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                             Variation in adrenocortical stress physiology and condition 
metrics within a heterogeneous urban environment 
in the song sparrow  Melospiza melodia       

    Melissa L.     Grunst  ,       John T.     Rotenberry     and         Andrea S.     Grunst            

  M. L. Grunst (mgrun002@ucr.edu), J. T. Rotenberry and A. S. Grunst, Biology Dept, Univ. of California, Riverside, CA 92521, USA. JTR also 
at: Univ. of Minnesota  –  Biological Sciences, Saint Paul, MN, USA.                               

 In urban habitats, organisms face unique fi tness challenges including disturbance from human activity and noise. One 
physiological mechanism that may be plastically or evolutionarily modifi ed to ameliorate deleterious eff ects of anthro-
pogenic disturbance is the adrenocortical stress response. Individuals in urban environments may display smaller stress 
responses, which may prevent pathologies associated with consistent elevation of stress hormones, and may also show 
diff erences in baseline corticosterone (CORT, the primary avian stress hormone), due to altered energetic demands or 
chronic stress. We examined whether stress physiology and condition metrics in male song sparrows  Melospiza melodia  
vary as a function of discrete diff erences in anthropogenic disturbance level (activity centers and refuges) or with continu-
ous variation in an urbanization score and noise environment. Males breeding in activity centers displayed lower maximal 
(acute) CORT levels than activity refuge males, and acute CORT also tended to negatively correlate with urbanization 
score. Baseline CORT did not diff er between habitat types, and activity center males also showed no evidence of changes 
in body mass, hematocrit, or antioxidant capacity. Further, activity center males had higher quality feathers (indicative 
of higher condition at molt) than activity refuge males. We found no indication that the noise environment altered stress 
physiology or condition in song sparrows. Overall, results suggest that song sparrows are an urban adapter species, which 
are not detrimentally aff ected by unique selective pressures encountered in the urban environment.   

 Organisms evolve traits that allow maintenance of posi-
tive fi tness pay-off s in a particular environment or niche 
(Grinnell 1917). When faced with rapid fl uctuations in the 
environment, species persist through either rapid evolution 
or phenotypic plasticity. Alternatively, extirpation may result 
(Coppack and Partecke 2006, Partecke et   al. 2006, Ghalambor 
et   al. 2007). Current rapid rates of habitat modifi cation by 
humans serve as a potent evolutionary force. In urban habi-
tats, individuals face fi tness challenges including disturbance 
from loud noise and human activity, pollution from chemi-
cals and artifi cial light, and altered predator regimes, all of 
which diff er from selective pressures experienced throughout 
most of a species ’  evolutionary history (Marzluff  1997, Sih 
et   al. 2011, Fischer et   al. 2012, Sol et   al. 2013). Th us, in 
urban areas only species or individuals with a particular suite 
of ecological and physiological traits may persist (Yeh and 
Price 2004, McGlothlin and Ketterson 2008, Bonier 2012). 

 One physiological mechanism that may be evolution-
arily or plastically modifi ed to ameliorate deleterious eff ects 
of urban disturbance is the adrenocortical stress response 
(Partecke et   al. 2006, Bonier et   al. 2007, Bonier 2012). Th e 
adrenocortical stress response is controlled by the hypo-
thalamus-pituitary-adrenal (HPA) axis and involves release 
of steroid glucocorticoids (GCs) from the adrenal cortex. 

Baseline GCs help regulate glucose metabolism and energy 
balance, and may be elevated to support demanding life-
history stages (Sapolsky et   al. 2000, Romero 2002, Landys 
et   al. 2006, Bonier et   al. 2009). Th us, in urban environ-
ments, increased baseline GCs may result from increased 
allostatic challenge (the summation of current and predicted 
energetic demands) and may be adaptive. However, frequent 
disturbance may overwhelm internal coping mechanisms, 
leading to allostatic overload, chronic elevation of baseline 
GCs and reduced fi tness (McEwen and Wingfi eld 2003, 
Wingfi eld 2005, Bonier et   al. 2009). Indeed, elevated base-
line GCs have been linked to reduced body condition and 
survival probability (Brown et   al. 2005, Bonier et   al. 2009), 
increased oxidative stress due to heightened metabolism (Lin 
et   al. 2004), and cessation of reproductive activity (Silverin 
1986, Wingfi eld and Sapolsky 2003, Ouyang et   al. 2012). 
Activation of the acute stress response controls the verte-
brate response to life-threatening situations, and has fi tness 
benefi ts including facilitating escape from predators and 
coping with challenging weather events (Sapolsky et   al. 
2000, Blas et   al. 2007, Breuner et   al. 2008). However, 
frequent activation of the acute stress response may lead 
to termination of reproductive activity and health 
problems associated with elevated GCs (Wingfi eld et   al. 
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1992, Wingfi eld and Sapolsky 2003). Indeed, high acute 
GCs (maximum levels after exposure to a stressor) have been 
correlated with lower survival rates (Romero and Wikelski 
2001, MacDougall-Shackleton et   al. 2009). In urban envi-
ronments, many human-associated disturbances may entail 
little actual threat to survival. Th us, costs of mounting a large 
stress response may out-weigh benefi ts (Partecke et   al. 2006, 
Bonier et   al. 2007, Atwell et   al. 2012). However, a larger 
stress response could also confer fi tness benefi ts in an urban 
environment, for example, if an altered predation regime 
favors a robust survival response (Boonstra et   al. 1998). 

 Comparisons between rural and urban populations yield 
some support for the idea that HPA down-regulation may 
promote persistence in the face of anthropogenic activity 
(Partecke et   al. 2006, Atwell et   al. 2012), while also suggest-
ing that human disturbance may overwhelm behavioral and 
physiological coping mechanisms and induce chronic stress 
(Wasser et   al. 1997, Walker et   al. 2005, Bonier et   al. 2007, 
Hayward et   al. 2011). However, studies on the relationship 
between urbanization and GC concentrations have yielded 
no consistent pattern (Fokidis et   al. 2009, Bonier 2012 
for review), with the majority of studies actually report-
ing null relationships between urbanization and variation 
in stress physiology (Fokidis et   al. 2009, Chavez-Zichinelli 
et   al. 2010, B ó kony et   al. 2012). Confl icting results may be 
explained by the specifi c ecology and evolutionary history of 
species used in analyses, which may infl uence sensitivity and 
responses to anthropogenic disturbance (Bonier et   al. 2007, 
Fokidis et   al. 2009). 

 We explored how anthropogenic disturbance aff ects stress 
physiology and condition metrics within an urban popula-
tion of song sparrows  Melospiza melodia . Despite extensive 
and pioneering work on the eff ects of urbanization on stress 
physiology in birds, most studies to date involve broad-scale 
comparisons between one urban and rural or suburban 
population (but see Bonier 2012 for review). Heterogene-
ity in disturbance regime exists within urban landscapes due 
to presence of both activity centers, adjacent to highways 
or shopping centers, and activity refuges, such as parks or 
reserves. Th us, as on a broader scale, individuals breeding 
within urban environments may experience divergent selec-
tive pressures and display diff erences in stress physiology. 

 Our study had three objectives. First, we examined 
whether acute or baseline corticosterone (CORT, the primary 
avian GC) varies with urbanization level in male song 
sparrows. We were particularly interested in whether song 
sparrows in highly urbanized areas display lower acute CORT, 
which could facilitate maintenance of reproductive activity 
despite perturbation, and in whether baseline CORT is ele-
vated in highly disturbed areas, potentially refl ecting chronic 
stress. Second, we evaluated whether stress physiology varies 
with noise environment. Noise may induce chronic stress 
by directly disturbing individuals, altering physiological 
processes (Barber et   al. 2009, Kight and Swaddle 2011, 
Francis and Barber 2013), and interfering with communi-
cation (Brumm and Slabbekoorn 2005, Leonard and Horn 
2012). Indeed, noise has been associated with reduced repro-
ductive success (Halfwerk et   al. 2011, Kight et   al. 2012, 
Strasser and Heath 2013), and elevated stress hormone levels 
(Hayward et   al. 2011, Blickley et   al. 2012, Strasser and Heath 
2013) in urban birds. Th ird, to more comprehensively assess 

whether song sparrows experience increased allostatic load 
in urbanized areas, we quantifi ed a number of condition-
related metrics. We used body mass as a metric of current 
body reserves, and feather quality as an indirect metric of 
condition at molt. We evaluated hematocrit levels, since 
chronic stress associated with disturbance may result in 
anemia (Fair et   al. 2007, B ó kony et   al. 2012). Finally, we 
measured total antioxidant capacity (TAC). Changes in 
TAC may occur in urban areas due to heightened oxidative 
challenges and energetic demands (Isaksson et   al. 2005, 
2007, Cohen et   al. 2007, M ø ller et   al. 2010).  

 Methods  

 Study species and sites 

 We studied variation in the adrenocortical stress response 
in an urban population of song sparrows breeding in activity 
centers and refuges near the Univ. of California, Riverside 
(UCR). Activity center sites were located on, and in the 
immediate vicinity of the UCR campus and the I-215/
CA-60 freeway (center: 33 ° 58 ′ 27.23 ″ N, 117 ° 19 ′ 38.39 ″ W). 
Th ese birds are constantly exposed to disturbances includ-
ing noise from air-conditioning units on buildings, pass-
ing traffi  c, and human conversation. Refuge sites included 
the 1150 acre Box Springs Mountains Reserve (center: 
33 ° 57 ′ 56.71 ″ N, 117 ° 17 ′ 7.86 ″ W), located approximately 
4 km east of the UCR campus center, and the 1550 acre 
Sycamore Canyon Wilderness Park (center: 33 ° 56 ′ 14.11 ″ N, 
117 ° 18 ′ 59.11 ″ W), located approximately 4 km south of the 
UCR campus center. Although these reserves are entirely 
embedded within Riverside ’ s urban matrix and show ample 
urban impacts on vegetation and various other attributes, 
birds captured within refuges are relatively buff ered from 
anthropogenic disturbance sources. Vehicular traffi  c is pro-
hibited, and recreational activity, including walking and bik-
ing, is allowed but entails light and sporadic human traffi  c. 

 We estimated the density of song sparrows breeding 
within the urban matrix to be approximately 3 – 6 males 
ha  – 1 , with density being similar between activity centers and 
refuges. Th is density estimate is comparable to that of the 
higher density site of Hill et   al. (1999) in Discovery Park, 
Seattle, Washington. Territory size is small, approximately 
0.1 – 0.4 ha, with birds being tightly packed into available 
habitat in many areas (e.g. 4 males in a 200 m long by 25 m 
wide habitat strip). High density of song sparrows within the 
Riverside urban areas suggests that these birds are successful 
urban breeders, such that physiological adaptations might 
be expected. 

 We focused our study on territorial breeding males, 
which we captured in mist nets using conspecifi c playback. 
All males were actively breeding, as assessed by the pres-
ence of a cloacal protuberance. We captured 46 males in 
activity centers and 25 males in activity refuges. We deter-
mined baseline CORT concentrations for all of these males, 
and acute CORT concentrations for 43/46 center males 
and 24/25 refuge males. We captured birds from 6 March 
through 18 April, 2011 and from 26 February through 12 
April, 2012, between 07:00 and 15:00 h local time. We cap-
tured 5 males during multiple years of the study. However, 
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we randomly eliminated one of the duplicate observations 
on each of these males from the fi nal dataset. We controlled 
for time, date, and year eff ects in statistical analyses. Upon 
capture, we banded each bird with an aluminum band from 
the United States Geological Survey and with a unique color 
combination.   

 Characterization of disturbance environment 

 To characterize the anthropogenic disturbance environment, 
we unambiguously classifi ed activity refuges and activity 
centers. Refuges were distinguished by park-land designation 
and were separated from, although embedded within, the 
surrounding urban matrix. Centers were located within the 
urban matrix, where heavy human activity occurs. In addi-
tion, we also derived a continuous metric of anthropogenic 
disturbance level by taking GPS readings on territories using 
a Garmin ETrex 30 GPS, and then using digital photographs 
generated in Google Earth ver. 7.1.2.2041 to measure the 
distance from territories to the nearest road, major freeway, 
and building, and to estimate the percentage of impervious 
cover within a 50 m radius centered around each capture 
site. We then performed a principal components analysis on 
these 4 variables, and extracted the fi rst principal compo-
nent (PC1) for use as an urbanization score (Table 1). PC1 
was negatively loaded on distance to a road, major freeway, 
and building, and positively loaded on percent impervious 
surface (Table 1). Th us, territories with higher urbanization 
scores (PC1) are in more urbanized areas. 

 We characterized the noise environment by measuring 
noise level in decibels (dB) on the territory of each male. We 
followed a protocol for measuring noise level that has been 
employed in studies examining eff ects of anthropogenic 
noise on bird song characteristics (Brumm 2004, Berm ú dez-
Cuamatzin et   al. 2009). We used a Digital Instruments 
SL-4023SD sound level meter (range, 30 – 130 dB; weight, 
A; fast response; IEC 61672 class 2) with a windshield ball. 
We recorded noise levels between 06:00 and 13:00 h local 

time, corresponding to the time period in which sparrows 
were captured, with the majority of readings taken immedi-
ately after the sparrow was captured and processed. We took 
measurements for 5 min, with noise levels being logged every 
5 s. For one minute each, we pointed the sound level meter 
in each of the four cardinal directions, and straight upward. 
We fl ipped a coin to determine whether to start from north 
or south, and west was always followed by upwards. We took 
the average of all 5-s incremental measurements as a fi nal 
metric of the noise environment. We extracted maximum 
noise, minimum noise, and the standard deviation of noise 
level across readings. We then reduced these variables to two 
orthogonal explanatory variables using principal component 
analysis (Table 1). PC1 had high positive loadings for aver-
age noise, maximum noise, and minimum noise level, and 
thus refl ects the magnitude of noise level (Table 1). Th e sec-
ond PC axis (PC2) had high positive loadings for the stan-
dard deviation of noise level and maximum noise, and thus 
refl ects variation in noise level (Table 1).   

 Measuring the stress response and hematocrit 

 We measured the stress response using standard capture pro-
tocol (Wingfi eld et   al. 1992), with an initial sample taken 
within 3 min of capture (representative of baseline CORT) 
and another sample taken after 30 min (representative of 
acute CORT). We confi ned birds in cloth holding bags in 
the interlude between sampling. We used 26-gauge needles 
and heparinized microcapillary tubes to withdraw small 
blood samples ( ∼  80  μ l) from the brachial vein. We stored 
blood samples on ice in the fi eld. Plasma was separated from 
cell fraction via centrifugation for 12 min at 4400 g. We 
determined hematocrit levels immediately following centrif-
ugation by measuring the percentage of the total blood col-
umn occupied by erythrocytes. We stored plasma at  – 30 ° C 
until performing CORT radioimmunoassays.   

 Measuring body mass and feather quality 

 At the time of capture, we measured body mass ( �    0.1 g) 
using a digital scale, unfl attened wingchord ( �    1 mm) using 
a wing scale, and tarsus length ( �    0.01 mm) using digital 
calipers. We used body mass alone as a combined metric of 
body reserves and size, instead of using least-square residu-
als or the scaled mass index (Peig and Green 2009, 2010, 
B ó kony et   al. 2012), because tarsus length and body mass 
were not correlated in our dataset (Spearman correlation: 
 r  s      �     0.18, n     �     68, p     �     0.15). 

 In addition, we scored feather wear on a scale of 0 to 
4, where 0 corresponds to no wear, 1 to a trace of wear, 3 
to moderate wear, and 4 to heavy wear (Ralph et   al. 1993). 
Feather wear indicates the degree to which primary feathers 
(main fl ight feathers) are abraded away, and thus is refl ec-
tive of primary feather quality. Birds in better condition at 
molt may grow both longer and more wear-resistant feathers 
(Harper 1999, Dawson et   al. 2000). Further, song sparrows 
in our study population are resident, such that birds are pres-
ent on territories, and experience similar levels of anthropo-
genic disturbance year-round (banded individuals have been 
consistently sighted on territories during the non-breeding 
season). We conducted a principal components analysis 

  Table 1. Principal components analyses on urbanization level, noise 
level variables, and feather quality. Entries for each variable are fac-
tor loadings.  

PC1 PC2

Urbanization PCA
Distance from road  � 0.54
Distance from freeway  � 0.50
Distance from building  � 0.54
Percent impervious 0.41
Eigenvalue 2.89
Cumulative proportion of variance 0.72

Noise level PCA
Mean noise 0.61 0.02
Maximum noise 0.43 0.61
Minimum noise 0.61  � 0.10
Standard deviation of noise level  � 0.27 0.79
Eigenvalue 2.62 1.25
Cumulative proportion of variance 0.66 0.97

Feather quality PCA
Feather wear  � 0.70
Wingchord 0.70
Eigenvalue 1.18
Cumulative proportion of variance 0.69
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were present on their territory post-capture and appeared to 
have tolerated experimental procedures without deleterious 
eff ects. Birds were held for slightly longer than 30 min, as we 
immediately released all individuals after obtaining the fi nal 
blood sample and weighing the bird. Other morphological 
measurements were taken in the interlude between blood 
sampling in an eff ort to minimize handling time.   

 Statistical analysis 

 We conducted all statistical analyses using linear models in 
R 2.15.2 (R Core Team). We report beta estimates ( �  SE), 
and additionally include eff ect size estimates (Cohen ’ s d) and 
associated 95% confi dence intervals for fi nal models predict-
ing CORT levels and other condition metrics from urban 
habitat type (Nakagawa and Cuthill 2007). 

 First, we used separate models to determine whether acute 
or baseline CORT baseline CORT were signifi cantly diff er-
ent in activity centers than in activity refuges, and whether 
CORT variables were signifi cantly related to urbanization 
score (PC1). We also assessed whether urbanization score 
could be used to predict CORT levels within activity center 
males alone. We log transformed acute and baseline CORT 
to normalize the distribution of residuals, and included time, 
date, and year of capture in models as covariates. 

 Secondly, we used linear models to assess whether body 
mass, hematocrit levels, total plasma antioxidant capacity, or 
feather quality diff ered between urban habitat types, with 
urbanization score (PC1), or with acute or baseline CORT 
levels. For modeling body mass, hematocrit, antioxidant 
capacity and feather quality, we entered habitat type or 
urbanization score (in separate models), and acute and base-
line CORT as predictor variables. We also included interac-
tions between habitat type or urbanization score, and CORT 
variables, since we were interested in whether CORT levels 
correlate diff erently with condition metrics as a function of 
urbanization level. We log transformed antioxidant capac-
ity. We included time and date of capture as covariates in 
models predicting body mass, hematocrit and antioxidant 
capacity, and year of capture in models predicting body mass 
and hematocrit (antioxidant capacity was measured from 
2012 captures only). In addition, to control for potential 
confounding eff ects of body size, we included wingchord 
and tarsus length in initial models predicting body mass. We 
applied Spearman correlations to determine whether condi-
tion metrics were correlated in our dataset. 

 Finally, we assessed whether noise PCs predicted CORT 
levels or other condition metrics either across habitat types 
or within activity centers alone. We applied linear models 
with CORT variables and other condition metrics as the 
dependent variable in separate models and the two sound 
level PCs as predictor variables.    

 Results  

 Characterizing urban habitat types 

 Th e territories of activity center males were located a 
mean ( �  SE) distance of 47.86    �    7.32 m from a road, 
491.63    �    44.25 m from a major freeway, and 36.31    �    4.40 m 

on wingchord and feather wear, which were negatively 
correlated in our dataset (Spearman correlation:  r  s      �      � 0.38, 
n     �     89, p  �  0.001), to combine these variables into a single 
metric indicative of condition at molt. Th is metric, PC1, 
was positively loaded on wingchord and negatively loaded 
on feather wear (Table 1). Th us, higher PC1 scores refl ect 
higher quality, more wear-resistant feathers and superior 
condition at molt.   

 Corticosterone radioimmunoassays 

 We conducted corticosterone assays using a MP Biomedical 
I 125  radioimmunoassay (RIA) kit (07-120103), which has 
been previously validated for use in  M. melodia  (Newman 
et   al. 2010). We followed kit instructions with the exception 
that baseline plasma samples were diluted 1:100 with steroid 
diluent (5  μ l plasma: 495  μ l diluent), and stressed samples 
1:200 (5  μ l plasma: 995  μ l diluent). We assayed all samples 
in duplicate, and included high and low controls provided 
by the kit manufacturer in each assay. We randomly distrib-
uted samples from refuge and center males between assays. 
Intra-assay coeffi  cients of variation averaged 11.7% and 
inter-assay coeffi  cients of variation were 8.1 and 11.0% for 
high and low controls, respectively.   

 Antioxidant assay 

 For a subset of males captured in 2012 (n    �    45, 27 in activ-
ity centers and 18 in refuges), we performed an antioxidant 
assay to determine total antioxidant capacity (TAC) of 
plasma samples taken within 3 min post capture. Specifi cally, 
we used the OXY-adsorbent assay kit commercially available 
through Diacron International (Costantini et   al. 2007), and 
a Spectra Max Plus 96-well plate reader capable of tempera-
ture regulation. Preparation for the assay was done on ice to 
avoid oxidation of samples. We diluted plasma 1:100 with 
distilled water (2  μ l plasma: 198  μ l water). We then gen-
erated a standard curve consisting of solutions capable of 
neutralizing 0, 115, 230, and 460 mM of hypochloric acid 
(HOCl), a generic antioxidant. We added 200  μ l of HOCl 
and 5  μ l of diluted plasma (or standard) to the wells of a 
microplate, and performed a pre-read of the plate to control 
for minimal variation in sample absorbance. We incubated 
the plate for 5 min at 37 ° C, and then added 2  μ l of a chro-
mogenic solution, mixed thoroughly and immediately read 
absorbance at 505 nm. We report results in terms of mM of 
HOCl neutralized. We randomly distributed samples from 
activity refuge and activity center sparrows across the 96-well 
plate. All samples were assayed in duplicate in a single assay. 
Intra-assay coeffi  cients of variation averaged 7.15%.   

 Permits and ethical note 

 Th e UCR Institutional Animal Care and Use Committee 
approved all animal use procedures (Protocol A-20100002E), 
and banding and blood sampling were additionally autho-
rized by a United States Geological Survey bird-banding 
sub-permit (23035-F) and a California state collecting 
permit (SC-11059). We followed up on a subset of male 
song sparrows captured in this study in the process of 
obtaining recordings of vocalizations. All males monitored 
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t-test:  t  74     �    13.59, p    �    0.001). Activity center males had 
lower acute CORT than refuge males (Table 2; Fig. 2a). 
Baseline CORT concentrations did not diff er between activ-
ity center and refuge males (Table 2; Fig. 2b). Rather, base-
line CORT was higher earlier in the day (Table 2). 

 Acute CORT tended to be negatively related to urbaniza-
tion score (LM:  F  1, 65     �    3.66,   b      �     – 0.06    �    0.03, p     �     0.060), 
whereas baseline CORT did not diff er as a function of 
urbanization score (LM:  F  1, 68       �    0.15,   b      �     � 0.04    �    0.04, 
p     �     0.70). Urbanization score was not related to acute 
CORT within activity center males alone (LM:  F  1, 41         �    0.13, 
  b      �     � 0.05    �    0.14, p     �     0.72). We report initial full models 
predicting CORT levels from habitat type and urbanization 
score in Supplementary material Appendix 1, Table A1 
and A2.   

 Other condition metrics with respect to habitat type 
and urbanization score 

 Male song sparrows breeding in activity centers had higher 
feather quality, as refl ected by feather PC1 scores (Table 2). 
However, body mass, hematocrit and total antioxidant 
capacity did not diff er as a function of habitat type (LM: 
p   �   0.10; Table 2). When controlling for wingchord (LM: 
 F  1, 64       �    14.02,   b      �    0.21    �    0.06, p  �  0.001), body mass was 

from a building. Th e territories of activity refuge males 
were located a mean distance of 262.04    �    38.23 m from 
a road, 2628.28    �    79.18  m from a major freeway, and 
261.52    �    40.91 m from a building. Within a 50 m radius 
centered on the capture site of each male, a mean ( �  SE) 
percent of the area of 29.57    �    3.30 consisted of impervious 
surfaces within activity centers, but only 1.00    �    0.41 percent 
of the area within activity refuges. All urbanization metrics 
were signifi cantly diff erent when comparing between urban 
habitat types (t-test: p  �  0.001 in all cases). Consequently, 
activity refuge territories had smaller urbanization scores 
(PC1) than activity centers (t-test:  t  27       �          � 10.81, p  �  0.001; 
Fig. 1a). Activity refuge territories also had signifi cantly 
smaller noise PC1 scores than activity center territories 
(t-test:  t  64            �    � 14.28, p    �    0.001; Fig. 1b), refl ecting the qui-
eter noise environment found in refuges. Noise PC2 did not 
diff er with habitat type (t-test:  t  54           �    0.54, p     �     0.59; Fig. 1c), 
refl ecting the fact that variation in the noise environment 
was similar between habitat types.   

 Stress response with respect to urban habitat type 
and urbanization score 

 Stress-induced (acute) CORT concentrations were signifi -
cantly higher than baseline CORT concentrations (Welch 

  Figure 1.     Boxplots showing the distribution of urbanization score (a), noise PC1 (magnitude of noise level) (b) and noise PC2 (variation in 
noise level) (c) between urban habitat types. Whiskers extend from the fi rst and third quartiles to the highest value within 1.5    �    IQR 
(interquartile range).  

  Table 2. Linear models, means, and Cohen ’ s d for plasma CORT levels and condition metrics with respect to urban habitat type.  

N Intercept  �  SE   b    �  SE R 2 F p ( �  F)
Center

  (mean  �  SE)
Refuge

  (mean  �  SE)
Cohen ’ s d
  (95% CI)

Acute CORT 67 4.88    �    0.09 113.28    �    7.56 143.47    �    12.56
Habitat type  � 0.23    �    0.11 0.05 4.31 0.042  � 0.60 ( � 1.09;  � 0.10)
Baseline CORT 71 4.55    �    0.52 28.08    �    1.92 30.68    �    3.16
Habitat type  � 0.12    �    0.14 a 0.24 0.624  � 0.26 ( � 0.73; 0.22)
Time  � 0.11    �    0.04 0.06 6.26 0.015
Body mass 68 5.71    �    3.84 20.33    �    0.15 20.10    �    0.16
Habitat type 0.32    �    0.22 1.35 0.249 0.43 ( � 0.07; 0.92)
Time 0.12    �    0.07 5.56 0.021
Year 0.58    �    0.26 6.84 0.011
Wingchord 0.20    �    0.06 0.24 11.95  �    0.001
Hematocrit (%) 71 48.40    �    0.76 49.16    �    0.52 48.29    �    0.85
Habitat type 0.86    �    0.95  � 0.002 0.84 0.363 0.26 ( � 0.21; 0.73)
Feather PC1 71  � 0.39    �    0.22 0.24    �    0.16  – 0.40    �    0.22
Habitat type 0.63    �    0.27 0.06 5.29 0.024 0.67 (0.19; 1.15)
TAC 45 5.72    �    0.04 288.51    �    8.92 308.35    �    13.39
Habitat type  � 0.06    �    0.05 0.012 1.56 0.216  � 0.36 ( – 0.95; 0.23)
     a Activity center relative to activity refuge habitat.   
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also included in the model (LM:  F  1, 68       �    5.61;   b      �     � 0.66    �    
0.28; p     �     0.02). However, noise PC1 was not related to 
feather quality within activity center males alone (LM: 
 F  1, 42         �    0.20;   b      �    0.04    �    0.17; p     �     0.66). Noise PC2 also 
tended to be positively related to feather PC1, but this 
eff ect was non-signifi cant (LM: p     �     0.055; Supplementary 
material Appendix 1, Table A6).    

 Discussion 

 Our principal fi nding in this study was that male song 
sparrows breeding on activity center territories with higher 
urbanization scores had lower acute CORT relative to 
males breeding in activity refuges. A negative relationship 
between acute CORT levels also tended to emerge when 
using urbanization score as a continuous metric of anthro-
pogenic disturbance levels. In contrast to this study, much 
previous work has reported null relationships between stress 
physiology and urbanization levels (Fokidis et   al. 2009, 
Chavez-Zichinelli et   al. 2010, B ó kony et   al. 2012, Bonier 
2012), and positive correlations have also been reported 
(Wasser et   al. 1997, Walker et   al. 2005, Bonier et   al. 2007, 
Hayward et   al. 2011). However, a limited number of pre-
vious studies have reported negative correlations between 
acute CORT levels, or the magnitude of the stress response, 
and urbanization and have suggested that suppression of the 
HPA axis may aid in adaptation to high-disturbance environ-
ments. For instance, urban populations of dark-eyed juncos 
 Junco hyemalis  (Atwell et   al. 2012) and European blackbirds 
(Partecke et   al. 2006) had both lower acute CORT and lower 
acute stress responses than rural conspecifi cs. Th us, lower 
acute CORT levels in activity center song sparrows could 
represent an adaptation to help cope with anthropogenic dis-
turbance and allow for maintenance of reproductive activity. 

higher in 2012 (LM:  F  1, 64         �    4.54,   b      �    0.48    �    0.25, p     �     0.04) 
and later in the day (LM:  F  1, 64       �    4.56,   b      �    0.12    �    0.08, 
p     �     0.04). However, body mass was unrelated to date of 
capture and tarsus length, and no other condition metric 
was correlated with time, date, or year of capture (p   �   0.10; 
Supplementary material Appendix 1, Table A3). Condition 
metrics were unrelated to CORT levels, and to the interac-
tion between habitat type and CORT levels (LM: p    �    0.10; 
Supplementary material Appendix 1, Table A3). 

 Urbanization score (PC1) was positively related to feather 
quality (LM:  F  1, 68         �    6.27,   b      �    0.15    �    0.07, p     �     0.01), as 
expected given higher feather quality detected in activity 
center males. Further, when characterizing anthropogenic 
disturbance level via urbanization score, feather quality 
was lower in 2012 (LM:  F  1, 68     �    4.25,   b      �     � 0.59    �    0.29, 
p     �     0.04). Urbanization score was not related to feather 
quality within activity center males alone (LM:  F  1, 41         �    0.03, 
  b      �    0.07    �    0.33, p     �     0.86). As for discrete characterization 
of habitat types, no other condition metric was related to 
urbanization score, and no interactions with CORT levels 
were detected (LM: p    �    0.10 in all cases; Supplementary 
material Appendix 1, Table A4). Condition metrics were 
uncorrelated in our dataset (Spearman correlations: p   �   0.10; 
Table 3).   

 Plasma CORT and condition metrics with respect 
to environmental noise 

 CORT variables, body mass, hematocrit, and total anti-
oxidant capacity were unrelated to both the magnitude of 
noise level (noise PC1) and variation in noise level (noise 
PC2) (LM: p   �   0.09 in all cases; Supplementary material 
Appendix 1, Table A5 and A6). Feather PC1 was positively 
related to noise PC1 within the entire dataset (LM:  F  1, 

68       �    4.61;   b      �    0.15    �    0.08; p     �     0.03), with year of capture 

  Figure 2.     Acute (a) and baseline (b) CORT levels with respect to urban habitat type. Sample sizes are shown above error bars. Note 
diff erences in y-axis scales.  

  Table 3. Spearman correlations between condition metrics.  

Hematocrit Feather PC1 Total antioxidant capacity

Body mass  r  s     �    0.04, n    �    68, p    �    0.72  r  s     �    0.10, n    �    68, p    �    0.42  r  s     �    0.14, n    �    43, p    �    0.37
Hematocrit  –  r  s     �    0.00, n    �    71, p    �    0.99  r  s     �    0.00, n    �    45, p    �    0.98
Feather PC1  –  –  r  s     �     � 0.12, n    �    45, p    �    0.45
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may also enhance habitat quality and ease foraging 
challenges (Fokidis et   al. 2009). 

 Body mass, hematocrit, and antioxidant capacity also did 
not diff er between habitat types, again suggesting that spar-
rows in activity centers are not experiencing chronic stress. 
Similarity in body mass suggests maintenance of comparable 
energetic reserves, whereas similar hematocrit levels indicate 
that birds are not becoming anemic due to chronic stress 
imposed by disturbance (Fair et   al. 2007, B ó kony et   al. 
2012). Similarity in antioxidant capacity is consistent with 
the interpretation that activity center sparrows do not face 
increased oxidative challenge, which could arise in response 
to urban pollution, increased foraging eff ort in degraded 
habitat, or stress related to human activity (Isaksson et   al. 
2005, 2007, M ø ller et   al. 2010). In contrast to our results, 
great tits  Parus major  do display up-regulated antioxidant 
capacity in urban areas (Isaksson et   al. 2007). To fully inter-
pret the meaning of elevated antioxidant capacity one needs 
to directly measure oxidative damage, since high antioxidant 
capacity could indicate better condition rather than 
greater oxidative challenges (Costantini and Verhulst 2009, 
Monaghan et   al. 2009). Unfortunately, we were unable to 
assess oxidative damage. Th us, activity center sparrows could 
face higher oxidative challenge, but be unable to increase 
antioxidant capacity due to poor body condition. However, 
contrary to this interpretation, other metrics of current condi-
tion did not diff er between habitat types. Indeed, the close 
proximity of activity centers and refuges, and high levels of 
regional air pollution, may mean that sparrows breeding in 
both urban habitat types face substantial oxidative challenges. 

 Despite similarity in metrics of current condition, birds 
in activity centers had higher feather quality than ref-
uge birds. Th is result suggests that birds in activity centers 
may have been in better condition at molt (Harper 1999, 
Dawson et   al. 2000). Th us, activity center habitat may be of 
higher quality than refuge habitat, despite higher anthropo-
genic disturbance levels, and diff erences in condition based 
on habitat type may emerge only during certain life-history 
stages. However, as a caveat, feather wear may depend on 
feather age as well as quality. Th us, another possibility is that 
activity center males tend to molt later than refuge males, 
and that feather quality is actually comparable. 

 Noise environment was unrelated to CORT levels, sug-
gesting that noise is not the selective agent responsible for 
diff erences in acute CORT between urban habitat types, and 
does not result in chronic stress and elevated baseline CORT. 
Rather than noise, other disturbance-related attributes of 
refuge and center habitat, such as diff erences in human foot 
traffi  c and proximity to rapidly moving vehicles, may explain 
lower acute CORT in activity center birds. Past studies have 
examined the eff ects of loud noise on stress physiology with 
varying results. Some past studies link loud noise to elevated 
baseline CORT (Anderson et. al. 2011, Hayward et   al. 2011, 
Blickley et   al. 2012, Strasser and Heath 2013). However, 
other studies have reported null or even negative correlations 
between the noise environment and baseline CORT (Crino 
et   al. 2013, Strasser and Heath 2013). Lack of a relationship 
between the stress physiology of song sparrows and noise 
levels may refl ect the fact that this successful urban species 
does not perceive loud noise as a disturbance. Our metric of 
noise environment does capture some meaningful variation 

Due to the close proximity of activity center and refuge habi-
tat, this adaptation would likely arise through phenotypic 
plasticity, rather than genetic diff erentiation. 

 However, since our results are correlational, other expla-
nations for the diff erences in CORT levels observed are pos-
sible. For instance, rather than being an adaptive response to 
anthropogenic disturbance, lower acute CORT in activity 
centers could be explained by diff erences in breeding phenol-
ogy or brood value between males breeding in the two urban 
habitat types. Indeed, a recent review indicates that breeding 
phenology and brood size often diff er between birds breed-
ing in environments with diff erent levels of urbanization 
(Chamberlain et   al. 2009). In many species, including song 
sparrows, acute elevation of CORT is suppressed during 
the nestling stage (Wingfi eld 1984, Wingfi eld et   al. 1995). 
Moreover, past research on both the inter-specifi c and intra-
specifi c levels has demonstrated that increased brood value 
is related to greater suppression of the stress response dur-
ing the breeding season (Lendvai et   al. 2007, B ó kony et   al. 
2009). Th us, potential breeding-related explanations for 
lower acute CORT levels in activity center males include 
advancement of breeding in activity centers such that more 
individuals were in the nestling stage when captured, a more 
favorable breeding environment in activity centers that 
allowed for larger brood size, or higher nest predation rates 
in activity refuges that precluded many pairs in refuges from 
reaching the nestling stage. Unfortunately, we lack precise 
information about breeding stage, brood size, or nest preda-
tion rates. However, if advancement of breeding or higher 
brood value does explain lower acute CORT levels in activity 
centers, these explanations still suggest that song sparrows 
have adapted to the urban environment, and may actually 
perceive activity center habitat as more favorable than refuge 
habitat, despite higher disturbance levels. 

 Males breeding in diff erent urban habitats showed no 
evidence of diff erences in baseline CORT concentrations. 
Th is result further supports the conclusion that songs spar-
rows successfully cope with the challenges unique to the 
urban realm, either through genetic adaptation or pheno-
typic plasticity, such that high anthropogenic disturbance 
levels do not result in chronic stress or increased allostatic 
challenge. Th is result contrasts with positive correlations 
reported between baseline CORT and urbanization in tree 
sparrows  Passer montanus  (Zhang et   al. 2011) and male 
white-crowned sparrows  Zonotrichia leucophrys  (Bonier 
et   al. 2007), and with studies that link higher baseline 
CORT to tourism and logging activity (Wasser et   al. 1997, 
Walker et   al. 2005). However, past studies also report null 
relationships between baseline CORT and urbanization 
(Partecke et   al. 2006, Fokidis et   al. 2009, Atwell et   al. 
2012, B ó kony et   al. 2012, Bonier 2012). Discrepancy in 
correlations between baseline CORT and anthropogenic 
disturbance may relate to interspecifi c diff erences in the 
ability to adjust physiology and habituate to disturbance 
or to diff erences in the allostatic challenges that urbaniza-
tion poses for diff erent species (Bonier 2012). Energetic 
demands associated with foraging may increase in urban 
areas due to decreased foraging substrate and increased 
coverage by cement and other impervious surfaces (Zhang 
et   al. 2011, Bonier 2012). However, Riverside is sur-
rounded by xeric coastal sage scrub, such that urbanization 
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as cognition capacity or ecology, can be linked to specifi c 
responses to anthropogenic disturbance.             

  Acknowledgements  –   Th is research could not have been completed 
without the aid of W. Saltzman and Saltzman lab members, who 
provided laboratory space and equipment for conducting radioim-
munoassays. W. Saltzman provided valuable feedback regarding 
improvement of the manuscript. We acknowledge T. Garland for 
providing laboratory space and the 96-well plate reader used in the 
antioxidant assay. S. J. Myers provided invaluable support by 
sponsoring the United States Geological Survey bird-banding sub-
permit essential to this research. Finally, thanks to UCR under-
graduates, S. R. Grunst, and R. C. Grunst who aided in fi eldwork 
and data extraction. Th is research was funded by a NSF Doctoral 
Dissertation Improvement Grant to JTR and MLG, Sigma Xi, and 
the Pasadena Audubon Society.   

 References 

  Anderson, P. A., Berzins, I. K., Fogarty, F., Hamlin, H. J. 
and Guillette Jr, L. J. 2011. Sound, stress, and seahorses: 
the consequences of a noisy environment to animal health. 
 –  Aquaculture 311: 129 – 138.  

  Atwell, J. W., Cardoso, G. C., Whittaker, D. J., Campbell-Nelson, 
S., Robertson, K. W. and Ketterson, E. D. 2012. Boldness 
behavior and stress physiology in a novel urban environment 
suggest rapid correlated evolutionary adaptation.  –  Behav. 
Ecol. 23: 960 – 969.  

  Barber, J., Crooks, K. R. and Fristrup, K. M. 2009. Th e costs of 
chronic noise exposure for terrestrial organisms.  –  Trends Ecol. 
Evol. 25: 180 – 189.  

  Berm ú dez-Cuamatzin, E., R í os-Chel é n, A. A., Gil, D. and Garcia, 
C. M. 2009. Strategies of song adaptation to urban noise in 
the house fi nch: syllable pitch diversity or diff erential syllable 
use?  –  Behaviour 146: 1269 – 1286.  

  Blas, J., Bortolotti, G. R., Tella, J. L., Baos, R. and Marchant, T. 
A. 2007. Stress response during development predicts fi tness 
in wild, long lived vertebrate.  –  Proc. Natl Acad. Sci. USA 104: 
8880 – 8884.  

  Blickley, J. L., Word, K. R., Krakauer, A. H., Phillips, L. J., Sells, 
S. N., Taff , C. C., Wingfi eld, J. C. and Patricelli, G. L. 2012. 
Experimental chronic noise is related to elevated fecal 
corticosteroid metabolites in lekking male greater sage-grouse 
( Centrocercus urophasianus ).  –  PLoS One 7: e50462.  

  B ó kony, V., Lendvai, A. Z., Liker, A., Angelier, F., Wingfi eld, J. C. 
and Chastel, O. 2009. Stress response and the value of 
reproduction: are birds prudent parents?  –  Am. Nat. 173: 
589 – 598.  

  B ó kony, V., Seress, G., Nagy, S., Lendvai,  Á . Z. and Liker, A. 2012. 
Multiple indices of body condition reveal no negative eff ect of 
urbanization in adult house sparrows.  –  Landscape Urban 
Plan. 104: 75 – 84.  

  Bonier, F. 2012. Hormones in the city: endocrine ecology of urban 
birds.  –  Horm. Behav. 61: 763 – 772.  

  Bonier, F., Martin, P. R., Sheldon, K. S., Jensen, J. P., Foltz, S. L. 
and Wingfi eld, J. C. 2007. Sex-specifi c consequences of life in 
the city.  –  Behav. Ecol. 18: 121 – 129.  

  Bonier, F., Martin, P. R., Moore, I. T. and Wingfi eld, J. C. 2009. 
Do baseline glucocorticoids aff ect fi tness?  –  Trends Ecol. Evol. 
24: 634 – 642.  

  Boonstra, R., Hik, D., Singleton, G. R. and Tinnikov, A. 1998. 
Th e impact of predator-induced stress on the snowshoe hare 
cycle.  –  Ecol. Monogr. 68: 371 – 394.  

  Breuner, C. W., Patterson, S. H. and Hahn, T. P. 2008. In search 
of a relationship between the acute adrenocortical stress response 
and fi tness.  –  Gen. Comp. Endocrinol. 157: 288 – 295.  

in the noise levels experienced by song sparrows, as indicated 
by signifi cantly higher noise PC1 scores in activity centers 
relative to in refuges (Fig. 1b). Indeed, noise from major 
freeways in the Riverside area is an almost constant source 
of loud noise during the time frame in which we captured 
song sparrows (06:00 – 13:00). Further, potential diff erences 
in noise magnitude associated with higher traffi  c volumes 
during rush hour are likely mitigated by lower traffi  c speeds 
during this period (Halfwerk et   al. 2011). However, as a 
caveat, we recognize that our ability to detect an eff ect of 
noise on stress physiology may have been limited by the fact 
that our noise measurements represent  ‘ snap shots ’  of the 
noise environment. 

 Th e only relationship that we detected between other 
condition metrics and noise environment was a positive 
relationship between feather PC1 (feather quality) and noise 
PC1 within the entire dataset, but not within activity center 
males alone. Th is relationship is unlikely to refl ect a causative 
relationship between loud noise and feather quality. Rather, 
feather quality and noise PC1 likely correlate due to both 
being correlated with some other attribute of activity center 
habitat. Indeed, urbanization score also positively correlated 
with feather quality. 

 Finally, both baseline and acute CORT concentrations 
documented in our population of song sparrows are com-
parable to those reported by MacDougall-Shackleton et   al. 
(2009), who also used the MP biomedical kit for CORT 
assays. Th e fact that these values are somewhat higher than 
reported by some other researchers (Wingfi eld 1985, Clinchy 
et   al. 2004, Owen-Ashley and Wingfi eld 2006), likely derives 
from diff erences in assay technique (these other studies used 
direct RIA procedures, following Wingfi eld et   al. 1992). 

 In conclusion, our research contributes to a growing 
suite of studies that examine variation in the adrenocor-
tical stress response and other physiological condition 
metrics with respect to urbanization. Males breeding in 
activity centers had lower acute CORT, and tended to 
have lower stress responses than males breeding in activ-
ity refuges. Although other explanations are possible, these 
fi ndings are consistent with the hypothesis that suppres-
sion of the stress response in urban areas may facilitate 
maintenance of health and reproductive activity. Indeed, 
the lack of an association between current condition met-
rics and urban habitat type suggests that song sparrows are 
not pathologically aff ected by human disturbance. Addi-
tionally, activity center males had higher quality feathers 
than refuge males, suggesting that these males were in bet-
ter condition at molt than refuge males and that activity 
center habitat may be of higher quality for song sparrows, 
despite higher disturbance levels. Direct fi tness measure-
ments would be needed to fully elucidate whether human 
disturbance aff ects habitat quality from the perspective of 
a song sparrow. However, results suggest that song spar-
rows are an urban adapter species that have adjusted to the 
unique selective pressures encountered in the urban realm. 
In contrast to song sparrows, other species may be less 
successful at adjusting to the relatively novel selective pres-
sures encountered in urban environments. Indeed, given 
the diversity of empirical relationships reported between 
CORT levels and urbanization, more work is needed to 
determine whether specifi c-species characteristics, such 



EV-9

  Hayward, L. S., Bowles, A. E., Ha, J. C. and Wasser, S. K. 2011. 
Impacts of acute and long-term vehicle exposure on physiology 
and reproductive success of the northern spotted owl. 
 –  Ecosphere 2: 65.  

  Hill, C. E., Campbell, S. E., Nordby, J. C., Burt, J. M. and Beecher, 
M. D. 1999. Song sharing in two populations of song sparrows 
( Melospiza melodia ).  –  Behav. Ecol. Sociobiol. 46: 341 – 349.  

  Isaksson, C.,  Ö rnborg, J., Stephensen, E. and Andersson, S. 2005. 
Plasma glutathione and carotenoid coloration as potential 
biomarkers of environmental stress in great tits.  –  EcoHealth 
2: 138 – 146.  

  Isaksson, C., McLaughlin, P., Monaghan, P. and Andersson, S. 
2007. Carotenoid pigmentation does not refl ect total non-
enzymatic antioxidant activity in plasma of adult and nestling 
great tits,  Parus major.   –  Funct. Ecol. 21: 1123 – 1129.  

  Kight, C. R. and Swaddle, J. P. 2011. How and why environmen-
tal noise impacts animals: an integrative, mechanistic review. 
 –  Ecol. Lett. 14: 1052 – 1061.  

  Kight, C. R., Saha, M. S. and Swaddle, J. P. 2012. Anthropogenic 
noise is associated with reductions in the productivity of 
breeding eastern bluebirds ( Sialia sialis ).  –  Ecol. Appl. 22: 
1989 – 1996.  

  Landys, M. M., Ramenofsky, M. and Wingfi eld, J. C. 2006. 
Actions of glucocorticoids at a seasonal baseline as compared 
to stress-related levels in the regulation of periodic life 
processes.  –  Gen. Comp. Endocrinol. 148: 132 – 149.  

  Lendvai,  Á . Z., Giraudeau, M. and Chastel, O. 2007. Reproduc-
tion and modulation of the stress response: an experimental 
test in the house sparrow.  –  Proc. R. Soc. B 274: 391 – 397.  

  Leonard, M. L. and Horn, A. G. 2012. Ambient noise increases 
missed detections in nestling birds.  –  Biol. Lett. 8: 530 – 532.  

  Lin, H., Decuypere, E. and Buyse, J. 2004. Oxidative stress induced 
by corticosterone administration in broiler chickens ( Gallus 
gallus domesticus ): 1. Chronic exposure.  –  Comp. Biochem. 
Physiol. B 139: 737 – 744.  

  MacDougall-Shackleton, S., Dindia, L., Newman, A., Potvin, D., 
Stewart, K. and MacDougall-Shackleton, E. 2009. Stress, song 
and survival in sparrows.  –  Biol. Lett. 5: 746 – 748.  

  Marzluff , J. M. 1997. Eff ects of urbanization and recreation on 
songbirds.  –  In: Bloc, W. M. and Finch, D. M. (eds), Songbird 
ecology in southwestern ponderosa pine forests: a literature 
review. US Dept of Agriculture, Forest Service, Rocky Moun-
tain Forest and Range Experiment Station, Fort Collins, CO, 
pp. 89 – 102.  

  McEwen, B. S. and Wingfi eld, J. C. 2003. Th e concept of allosta-
sis in biology and biomedicine.  –  Horm. Behav. 43: 2 – 15.  

  McGlothlin, J. W. and Ketterson, E. D. 2008. Hormone-mediated 
suites as adaptations and evolutionary constraints. 
 –  Phil. Trans. R. Soc. B 363: 1611 – 1620.  

  M ø ller, A. P., Erritz ø e, J. and Karadas, F. 2010. Levels of 
antioxidants in urban and rural birds and their consequences. 
 –  Oecologia 163: 35 – 45.  

  Monaghan, P., Metcalfe, N. B. and Torres, R. 2009. Oxidative 
stress as a mediator of life history trade-off s: mechanisms, 
measurements and interpretation.  –  Ecol. Lett. 12: 75 – 92.  

  Nakagawa, S. and Cuthill, I. C. 2007. Eff ect size, confi dence inter-
val and statistical signifi cance: a practical guide for biologists. 
 –  Biol. Rev. 82: 591 – 605.  

  Newman, A., MacDougall-Shackleton, S., An, Y., Kriengwatana, 
B. and Soma, K. 2010. Corticosterone and dehydroepiandros-
terone having opposing eff ects on adult neuroplasticity in 
the avian song control system.  –  J. Comp. Neurol. 518: 
3662 – 3678.  

  Ouyang, J. Q., Quetting, M. and Hau, M. 2012. Corticosterone 
and brood abandonment in a passerine bird.  –  Anim. Behav. 
84: 261 – 268.  

  Owen-Ashley, N. T. and Wingfi eld, J. C. 2006. Seasonal 
modulation of sickness behavior in free-living northwestern 

  Brown, C. R., Brown, M. B., Raouf, S. A., Smith, L. C. and 
Wingfi eld, J. C. 2005. Eff ects of endogenous steroid hormone 
levels on annual survival in cliff  swallows.  –  Ecology 86: 
1034 – 1046.  

  Brumm, H. 2004. Th e impact of environmental noise on song 
amplitude in a territorial bird.  –  Anim. Ecol. 73: 434 – 440.  

  Brumm, H. and Slabbekoorn, H. 2005. Acoustic communication 
in noise.  –  In: Slater, P. J. B., Snowdown, C. T., Brockmann, 
H. J. and Naguib, M. (eds), Advances in the study of behavior, 
Vol. 35. Elsevier Academic Press, pp. 151 – 209.  

  Chamberlain, D. E., Cannon, A. R., Toms, M. P., Leech, D. I., 
Hatchwell, B. J. and Gaston, K. J. 2009. Avian productivity 
in urban landscapes: a review and meta-analysis.  –  Ibis 151: 
1 – 18.  

  Chavez-Zichinelli, C. A., MacGregor-Fors, I., Rohana, P. T., 
Vald é z, R., Romano, M. C. and Schondube, J. E. 2010. Stress 
responses of the house sparrow ( Passer domesticus ) to diff erent 
urban land uses.  –  Landscape Urban Plan. 98: 183 – 189.  

  Clinchy, M., Zanette, L., Boonstra, R., Wingfi eld, J. C. and 
Smith, J. M. N. 2004. Balancing food and predator pressure 
induces chronic stress in songbirds.  –  Proc. R. Soc. B 271: 
2473 – 2479.  

  Cohen, A., Klasing, K. and Ricklefs, R. 2007. Measuring circulat-
ing antioxidants in wild birds.  –  Comp. Biochem. Physiol. B 
147: 110 – 121.  

  Coppack, T. and Partecke, J. 2006. Th e urbanization of birds: 
from behavioral plasticity to adaptive evolution.  –  J. Ornithol. 
147: 284  .  

  Costantini, D. and Verhulst, S. 2009. Does high antioxidant capac-
ity indicate low oxidative stress?  –  Funct. Ecol. 23: 506 – 509.  

  Costantini, D., Cardinale, M. and Carere, C. 2007. Oxidative 
damage and anti-oxidant capacity in two migratory bird 
species at a stop-over site.  –  Comp. Biochem. Physiol. C 144: 
363 – 371.  

  Crino, O. L., Johnson, E. E., Blickley, J. L., Patricelli, G. L. and 
Breuner, C. W. 2013. Eff ects of experimentally elevated traffi  c 
noise on nestling white-crowned sparrow stress physiology, 
immune function and life history.  –  J. Exp. Biol. 216: 
2055 – 2062.  

  Dawson, A., Hinsley, S. A., Ferns, P. N., Bonser, R. and Eccleston, 
L. 2000. Rate of moult aff ects feather quality: a mechanism 
linking current reproductive eff ort to future survival. 
 –  Proc. R. Soc. B 267: 2093 – 2098.  

  Fair, J., Whitaker, S. and Pearson, B. 2007. Sources of variation in 
haematocrit in birds.  –  Ibis 149: 535 – 552.  

  Fischer, J. D., Cleeton, S. H., Lyons, T. P. and Miller, J. R. 2012. 
Urbanization and the predation paradox: the role of trophic 
dynamics in structuring vertebrate communities.  –  Bioscience 
62: 809 – 818.  

  Fokidis, H. B., Orchinik, M. and Deviche, P. 2009. Corticosterone 
and corticosteroid binding globulin in birds: relation to 
urbanization in a desert city.  –  Gen. Comp. Endocrinol. 160: 
259 – 270.  

  Francis, C. D. and Barber, J. R. 2013. A framework for understand-
ing noise impacts on wildlife: an urgent conservation priority. 
 –  Front. Ecol. Evol. 11: 305 – 313.  

  Ghalambor, C. K., McKay, J. K., Carroll, S. P. and Reznick, D. N. 
2007. Adaptive versus non-adaptive phenotypic plasticity and 
the potential for contemporary adaptation in new environ-
ments.  –  Funct. Ecol. 21: 394 – 407.  

  Grinnell, J. 1917. Th e niche-relationships of the California thrasher. 
 –  Auk 34: 427 – 433.  

  Halfwerk, W., Holleman, L. J. M., Lessells, C. M. and 
Slabbekoorn, H. 2011. Negative impact of traffi  c noise on 
avian reproductive success.  –  J. Appl. Ecol. 48: 210 – 219.  

  Harper, D. 1999. Feather mites, pectoral muscle condition, wing 
length, and plumage coloration of passerines.  –  Anim. Behav. 
58: 553 – 562.  



EV-10

  Strasser, E. H. and Heath, J. A. 2013. Reproductive failure of a 
human-tolerant species, the American kestrel, is associated with 
stress and human disturbance.  –  J. Appl. Ecol. 50: 912 – 919.  

  Walker, B. G., Boersma, P. D. and Wingfi eld, J. C. 2005. Physi-
ological and behavioral diff erences in Magellanic penguin 
chicks in undisturbed and tourist-visited locations of a colony. 
 –  Conserv. Biol. 19: 1571 – 1577.  

  Wasser, S. K., Bevis, K., King, G. and Hanson, E. 1997. Nonin-
vasive physiological measures of disturbance in the northern 
spotted owl.  –  Conserv. Biol. 11: 1019 – 1022.  

  Wingfi eld, J. C. 1984. Environmental and endocrine control 
of reproduction in the song sparrow,  Melospiza melodia . I. 
Temporal organization of the breeding cycle.  –  Gen. Comp. 
Endocrinol. 56: 406 – 416.  

  Wingfi eld, J. C. 1985. Short-term changes in plasma levels of 
hormones during establishment and defense of a breeding 
territory in male song sparrows,  Melospiza melodia.  
 –  Horm. Behav. 19: 174 – 187.  

  Wingfi eld, J. C. 2005. Th e concept of allostasis: coping with a 
capricious environment.  –  J. Mammal. 86: 248 – 254.  

  Wingfi eld, J. C. and Sapolsky, R. M. 2003. Reproduction and 
resistance to stress: when and how?  –  J. Neuroendocrinol. 15: 
711 – 724.  

  Wingfi eld, J. C., Vleck, C. M. and Moore, M. C. 1992. Seasonal-
changes of the adrenocortical-response to stress in birds of the 
Sonoran Desert.  –  J. Exp. Zool. 264: 419 – 428.  

  Wingfi eld, J. C., O’Reilly, K. M. and Astheimer, L. B. 1995. Mod-
ulation of the adrenocortical responses to acute stress in Arctic 
birds: a possible ecological basis.  –  Am. Zool. 35: 285 – 294.  

  Yeh, P. J. and Price, T. D. 2004. Adaptive phenotypic plasticity and 
the successful colonization of a novel environment.  –  Am. Nat. 
164: 531 – 542.  

  Zhang, S., Lei, F., Liu, S., Li, D., Chen, C. and Wang, P. 2011. 
Variation in baseline corticosterone levels of tree sparrow 
( Passer montanus ) populations along an urban gradient in 
Beijing, China.  –  J. Ornithol. 152: 801 – 806.    

song sparrows ( Melospiza melodia morphna ).  –  J. Exp. Biol. 
209: 3062 – 3070.  

  Partecke, J., Schwabl, I. and Gwinner, E. 2006. Stress and the 
city: urbanization and its eff ects on the stress physiology in 
European blackbirds.  –  Ecology 87: 1945 – 1952.  

  Peig, J. and Green, A. J. 2009. New perspectives for estimating 
body condition from mass/length data: the scaled mass index 
as an alternative method.  –  Oikos 118: 1883 – 1891.  

  Peig, J. and Green, A. J. 2010. Th e paradigm of body condition: a 
critical reappraisal of current methods based on mass and 
length.  –  Funct. Ecol. 24: 1323 – 1332.  

  Ralph, C., Geupel, G., Pyle, P., Martin, T. and De Sante, D. (eds) 
1993. Handbook of fi eld methods for monitoring landbirds. 
 –  USDA Forest Service General Technical Report PSW-
GTR-144.  

  Romero, L. M. 2002. Seasonal changes in plasma glucocorticoid 
concentrations in free-living vertebrates.  –  Gen. Comp. Endo-
crinol. 128: 1 – 24.  

  Romero, L. M. and Wikelski, M. 2001. Corticosterone levels 
predict survival probabilities of Galapagos marine iguanas 
during El Nino events.  –  Proc. Natl Acad. Sci. USA 98: 
7366 – 7370.  

  Sapolsky, R. M., Romero, L. M. and Munck, A. U. 2000. How 
do glucocorticoids infl uence stress responses? Integrating 
permissive, suppressive, stimulatory and preparative actions. 
 –  Endocrinol. Rev. 21: 55 – 89.  

  Sih, A., Ferrari, M. C. O. and Harris, D. J. 2011. Evolution and 
behavioural responses to human-induced rapid environmental 
change.  –  Evol. Appl. 4: 367 – 387.  

  Silverin, B. 1986. Corticosterone-binding proteins and behavioral-
eff ects of high plasma-levels of corticosterone during the 
breeding period in the pied fl ycatcher.  –  Gen. Comp. Endo-
crinol. 64: 67 – 74.  

  Sol, D., Oriol, L. and Gonz á lez-Lagos, C. 2013. Behavioral 
adjustments for a life in the city.  –  Anim. Behav. 85: 
1101 – 1112.  

 Supplementary material (Appendix JAV-00459 at  � www.
avianbiology.org/readers/appendix � ). Appendix 1.  




