals convey information about an individual’s phenotype to
Communicated by K. McGraw. receivers, and in order to be maintained in a population, signals
should be honest and benefit both the signaler and receiver
(Johnstone and Grafen 1993; Searcy and Nowicki 2005). For
instance, intrasexual competitive interactions can be costly, and
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are often associated with winning contests, fighting ability, or
intensity of territorial aggression (Rohwer 1977; Chaine and
Lyon 2008; Santos et al. 2011). Expression of melanin-based
traits is often related to aspects of physiology that facilitate
aggressive behavior including concentrations of hormones,
such as androgens (Safran et al. 2008; Hasegawa et al. 2017)
or glucocorticoids (Kittilsen et al. 2009; Saino et al. 2013) that
both play important roles in mediating aggressive behavior in
vertebrates (Wingfield et al. 2001; Summers et al. 2005; Haller
2014). Thus, individuals with larger or darker melanin-based
traits are generally more aggressive and have the physiological
mechanisms that support this behavior. However, the degree
to which these relationships are fixed by genetic (Ducrest et al.
2008) or cellular (Galvan and Alonso-Alvarez 2008) mecha-
nisms associated with melanin production, and the degree to
which the relationships are plastic and can be influenced by
the current environment and individual condition, requires
additional investigation.

Experimental manipulation of signals can reveal the nature
of the relationship between signals and other aspects of phe-
notype. For instance, enhancement of signals that mediate
aggressive interactions often results in manipulated individu-
als or models receiving more challenges from conspecifics
(Rohwer 1977; Dale and Slagsvold 1996; van Dongen and
Mulder 2007; Rick and Bakker 2008; Tannure-Nascimento
et al. 2008; Laubach et al. 2013). In other cases however,
individuals with enhanced signals are challenged less (Pryke
et al. 2002) or those with reduced signals are challenged more
than other individuals (Evans and Hatchwell 1992; Rémy
et al. 2010; Theis et al. 2012; Dey et al. 2014).

Changes in aggressive or territorial behaviors may come
about if there is a mismatch between the experimentally
altered ornament and other behaviors of the individual. For
example, if a signal of competitive dominance is accompa-
nied by submissive behaviors by the individual bearing the
signal, the signaler may be socially punished (Rohwer and
Rohwer 1978; Tibbetts and Izzo 2010; Ligon and McGraw
2016; Webster et al. 2018). In contrast, an individual’s
behavior may shift and become matched to the modified
ornament through social feedback from conspecifics. Such
social feedback can potentially resolve mismatches through
changes in hormone concentrations that could facilitate the
expression of behaviors that match the manipulated orna-
ment. For instance, experimental darkening of the melanin
chest patch of male barn swallows (Hirundo rustica eryth-
rogaster) is associated with elevated testosterone compared
to control males (Safran et al. 2008). Similarly, a later study
found males that experienced a greater change in the color of
their chest patch, from a lighter color to a much darker color,
showed a greater increase in testosterone concentrations than
males that experienced a more subtle change in coloration
(Levin et al. 2018). Experimentally increased area of white
in the crown of male white-crowned sparrows (Zonotrichia
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leucophrys gambelii) is associated with greater baseline con-
centrations of corticosterone and an attenuated release of
stress-induced corticosterone (Laubach et al. 2013). These
changes in physiology are likely the result of changes in
social interactions with conspecifics that respond differ-
ently to the manipulated individual, which ultimately leads
to changes in individual physiology and behavior (Vitousek
et al. 2014).

The effect of experimental manipulation of signals may
also vary because of the social context in which the signal
is displayed, which may influence relationships between sig-
nals and other aspects of phenotype. For instance, the same
level or intensity of ornament could be a relatively strong
signal in a population of weak signalers, but a relatively
weak signal in a population of strong signalers and this could
alter the relationship between a signal and behavior or physi-
ology in these two social contexts (Vitousek et al. 2014).
Rapid environmental change, such as due to urbanization,
is one potential factor that may lead to differences in social
context between populations.

A number of studies have documented differences in ter-
ritorial aggression (Fokidis et al. 2011; Atwell et al. 2014;
Foltz et al. 2015; Davies and Sewall 2016), vocal signals
(Mockford and Marshall 2009; Kight and Swaddle 2015;
Rios-Chelen et al. 2015), and visual signals (Atwell et al.
2012; Beck et al. 2018; Giraudeau et al. 2018) between
urban and rural habitats, suggesting that the social environ-
ment differs between these areas. Urban organisms often
also differ from their rural counterparts in aspects of physiol-
ogy, including concentrations of glucocorticoids (Partecke
et al. 2006; Bonier et al. 2007; Atwell et al. 2012) and andro-
gens (Atwell et al. 2014; Davies et al. 2018). These differ-
ences in hormone concentrations could be the result of dif-
ferences in the social environment and mediate some of the
behavioral differences between urban and rural individuals.
Alternatively, hormone concentrations could differ between
habitats due to other factors and disrupt expected relation-
ships between signals, physiology, and behavior. Urban
habitats, therefore, offer a unique opportunity to determine
how relationships between signaler ornaments, behavior, and
physiology are influenced by ecological conditions.

Song sparrows (Melospiza melodia) provide a good
model system for experimentally addressing the relation-
ships among melanin-based ornaments, hormones, and
territorial aggression. This species commonly occurs in
urban and rural habitats and males in urban habitats dis-
play greater territorial aggression than rural males during
simulated territorial intrusions, which suggests the social
environment differs between sites (Evans et al. 2010; Foltz
et al. 2015; Davies and Sewall 2016). Both sexes display
brown, melanin-based spotting on the breast. While we focus
on the male territoriality and ornaments here, it is worth
noting that females also show aggressive territory defense
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against intruding females (Elekonich 1999; Elekonich and
Wingfield 2000; Lane and Sewall 2022). Previous work on
this population indicated that urban males have significantly
greater spotting area and tend to have darker spotting than
rural males (Beck et al. 2018). Though the overall pattern
of spotting and aggression is for urban males to have more
spotting and be more aggressive, natural variation in chest
spotting within habitat types is related to territorial aggres-
sion in a complex manner: urban birds have greater spotting
area than rural males and are also more aggressive than rural
males (Beck et al. 2018; Davies and Sewall 2016). Within
rural populations, however, males with less chest spotting
are more aggressive than those with greater spotting. Per-
haps because of their greater spotting area overall, in urban
habitats chest spotting area was not correlated with aggres-
sion (Beck et al. 2018). These different effects across and
within habitats may be due to various confounds such as
different resource abundance (Foltz et al. 2015). Given the
complexity of behavior, physiology, and ornamentation in
this system, understanding the possible role of ornaments
requires manipulations that create mismatches among these
traits.

To resolve the relationship between chest spotting and
territorial aggression, we experimentally manipulated the
chest spotting area in urban and rural song sparrows and
asked if this manipulation would lead to correlated changes
in territorial aggression and hormone concentrations. Based
on the general literature on badge signals (Rohwer 1977;
Chaine and Lyon 2008; Santos et al. 2011), we assume
that the chest spotting area is positively correlated with the
likelihood that the territory holder that bears it will be able
to repel an intruder. Therefore, experimentally reducing a
male’s spotting area is predicted to result in that male get-
ting more frequently challenged in territorial interactions
(Evans and Hatchwell 1992; Dey et al. 2014), which in turn
would necessitate higher levels of investment in territory
defense (i.e., higher territorial aggression) relative to before
the manipulation. This change may, in turn, lead to greater
circulating testosterone and corticosterone levels relative to
before the manipulation. In contrast, males with enlarged
spotting areas are expected to be challenged less because
they are viewed as higher quality males (Chaine et al. 2013),
and consequently these males would decrease their invest-
ment in territory defense (i.e., display lower aggression), and
consequently lower initial concentrations of corticosterone
and testosterone relative to before the manipulation. Once
the chest spotting of a male has been altered, these effects
should be cumulative and relatively persistent.

Our second goal was to determine if the habitat type influ-
enced the association between experimentally manipulated
spotting area and male behavior or physiology. As noted
above, urban males have larger chest spotting area and are
more aggressive than rural males but that natural variation

in chest spotting area was only associated with aggression in
rural males (Beck et al. 2018). Two alternative predictions
are therefore possible from these findings: first, chest spot-
ting may be a more salient signal of territorial aggression
in the more competitive urban habitats (where males are
more aggressive and have larger chest spotting areas) and
therefore experimental manipulations of the spotting area
may have a larger effect as described above in urban habitats.
Alternatively, chest spotting may be a less informative signal
in urban habitats compared to rural habitats. If that is the
case, then we expect the manipulation to have a larger effect
in rural habitats than in urban habitats.

Methods
Study site and species

We conducted this research with male song sparrows living
in Montgomery County, VA, USA, at six locations, three
rural and three urban sites. The rural sites were located
around the city of Blacksburg, VA, and the Kentland Farms
of Virginia Tech. The three urban sites were located on the
campuses of Radford University and Virginia Tech. A full
description of sites is in Davies and Sewall (2016). Urbani-
zation scores were calculated from aerial images by scoring
the land covered by vegetation and built structures using the
method developed by Seress and colleagues (Seress et al.
2014) that can be found in Davies and Sewall (2016). We
assessed aggressive behavior of 40 male song sparrows from
09 April to 10 May 2017, which corresponds to early breed-
ing season. Each male was tested twice, once before the chest
spotting manipulation and once 2 to 3 weeks (mean + SD:
17.7 +3.39 days) after the chest spotting manipulation.
Three subjects in each treatment group could not be tested a
second time. It was not possible to record data blind because
our study involved focal animals in the field.

Playback stimuli

The playback stimuli for the simulated territorial intru-
sions were recorded with Marantz PMD 660 or PMD 661
Solid State recorder and a Sennheiser ME66/K6 directional
microphone. The stimulus files were made using the Syrinx
software (John Burt, Portland, OR) by selecting a song with
a good signal to noise ratio and manually filtering low-fre-
quency (< 1000 Hz) noise. We selected 38 song types from
24 different males located near our study site in the same year.
Each subject received a randomly selected playback stimulus
from a male located at least 1 km from the focal male, so that
males always heard unfamiliar songs. Subjects were presented
with the same song type in both trials. Song sparrows respond
to randomly selected song types of strangers (unfamiliar birds
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from far away) with equal intensity, suggesting a given song
type is equivalent in function to any other song type (Searcy
et al. 1981; Akcay and Beecher 2020).

Simulated territorial intrusion procedure

We identified the territories of the subjects by observing
singing posts of already singing males, although we did
not attempt to map the entire territory of the male. In
some cases, we used short playbacks (1-2 songs) to elicit
flights from the singing male to determine the extent of
the territory. We then placed a speaker at a central loca-
tion in the territory (in the approximate center of the
observed singing posts of the male). The playback stimuli
were broadcast at a volume of about 80 dB at 1 m and rate
of one song every 10 s which approximates natural sing-
ing amplitude and rate of broadcast song in song sparrows
(Anderson et al. 2008).

The simulated intrusion trials lasted about 3 min (the
actual playback durations varied slightly between trials
with a mean + SD of 191 +21.1 s). During the trial, we
recorded the distance between the male and the speaker,
the number of broadcast (loud) songs the male sang,
the number of soft songs (low amplitude songs that are
given at close range), the number of wing waves, and the
number of flights using the same recording equipment as
above, throughout the trial. Soft vs. loud song distinction
was made in the field by an experienced observer (CA or
MB), which was shown to yield a reliable classification
(Anderson et al. 2008).

Blood sampling

Following the simulated territory intrusions, males were
captured in a mist net using conspecific song playback (aver-
age total playback duration including the behavioral trial
which we scored 22 min 23 s+ 1 min 25 s standard error).
Within 3 min of capture, we obtained a blood sample to
quantify initial hormone concentrations, took morphologi-
cal measurements, and banded males. Males were photo-
graphed and feathers collected from their chest for spec-
trophotometry, their chest spotting was manipulated (see
detailed descriptions below), and they were then released at
the point of capture. Blood samples were kept on ice until
return to the lab where they were spun at 6708 g for 5 min
and the plasma fraction frozen at— 80 °C in separate aliquots
for the hormone assays.

Scoring behaviors during the simulated intrusions
All the simulated intrusion trials were scored by one

observer (CA) by annotating the recordings in Syrinx. The
number of loud songs, soft songs, wing waves, and flights
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was counted as was the proportion of the trial a male spent
within 5 m of the speaker and the closest approach to the
speaker. Soft songs and wing waves are both predictive of
attack on a taxidermic mount in this species (Searcy et al.
2006; Akcay et al. 2013). Because the trials varied some
in duration, we calculated rates for soft songs, wing waves,
loud songs, and flights. Previous studies found that rates
of these behaviors do not significantly change over even
longer trial periods (Searcy et al. 2008; Akgay et al. 2014),
thus taking the rates of these behaviors over 3-min trials
is a valid approach.

Quantification of badge size and plumage color

To quantify badge size, we took a photograph of each
bird on a white background with a metric ruler as a size
standard. The camera was held perpendicular to the bird
and we took 3-5 images of the chest of each individual.
Between pictures, we smoothed the feathers which pro-
duced a slightly different view of the spotting. We used
Image J (Rueden et al. 2017) to quantify the area covered
in brown on each bird in the three pictures. We calculated
the brown area from the neck to a line drawn horizontally
across the chest, just below the bottom of the central por-
tion of the spotting. These three measurements have high
repeatability (Beck et al. 2018) and we used the average
area from the three pictures as our estimate of spotting
area. We did collect brown feathers for spectrophotometry
but do not include that data here because our focus was
on spotting area.

Manipulation of spotting area and effects
on physiology and behavior

After collecting feathers from males, we manipulated the
extent of brown spotting, alternating between enlarging
and reducing the area. We increased spotting of 8 and 11
males in urban and rural habitat respectively and reduced
spotting in 9 urban and 12 rural males. To reduce spot-
ting, we used scissors to snip brown feathers from males.
As song sparrows do not molt until the end of the breed-
ing season, this reduced treatment would be persistent
throughout the breeding season. To increase spotting, we
applied a combination of black Sharpie and ShinHanart
chestnut brown (BR998) marker to the breast of males
(Fig. 1). Which the combination of these two markers did
not precisely match the natural variation in spotting reflec-
tance (Supplementary Fig. 1), this was the closest marker
combination. To control for the application of marker, we
colored the belly feathers of males that had their badge
reduced in size with white Sharpie marker. To control for
cutting in reduced badge males, we cut a similar number
of white belly feathers from males that had their badge
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Fig. 1 Example pre- and
post-manipulation photos for
male songs sparrows. Prior to
manipulation, males were pho-
tographed on a white standard
with a ruler for a size standard
(a and ¢). Males had their

chest spotting experimentally
enlarged (b) using a combina-
tion of black Sharpie and chest-
nut art marker or experimentally
reduced by having the brown
feathers clipped (d)

size increased. We then took a second picture of the male
to confirm that we successfully increased or decreased the
amount of chest spotting (Supplementary Fig. 2).

To determine if the manipulation affected male
behavior or hormone concentrations, we assessed
male behavior using the previously described proce-
dure approximately 2 weeks after the manipulation
(mean+SD =17.7 +3.39 days, range: 13-26, see Fig. S3
in supplementary materials for the distribution of the
inter-trial intervals). We attempted to recapture the male
on the same day, but males were more difficult to recap-
ture (compared to the initial capture) and we sometimes
captured them 1-3 days following the assessment of their
behavior. Once recaptured, we obtained a blood sample
within 3 min and used these samples to quantify post-
manipulation corticosterone and testosterone. We did
not quantify whether the painted feathers in the enlarged
treatment retained their colors during this second capture
so as to not interfere with the breeding activities.

Quantification of testosterone and corticosterone

Details regarding the quantification of testosterone and
corticosterone can be found elsewhere (Davies and Sewall
2016; Davies et al. 2018). Briefly, we quantified plasma
testosterone and corticosterone using validated enzyme-
linked immunoassays (Enzo Life Sciences, Farmingdale,
NY) following the manufacturer’s instructions. For both
hormones, we assayed samples in duplicate and assigned
all the samples from a given bird to the same assay

plate. The average intra- and inter-assay coefficients of
variation for the testosterone assay were 6.6% and 9.5%,
respectively, and for the corticosterone assay they were
6.8% and 7.8%, respectively. The average assay sensitivi-
ties for the testosterone and corticosterone assays were
2.7 pg/mL and 19.8 pg/mL, respectively.

Analysis

All analyses were carried out in R 4.2.3 (R Core Team
2021). Because many of the behaviors measured during
simulated intrusions were correlated with each other, we
used a principal components analysis (PCA) to combine
these behaviors into a single measure of territorial aggres-
sion. We entered flight rates, closest approach, proportion
of time spent within 5 m, and rates of soft songs and rates
of wing waves into the model. The first principal compo-
nent (PC1) explained 54.39% of the variance and received
positive loadings for the number of flights, number of
wing waves, number of soft songs, and the proportion of
the trial within 5 m and a negative loading for the closest
approach (Table 1). Thus, higher PC1 scores (henceforth,
aggression scores) are indicative of a bird showing greater
territorial aggression. Aggression scores calculated from
these behavioral variables are highly predictive of attack
on a taxidermic mount in this species (Akgay et al. 2014).

To verify that subjects in the two treatments did not
differ in their initial extent of chest spotting, we carried
out a linear regression analysis in which manipulation
(reduced or enlarged), habitat type (urban vs. rural), and
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Table 1 Principle component analysis results with loading coefficients
and mean sampling adequacy measures

Loading coefficients =~ MSA

Flight rate 0.70 0.76
Proportion of time within 5 m 0.84 0.70
Closest approach -0.73 0.72
Soft song rate 0.72 0.64
Wing wave rate 0.68 0.63
Proportion of variance 54.39%

Kaiser-Meyer—Olkin 0.69

their interaction were the predictor variables and chest
spotting area as the dependent variable. We then analyzed
the behavioral and physiological data using linear mixed
models (LMMs) using the Ime function in package nlme
(Pinheiro et al. 2017). In all the models, we included male
as a random factor to account for repeated sampling of the
same individual. We included the following fixed factors
and all their interactions (three two-way and one three-way
interactions) in the full model: manipulation (reduced or
enlarged), trial number (1% or 274 habitat (urban or rural).
The three-way interaction was included to assess whether
the manipulation led to a change in the response variable
between the first and second trial depending on the habitat.
We used a model averaging approach using AICc because
several candidate models had relatively close AAICc (< 6)
to the model with the lowest AICc (see Supplementary
Tables S1 and S2 for the full model and the model selection
table). To determine the relative fit of models and average
the models, we used the dredge and model.avg functions
in the package MuMIn (Barton 2013). Following Harrison
and colleagues (Harrison et al. 2018), we averaged models
within 6 AAICc of the best fit model. We carried out sepa-
rate LMMs as described above for the aggression scores,
testosterone and corticosterone concentrations as response
variables, with the latter two variables log-transformed.

Results
Spotting area manipulation and effects on behavior

Prior to the manipulation, male chest spotting initially
ranged from 129.48 to 413.48 mm?. Male song sparrows
did not differ in the initial extent of their chest spotting
between the two treatment groups, or between habitat types
(Table 2, Fig. S2). There was also no significant interaction
of habitat and manipulation in the pre-manipulation extent
of chest spotting. There was a significant effect of manipu-
lation on the extent of chest spotting (i.e., we effectively
altered chest spotting area; Table 2). Results of paired #-tests
indicated that removing feathers significantly reduced chest
spotting (#=6.14, df =20, p <0.0001) while using markers
to increase chest spotting resulted in significantly greater
spotting area (t=38.27, df =18, p <0.0001).

Males showed significantly lower aggression in the
second trials compared to first trials and this effect was
dependent on manipulation: birds in the enlarged treat-
ment reduced aggression to a greater extent than males in
the reduced treatment (Table 3, Fig. 2). We also found a
significant interaction between trial number and habitat:
males in both habitats showed a decrease in territorial
aggression in the second trial, but this decrease was more
pronounced for males in rural habitats. Indeed, there was
no difference in aggression between urban and rural birds
in the first trial (unpaired z-test: #(38) =1.44, p=0.16),
but urban birds were more aggressive in the second trial
(unpaired #-test #(32) =3.23, p=0.003; Fig. 2). The three-
way interaction of habitat type, trial number, and manipu-
lation was not significant in the averaged model (Table 3).

Spotting area manipulation and hormone
concentrations

Despite the effect of the spotting manipulation on the
change in aggressive behavior, we found no effect of the

Table 2 Linear regression
models on chest spotting size
before (A) and after (B) the
manipulation. In this model,
manipulation, habitat type, and
their interaction were predictor
variables. The brackets
indicate the treatment level

of the coefficient (relative to
baseline which is enlarged and
rural for the manipulation and
habitat variables, respectively).
Significant p-values are in bold

A. Pre-manipulation
Intercept

Manipulation [reduced]
Habitat [urban]

Manipulation [reduced] x
Habitat [urban]

B. Post-manipulation
Intercept

Manipulation [reduced]
Habitat [urban]

Manipulation [reduced] x
Habitat [urban]

Coefficient 95% CI t p
225.28 184.09-266.48 11.09 <0.001
-0.34 —57.38 t0 56.69 -0.01 0.990
46.80 —16.68 to 110.29 1.50 0.144
-36.96 —124.48 to 50.57 -0.86 0.397
Coefficient 95% C1 t P
514.19 451.59-576.79 16.66 <0.001
—366.35 —453.02 t0 —279.68 -8.57 <0.001
56.27 —40.21 to 152.74 1.18 0.245
—47.22 —180.22 to 85.78 -0.72 0.476
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Table 3 Model averaged coefficients for the LMM on aggression
scores. The averaged model includes all models with delta AICc <6
following Harrison et al. (2018). The brackets indicate the treatment

level of the coefficient (relative to baseline levels which is enlarged,
rural and 1* trial for the manipulation, habitat, and trial number,
respectively). Significant p-values are in bold

Estimate Std. Error z value Pr(>lzl)
Intercept 0.3686 0.25 1.429 0.153
Habitat [urban] 0.4113 0.33 1.209 0.227
Manipulation [reduced] —0.4355 0.31 1.357 0.175
Trial number [2] —-1.45 0.3 4.653 <0.0001
Habitat [urban]x Trial num. [2] 0.6229 0.3 2.018 0.044
Manipulation [reduced]x Trial num. [2] 0.7886 0.29 2.581 0.010
Habitat [urban]x Manipulation [reduced] 0.3589 0.5 0.697 0.486
H [Urban]xman[reduced]xTrial num [2] 0.1458 0.57 0.245 0.806
Fig.2 Aggression scores (PC1) Rural Urban
of rural and urban birds depend-
ing on manipulation. The circles 24
indicate individual datapoints
connected by the lines. The 14 Q \
boxplots indicate the median, Q ®
interquartile ranges, and the 0- o 5
95% confidence intervals — é B ~ %
O-1- <
a
8 S)
7]
S 2
7]
7]
0]
o 14
D
< 3
0- = 9 g
[}
®
L b S 8
£
S
1 : 1 2

manipulation on hormone concentrations: the averaged mod-
els (Table 4) for both corticosterone and testosterone showed
no significant effects of any of the predictor variables or
their interactions (see Supplementary Tables S3 and S4 in
the Electronic Supplementary Materials for the full models).

Discussion

Melanin-based coloration is a signal that is often associ-
ated with dominance or fighting ability (reviewed in Santos
et al. 2011) and with concentrations of hormones such as
testosterone or corticosterone (Saino et al. 2013; Hasegawa
et al. 2017) that mediate aggressive behavior in vertebrates

Trial number

(Wingfield et al. 2001; Haller 2014). In the present study,
we experimentally addressed how manipulating a melanin-
based plumage signal is related to these changes in circulat-
ing hormones and aggressive behavior.

We predicted that experimentally reducing chest spotting
area would cause subjects to increase investment into terri-
tory defense via physical aggression because they experience
increased intrusion pressure from other males as a result of
reduced chest spotting area. In contrast, we expected experi-
mental enlargement of the chest spotting to result in a reduc-
tion in aggression, presumably as the result of fewer social
challenges to the bearer. We found that aggression levels
generally decreased from the first to second trial, consist-
ent with a previous study in this population that showed
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Table 4 Model averaged

) Estimate Std. Error z value Pr(>lzl)
coefficients for the LMM on
corticosterone (CORT) and CORT
testosterone levels (log- Intercept 2.56 0.12 20.94 <0.00001
transformed). The averaged )
model includes all models Habitat [urban] 0.07 0.17 0.38 0.71
with delta AICc < 6 following Manipulation [reduced] 0.15 0.18 0.83 0.41
Harrison.et {ﬂ- (2018). The Trial number [2] 0.02 0.17 0.08 0.93
brackets indicate the treatment Manipulation [reduced]x Trial num. [2] 0.30 0.31 0.93 0.36
level of the coefficient (relative
to baseline levels which is Testosterone
enlarged, rural and 1% trial for Intercept 1.13 0.17 6.62 <0.00001
the manipulation, habitat, and Habitat [urban] -0.24 0.21 112 0.27
trial number, respectively). Manipulation [reduced] 0.27 0.20 1.29 0.20
Significant p-values are in bold .
Trial number [2] 0.10 0.22 0.45 0.66
Habitat [urban]x Manipulation [reduced] -0.10 0.38 0.26 0.80
Habitat [urban]x Trial num. [2] -0.24 0.39 0.58 0.56
Manipulation [reduced]x Trial num. [2] -0.02 0.39 0.05 0.96

seasonal decline of aggression in both urban and rural birds
(Davies and Sewall 2016). The plumage manipulation, how-
ever, had a significant effect on this decline. Specifically,
males with experimentally reduced chest spotting showed
less of a decline in aggression between trials than males
with experimentally enlarged spotting areas. This suggests
that our enlarged spotting manipulation was not effective
but supports our prediction that reduced spotting should
lead to higher aggression, as has been found in some previ-
ous studies (Chaine et al. 2013; Dey et al. 2014). The effect
was similar in both rural and urban habitats. Habitat type
did influence reduction in aggression: rural birds showed
stronger reductions in the second trials than urban birds.

Despite the change in behavior, we found no changes
in concentrations of either corticosterone or testosterone
at capture. This finding suggests that there is plasticity in
the relationship between melanin coloration and hormone
concentrations and/or that another physiological mechanism
links variation in color with variation in territorial aggres-
sion. The hormone results however come with large caveats
as further discussed below.

The effect of the experimental manipulation of chest
spotting on aggression during the second trial may have
come about through social feedback from male competi-
tors in two non-mutually exclusive ways. First, males that
received reduced chest spotting may have been challenged
more and therefore may have maintained a higher level of
aggression later in the season (Rohwer and Rohwer 1978).
This is consistent with the earlier finding that rural song
sparrows show a negative correlation between spotting size
and aggression (Beck et al. 2018). A similar relationship
between ornamentation and aggression was reported in
male red-collared widowbirds (Euplectes ardens). In this
species, males with naturally large collars spend less time
in territory defense suggesting they are challenged less
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than males with smaller collars (Pryke et al. 2001). Alter-
natively, it is possible that males that received enlarged
chest spotting may have been challenged less and therefore
invested less in territorial defense (Chaine et al. 2013).
This would mean that song sparrows may not perceive a
mismatch between the enlarged spotting and the behavior
of the subject (cf. Rohwer and Rohwer 1978; Tibbetts and
1zzo 2010). However, the enlarged spotting manipulation
may not have been effective due to the imperfect match in
color spectra and males in this treatment may simply show
seasonal decreases in territoriality (Davies and Sewall
2016). Future studies can test these possibilities in song
sparrows by measuring the frequency of territorial chal-
lenges by conspecifics and time spent in territory defense
by males with experimentally enlarged or reduced chest
spotting.

Another potential explanation for our finding that male
behavior changed after experimental manipulation of chest
spotting is that dynamics between males and females, not
male-male interactions, provided social feedback that influ-
enced subjects’ behavior. After the spotting enlargement,
males may have been perceived as more attractive by social
and extra-pair mates, which may have decreased their need
to invest in territorial defense for mate guarding, as the male
is under less threat of losing paternity (Moser-Purdy et al.
2017). A recent experimental manipulation in barn swal-
lows showed interactions between males and their social
mate, and to a lesser extent other females in the population
increased following experimental darkening of the ventral
plumage. This manipulation had the greatest effect on males
that experienced the greatest shifts in color (Levin et al.
2018). In other species, females paired to more ornamented
males often produce fewer extra-pair offspring (Safran et al.
2005; Lehtonen et al. 2009; Reudink et al. 2009; Eikenaar
et al. 2011). Whether there is a directional female preference
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for the extent of chest spotting in song sparrows is not yet
known.

One caveat for the enlarged treatment in our experiment is
warranted. Although we tried to match the reflectance values
of the painted feathers to the reflectance of the naturally pig-
mented feathers, they were not an exact match (Fig. S1). We
also did not measure the chest spotting of the subjects dur-
ing the second capture. Although the reduced chest spotting
treatment would have persisted (due to the fact that molting
does not happen until the end of the breeding season; Arcese
et al. 2020), the painted feathers may have lost of their color
in the intervening period. Some variation is to be expected
in a field experiment like the present study, but it also means
that we cannot be sure if the males in this treatment indeed
were perceived as having a greater chest spotting. Nonethe-
less, given that these males had their normal chest feathers
intact, these males at least have their regular chest spotting.
Indeed, the seasonal decrease in aggression in this group is
consistent with a previous study in population with unma-
nipulated males (Davies and Sewall 2016). In other words,
males in this treatment group were at the very least per-
ceived with their natural chest spotting intact, providing a
valid comparison to the reduced treatment group.

We expected to detect an interaction between habitat type
and the manipulation because male song sparrows in urban
areas have significantly greater spotting area (Beck et al.
2018) and show greater territorial aggression than those
in rural areas (Foltz et al. 2015; Davies and Sewall 2016;
Akcay et al. 2020). As a result, we predicted a reduction in
spotting area would have a greater effect on urban birds com-
pared to rural birds because in the former a reduced chest
spotting male would be perceived as competitively inferior
among more aggressive neighbors with intact chest spotting.
Contrary to our hypothesis, the manipulation had similar
effects in urban and rural habitats. It is possible that our
sample size was not large enough to detect a three-way inter-
action between habitat, manipulation, and trial number. It is
also worth noting that in our sample, urban and rural birds
did not show a significant difference in the initial extent of
the chest spotting (Fig. S2). This finding is in contrast to an
earlier study in our population which found urban males to
have higher extent of chest spotting than rural males (Beck
et al. 2018). It is possible that in our initial sampling we may
have sampled disproportionately males with large chest spot-
ting in rural areas compared to the average rural population,
which may have masked any interaction of habitat with the
experimental manipulation. This possibility warrants further
research.

Habitat type did influence aggression irrespective of the
manipulation: urban birds reduced their aggression from the
first to second trials to a lesser extent than the rural birds.
Indeed, when analyzed separately, aggression scores in the
first trials were not significantly different between urban and

rural birds, but in second trials urban birds showed higher
aggression compared to rural birds. One possibility is that
urban habitats are more fragmented by unsuitable landcover
such as parking lots and buildings which might mean that
birds in these habitats experience more sustained competi-
tion for the existing territories (Marzluff 2001; Juarez et al.
2020). This may lead to higher levels of investment in ter-
ritorial defense throughout the breeding season. Another
possibility is that urban habitats may have higher levels of
food resources over the breeding season, allowing urban
birds to maintain a relatively higher level of aggression
(Foltz et al. 2015). Finally, urban and rural birds may dif-
fer in behavioral plasticity such that urban birds are more
consistent in their behavior over time than rural birds. Few
previous studies examined this possibility. In one such study,
urban male great tits (Parus major) showed lower repeat-
abilities of territorial behavior over a few days than rural
males (Hardman and Dalesman 2018). Whether the same
holds for song sparrows is currently not known. The relative
influence of plasticity and environmental conditions on the
persistence of higher aggression in urban habitats warrants
further research.

Effects of manipulation of hormone concentrations

We found no effect of the spotting area manipulation on
concentrations of testosterone or corticosterone in blood
samples collected immediately after capture, despite the
change in territorial aggression. Circulating levels of both
testosterone and corticosterone can be positively associ-
ated with territorial aggression (Nelson and Trainor 2007)
although the relationship is often complex (George and Ros-
vall 2022). Previous work in this population indicated that
initial corticosterone is positively associated with territorial
aggression but that initial and GnRH-induced testosterone
are unrelated to an individual’s territorial aggression in
response to conspecific playback (Davies et al. 2018). We
predicted that initial concentrations of corticosterone and
testosterone would increase in males with reduced-spotting
areas because we expected that they would experience more
social challenges and thus need to engage in more territorial
defense (Wingfield 1994; Deviche et al. 2014). One expla-
nation for our failure to detect an effect of the manipula-
tion on hormone concentrations is that corticosterone and
testosterone vary seasonally in this population (Davies and
Sewall 2016; Davies et al. 2018), and it is possible that this
seasonal variation masked any effect of the manipulation
on hormone concentrations. Crucially, we did not control
for breeding stage of the males which may have masked any
effects of social challenges on testosterone and corticoster-
one. It is also possible that the variation in the capture times
from the start of the simulated intrusion may have masked
corticosterone and testosterone responses in the short term.
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Nevertheless, the observed differences in aggressive behav-
iors depending on habitat and manipulation in the absence
of differences in circulating hormone levels underscores
the need for future studies to understand the physiological
mechanism of plumage signals and territorial aggression.

Conclusion

We found that aggression decreased over the breeding sea-
son but that an experimental reduction of chest spotting in
male song sparrows was associated with dampened reduc-
tions in aggression in both urban and rural song sparrows
compared to experimentally enlarged chest spotting. These
findings add weight to the hypothesis that chest spotting is
an important signal of resource-holding potential or mate
quality in both habitats (Davies and Sewall 2016; Beck et al.
2018). While our plumage manipulation had similar effects
in urban and rural habitats, aggressive behavior nonetheless
differed between these habitats, with urban birds showing
sustained aggression later in the season while rural birds
decreased aggression to a greater extent. Questions remain
about the mechanisms regulating this behavioral response
to manipulations of chest spotting. Nonetheless, our finding
that urban and rural birds differ in response to the manipu-
lation highlights the benefit of using experimental manip-
ulations across urban and rural habitats to understand the
behavioral changes that widespread urbanization causes in
wildlife.
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