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Abstract
Urbanization constitutes one of the major transformations of natural habitats, creating new areas characterized by multiple
potential wildlife stressors. Birds that live in highly anthropized zones are confronted with physiological and behavioural
challenges caused by these stressors. Here, we investigated if several health parameters differed between three subpopulations
of tree sparrow nestlings subjected to different levels of anthropogenic pollution, and particularly noise pollution: a quiet
rural area, a noisy rural area adjacent to an airport and a heavily urbanized area. We compared body condition, oxidative
stress markers and baseline corticosterone levels, expecting urban nestlings to be in overall worse condition as compared to
rural (rural and rural airport) birds. In addition, we expected nestlings exposed to aircraft noise to show intermediate stress
levels. We found that rural-airport nestlings had the highest levels of antioxidant capacity of plasma and did not differ from
rural counterparts in the rest of the parameters. By contrast, urban nestlings were in slightly worse body condition and had
lower antioxidant capacity than rural and rural-airport individuals. Our results suggest that aircraft noise does not constitute
a significant stressor for nestlings. In contrast, urban conditions constitute a more challenging situation, negatively impacting
different physiological systems. Although nestlings seem able to buffer these challenges in the short-term, further research
should explore the long-term potential consequences of early exposure to these conditions.
Keywords Aircraft noise · Corticosterone · Oxidative stress · Tree sparrow · Urbanization

Introduction
Urbanization is dramatically transforming natural landscapes and altering ecological processes (Marzluff 2001).
This conversion of natural habitats into cities entails several
changes for wildlife populations, as some species are unable
* Iraida Redondo
iraidaredondogar@gmail.com
1

Departmento de Ecología Evolutiva, Museo Nacional de
Ciencias Naturales (MNCN-CSIC), José Gutiérrez Abascal
2, 28006 Madrid, Spain

2

Instituto Pirenaico de Ecología — (IPE-CSIC),
Avda. Nuestra Señora de la Victoria 16, 22700 Jaca, Spain

3

Departamento de Biodiversidad, Ecología, Evolución,
Facultad de Ciencias Biológicas, Universidad Complutense
de Madrid, 28040 Madrid, Spain

4

Instituto de Investigación en Recursos Cinegéticos,
(IREC-CSIC, UCLM, JCCM), Ronda de Toledo 12,
13005 Ciudad Real, Spain

to cope with this new environment (“urban avoiders”) and
others are able to survive and reproduce in the city (“urban
exploiters”). Urban areas can provide milder temperatures
and higher predictability of food resources (Partecke et al.
2006). However, life in the city is not exempt from costs.
Urban areas concentrate a wide range of pollutants derived
from human activities such as light (Chepesiuk 2009),
chemicals (Brown et al. 2009) and noise (Barber et al. 2010)
that can be perceived as stressors. This chronic exposure
to stressors can induce changes in glucocorticoid secretion
(Partecke et al. 2006; Bonier et al. 2007; Zhang et al. 2011),
oxidative stress (Isaksson et al. 2005; Herrera-Dueñas et al.
2014) and behaviour of urban fauna (Lowry et al. 2013).
In particular, noise is a type of pollutant described as any
intense sound, which is perceived as unwanted, unpleasant
and often stressful (Pepper et al. 2003). Anthropogenic noise
is widespread due to urban expansion and amplification of
transportation networks (Barber et al. 2010). Anthropogenic
noise is ubiquitous, loud and is mainly formed by low frequencies (Francis et al. 2009), representing a challenge for
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those taxa that depend on acoustic signals for communication, such as birds. Coping with noise may lead to adaptive modifications of bird song characteristics (BermúdezCuamatzin et al. 2011; Slabbekoorn et al. 2003; Nemeth
and Brumm 2009), song timing (Fuller et al. 2007), foraging behaviour (Gil et al. 2016; Kight and Swaddle 2011) or
habitat use (Halfwerk et al. 2016). In addition, the impairment of parent–offspring communication (Schroeder et al.
2012) may lead to changes in parental provisioning (Leonard
and Horn 2012) that may affect growth and body condition
of nestlings. These alterations can ultimately affect avian
reproductive success and population health (Shannon et al.
2016), although the proximate mechanisms implicated in
these effects are still poorly known (Halfwerk et al. 2011).
Perturbations experienced by animals may lead to an
increase in the levels of glucocorticoids (mainly corticosterone—henceforth, CORT—in birds), which are steroid
hormones responsible for maintaining homeostasis in the
organism. In the absence of perturbations, the organism
keeps CORT concentrations at basal levels through modulations of the hypothalamus–pituitary–adrenal (HPA) axis
(Sapolsky et al. 2000). Chronic exposure to stressors can
disrupt the correct functioning of the HPA axis, altering
basal CORT levels either by increasing or reducing them
(Dickens and Romero 2013; Injaian et al. 2020). Therefore, long-term exposure to situations that may alter HPA
responses can result in the impairment of different aspects
of animal physiology if habituation is not achieved. Especially in early life stages, prolonged high levels of CORT
during development can impair growth, worsen body condition, cause immunosuppression or induce hypersensitivity
to stressors at adulthood (Hayward and Wingfield 2004;
Sockman and Schwabl 2001; Wingfield et al. 1997). Urban
areas are exposed to continuous stressful stimuli that are
expected to alter CORT physiology. However, a recent
meta-analysis has found no consistent differences between
urban and rural birds (Iglesias-Carrasco et al. 2020).
Regarding noise pollution specifically, results are also contrasting. Studies using nestling birds (incapable of avoiding
noise sources) as focal individuals have found that experimental exposure to traffic noise can lead to both increases
and decreases of baseline CORT levels (Injaian et al. 2018b,
2019; Crino et al. 2013; Flores et al. 2019) and no effects at
all (Meillère et al. 2015a, b; Angelier et al. 2016). Most correlational studies reported no influence of noise exposure on
CORT (Crino et al. 2011; Casasole et al. 2017).
Oxidative stress has also received increasing attention as
human activities can alter wildlife redox balance. Oxidative
stress results from the imbalance between reactive oxygen and
nitrogen species and the antioxidant defences of the organism (formed by enzymatic and non-enzymatic components) in
favour of the former. This often results in oxidative damage to
essential biomolecules (proteins, lipids, DNA) (Halliwell and
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Gutteridge 2007), provoking impairment of optimal cellular
function and potentially leading to disease and a general loss
of fitness (Halliwell and Gutteridge 2007). Higher exposure
to reactive oxygen and nitrogen species of external origin
(e.g. chemical pollutants from anthropogenic activities) has
been proposed as a plausible explanation for the differences
in oxidative stress between urban and rural bird populations
(Isaksson et al. 2005; Herrera-Dueñas et al. 2014). However,
other anthropogenic pollutants such as light and noise can also
negatively affect oxidative status. Laboratory studies using
rats showed that noise increased oxidative damage and free
radical concentration and triggered antioxidant enzymatic
responses (Demirel et al. 2009; Said and El-Gohary 2016).
In nestling birds, experimental studies have reported increases
in oxidative stress levels (Injaian et al. 2018a) and upregulations of different components of the antioxidant machinery
(Flores et al. 2019). Interestingly, recent studies have reported
that nestlings in noisy environments possess shorter telomeres
(Meillère et al. 2015a, b; Grunst et al. 2020), a pattern that
may be proximally linked to oxidative stress and glucocorticoids (Haussmann et al. 2011, Monaghan 2014). Therefore,
developing under a noisy environment may compromise survival and reproductive success in the future.
Urban areas involve an additive effect of diverse sources
of stress, which may result in worse body condition or
smaller-sized individuals in comparison to those living in the
countryside (Liker et al. 2008; Herrera-Dueñas et al. 2017).
Chronic disruption of stress physiology system is hypothesized to have detrimental effects in growth and developing
systems. In addition, type and quality of food also play an
important role, especially in the case of nestlings, which diet
requirements are usually more specific than of the adults (e.g.
insectivorous-based diet). Despite its higher predictability
and abundance, urban food may not be suitable for nestlings,
and high-quality food can be scarcer in cities (e.g. invertebrate prey) (Meillère et al. 2017). In the case of the specific
effect of noise, it is expected to alter parental provisioning
behaviour, interfering with parent–offspring communication,
ultimately affecting nestling body condition and growth. This
negative influence of noise on body condition has been supported by some empirical studies (Injaian et al. 2018a, b;
Brischioux et al. 2017) but not by others (Flores et al. 2019;
Angelier et al. 2016; Injaian et al. 2019).
Although road traffic noise is probably the most prevalent
source of noise of human origin, airports represent another
interesting scenario to address the impact of noise pollution on wildlife. Since aircraft noise is one of the loudest
and most disturbing sounds experienced by humans (Pepper
et al. 2003), with aircrafts reaching peaks of > 110 dB, wildlife living nearby airports could also be suffering from the
exposure to chronic bursts of aircraft noise (Wolfenden et al.
2019). Empirical work in rats and humans has shown that
aircraft noise is capable of raising oxidative stress levels
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(Kröller-Schön et al. 2018), molecules related to stress (e.g.
cortisol, catecholamines) or even alter behaviour and cell
morphology (Di et al. 2011). In birds, studies have found
that birds can modify their behaviour by advancing dawn
chorus (Gil et al. 2015), changing their song and time budgets (Sierro et al. 2017) or increasing vigilance and reducing
feeding time (Gil et al. 2016). Nestlings of altricial species
serve as an ideal model to study physiological and morphological effects of noise because they cannot avoid the source
of disturbance, and studies have been focusing in them lately.
However, whether airport noise affects the physiological state
of developing nestlings has not been addressed to date.
In the present work, we examined the variation of several health parameters across three populations of tree
sparrow (Passer montanus, L.) nestlings. These populations are located at three different areas subjected to
contrasting levels and types of anthropogenic pollution (a
rural, a rural-airport and an urban area). Our objective was
to know if body condition, antioxidant parameters (total
glutathione, antioxidant capacity of plasma), oxidative
damage (reactive oxygen metabolites) and baseline plasma
CORT differed between these three locations. We were
particularly interested in the effects of the rural-airport
area, which shared a highly similar landscape with the
rural area but with the particularity of being adjacent to
a flight runway. Our aim was to test if these parameters
revealed a negative impact of growing close to an airport
area given the detrimental effects of noise reported in other
studies in free-living birds. We expected urban nestlings
to show overall worse body condition and higher physiological stress (both oxidative stress and basal CORT) in
comparison with rural and rural-airport areas due to the
co-occurrence of different sources of anthropogenic pollution (air, acoustic and light pollution) in the city.

Material and methods
Study species and site
The Eurasian tree sparrow is a sedentary rural species
inhabiting riverine scrublands, farmlands and suburban
areas. This species raises one to three broods per breeding season, laying the first clutch in April–May, the second one by the end of May–start of June and the last one
in July–August. The modal number of eggs per clutch is
5 (García-Navas 2016). Parents feed their nestlings with
Lepidoptera larvae during spring whereas in summer they
switch to grasshoppers and other insects (Veiga 1990).
Despite being a predominantly rural sparrow in Spain, it
also breeds in large parks in cities (García-Navas 2016),
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usually occupying artificial nest-boxes, which is the case
of our three study populations.
We conducted this study during the breeding season of
2017 (from May to June), in three different locations: (1)
an urban area located in the campus of the Complutense
University of Madrid (i.e."urban area"), (2) a riverine
rural area adjacent to the runway of the Madrid-Barajas
airport (i.e. “rural-airport area”) and (3) another location
in the same riverine rural area, but 13 km apart from
the airport (i.e. “rural area”). The urban area is located
14 km apart from the rural-airport area and 23 km from
the rural area. The urban area consisted on green areas
segregated by roads, sidewalks and campus buildings.
The rural-airport and the rural areas share a similar
habitat: a riparian zone around the Jarama River formed
by a gallery forest and surrounded by a mixture of pastureland, crops and wasteland. Satellite images (Fig. 1S)
and maps from the Information System of Land Uses
of Spain (SIOSE) can be found in the Supplementary
Information archive (Fig. 2S, Table 1S). Beyond minor
variations in land uses, a main difference between the
rural-airport and the rural area is the noise level to which
they are exposed due to the presence of the airport in the
former. The rural-airport area is subjected to Lden values of 70–75 dB(A) whereas the rural area is subjected to
50–55 dB(A) (noise map available at www.a ena-a eropu ertos.
es; see Gil et al. 2015). Thus, these data show that the
rural-airport area suffers much higher noise levels than
the rural area. The urban area is characterized by a very
high traffic volume which translates into both high air
and noise pollution (Lden values vary between 60 and
75 Db(A), data from Mapa Estratégico de Ruido 2016,
Ayuntamiento de Madrid) and constant influx of people.
Air pollution data for the three study areas could not be
obtained from a single common source. Thus, for the urban
area, we obtained air pollution data from a measuring station belonging to the Air Quality Service of the Madrid City
Council (the year 2017) located 2 km from our study area.
In the case of the rural-airport and rural area, data could
only be obtained from the Air Quality Network of the Community of Madrid (the year 2017). Due to different sources
of air quality data used for each area, only two indicators
are reported for all our study areas: nitrogen oxides (NOx)
and nanoparticles ( PM2,5, PM10). Both are common pollutants found in cities generated by traffic, thus being potentially associated with exposure to oxidative stress (Isaksson
2015). Levels of N O 2 in the rural and rural-airport
area reached 17 μg/m3 whereas this compound reached
34 μg/m3 in the urban area, which is close to the limit value
determined by current Spanish laws (RD 102/2011). PM2,5
concentration in the rural-airport and rural area was 7 μg/
m3 while it reached 8 μg/m3 in the urban area.
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Monitoring and sampling protocol
Nest-boxes were regularly examined around the two peaks
of breeding (May for the first broods and June for the second
broods). When we found eggs in the nest-boxes, we returned
5–7 days later to check whether hatching had occurred and
to estimate nestling age. Entire broods were sampled when
nestlings reached 11–13 days old, just before fledging.
To sample the birds, after arriving at a nest-box, we
quickly descended it with the aid of a pole and took blood
samples (150 µl) from all nestlings from the jugular vein
using heparinized syringes. To control the effect of handling
on CORT levels, we measured the time we took from disturbance to the sampling of each nestling. Blood samples
were kept cold until arriving at the lab within 6 h. Blood
samples were centrifuged (10,000 rpm, 10 min), and fractions separated and stored at −80 ºC until analysis. We
recorded nestling wing length (measured with an end-stop
ruler, accuracy = 1 mm) and body weight (measured with
a Pesola spring-balance, accuracy = 0.1 g, Switzerland).
Unfortunately, we were unable to collect data from the first
broods in the urban area. Therefore, our sample is limited
to first broods of rural and rural-airport areas and second
broods from rural, urban and rural-airport areas. Parent birds
were not individually marked in this study population, which
prevented us for verifying that breeding pairs were the same
in first and second broods of the rural and rural-airport areas.
In the case of the rural and rural-airport areas, the number of
clutches (and nestlings) from first broods were 13 (47 nestlings) and 10 (36 nestlings) respectively, and 10 (46 nestlings) and 11 (46 nestlings) from the second broods. Lastly,
in the urban area, the number of clutches summed up to 16
(51 nestlings). We were not able to collect enough blood to
analyse all variables from some nestlings. For this reason,
the sample size varies among the different assays.

Oxidative stress assays
Oxidative stress was evaluated using one biomarker of
oxidative damage in plasma (reactive oxygen metabolites,
ROMs) and two biomarkers of antioxidant defences: antioxidant capacity of plasma (OXY) and total glutathione (GSH)
levels in erythrocytes. ROMs, as quantified by the d-ROMs
Assay kit (Diacron, Grosetto, Italy), are mostly composed of
lipid hydroperoxides, which have been extensively used as
biomarkers of oxidative damage (Costantini 2016). Details
of the procedure have been described elsewhere (PérezRodríguez et al. 2015). Briefly, we diluted 15 µl of sample
on 200 µl solution containing 0.01 M acetic acid/sodium
acetate buffer (pH 4.8) and N,N-diethyl-p-phenylenediamine
as chromogen. After incubating for 75 min at 37 ºC, absorbance was read with a Synergy HT Multi-Mode Microplate
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Reader (BioTek Instruments) at 546 nm. The concentration
of ROMs (expressed as mg of H2O2 per dL of plasma) was
calculated by comparing the absorbance of samples with
a calibration standard supplied with the kit. Repeatability
of ROMs analyses (after Lessells and Boag 1987), assayed
in a random set of samples assayed in duplicate, was 0.92
(F1,10 = 24.4, p < 0.001), and inter-plate CV was 5.1%. The
distribution of samples from the three study sites was balanced among assay plates.
The antioxidant capacity of plasma samples was evaluated using the OXY-adsorbent Assay (Diacron, Grosetto,
Italy). Five microliters of each plasma sample was diluted
in 500 μl distilled water. A 200-μl aliquot of HOCl solution was incubated with 10 μl of the diluted plasma samples for 10 min at 37 °C. The same relative volumes were
used for the reference standard supplied with the kit and
blank (i.e. water). An alkyl-substituted aromatic amine
solubilized in the chromogen is oxidized by the residual
HOCl and transformed into a pink derivative. The intensity
of the coloured complex, which is inversely related to the
antioxidant power, was measured with the same microplate
reader mentioned above, at 546 nm. Measurements are
expressed as µmol of HOCl neutralized. Repeatability of
OXY analyses, assayed in a random set of samples assayed
in duplicate, was 0.85 ( F1,10 = 13.06, p < 0.001).
GSH is a tripeptide thiol functioning in the protection
of cells against free radicals, and it is often considered as
one of the most important intracellular antioxidants (Wu
et al. 2004). A detailed procedure is described in LópezArrabé et al. (2014). Erythrocytes were diluted (1:10 w/v)
and homogenized in PBS-EDTA buffer. Then, GSH was
extracted using trichloroacetic acid, and its concentration
was quantified in a kinetic reaction involving the NADPH
and GSH reductase using the same microplate reader mentioned above. Results are expressed as µmol/g of erythrocytes. Repeatability of GSH analyses, assayed in a random
set of samples assayed in duplicate, was 0.89 (F1,54 = 17.6,
p < 0.001).

CORT assays
Plasma CORT levels were measured in duplicate for each
sample using a specific ELISA and following the manufacturer’s protocols (DRG International, Inc., USA), (see Gil
et al. 2019 for further details). The intra-assay coefficient
variation as estimated from duplicates was 19.1%, and the
inter-assay variation calculated from aliquots ran in each
plate was 16.1%. Sample dilutions showed good parallelism with the standard curve. We used the mean value
of the duplicates as the response variable for statistical
analyses.
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Molecular sexing
Previous studies have shown that oxidative stress parameters
and CORT-mediated stress responses can differ between male
and female birds (e.g. López-Arrabé et al. 2016; Isaksson
2013; Gil et al. 2019). For this reason, when running the GSH
analyses, an aliquot of the erythrocyte fraction (~ 20 µl) was
added to 250 µl of ethanol absolute in Eppendorf tubes, and
stored at 4 °C for molecular sexing. DNA was extracted from
these samples using a Chelex (BioRad) extraction method
and diluted to a working DNA concentration of 25 ng/μl. This
solution was used in a polymerase chain reaction (PCR; using
the primers P2 and P8) to amplify a part of the CHD-W gene
in females and the CHD-Z gene in both sexes (Griffiths et al.
1998). PCR products were electrophoresed for 60–90 min
at 100 V in 2% agarose gels stained with SYBR safe (Invitrogen, Carlsbad, CA) and were visualized under UV light,
where one band was scored as male and two bands as female.

Statistical analyses
All analyses were conducted in the R language v. 3.6.1 (R
Core Team 2018). Since first clutches from the urban area
were not available, we divided the analysis into two separate
sets: in the first set, we compared the two broods from the
rural-airport and the rural area, whereas in the second set,
we compared second broods from rural-airport, rural and
the urban area. Haemolysed samples were removed from
the analysis of oxidative stress biomarkers, as this is known
to affect their values (López-Arrabé et al. 2015; the authors,
unpub. data).
We built linear mixed models with the lme4 package
(Bates et al. 2015) using restricted maximum likelihood
(REML) and an unstructured covariance matrix for the random effect. Models were built for the following response
variables: nestling weight, ROMs, OXY, GSH and CORT.
We included sex, brood number (first or second) and area
as categorical factors in the first set of the analysis. In the
case of the second set, we constructed the same models,
with the exception that brood number was not considered
(as only second broods were included here). Models with
weight as response variable also included wing length as
a covariate to control for differences in structural development. For this reason, the results of these models are
interpreted as “condition” (i.e. size-corrected body weight)
instead of as weight. In the case of CORT models, we also
added handling time as an additional predictor (Romero
and Romero 2002). We tested for the interaction effect
between area and brood in the models from the first set
analysis, but it never reached significance, being therefore removed from all models presented here. In all linear
mixed models, the identity of the nest was included as a
random factor. Post hoc comparisons were performed using
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the Tukey tests. We checked the validity of the models
by inspecting residual normality (Shapiro-Wilks’ tests),
homogeneity and homoscedasticity.

Results
First and second broods of rural and rural‑airport areas
We found no difference in nestling body condition between
rural and rural-airport areas (Table 1; Fig. 1a). Nestlings
from second broods were in poorer condition than nestlings
from first broods, irrespective of the area (Table 1).
ROMs levels in plasma did not differ between rural and
rural-airport areas (Table 1; Fig. 1b) but increased from
first to second broods (Table 1). By contrast, OXY levels
in plasma were higher in the rural-airport area than in the
rural area (Table 1; Fig. 1c) while the rest of explanatory
variables showed no effect (Table 1). GSH concentration in
erythrocytes did not differ between areas (Table 1; Fig. 1d)
but was lower in the second broods compared to the first
ones (Table 1).
After controlling for handling time, we found no differences in CORT between rural and rural-airport nestlings
(Table 1; Fig. 1e). Models reported an overall decrease in
CORT from first to second broods (Table 1).

Second broods of rural, rural‑airport and urban areas
Nestling body condition was affected by the study
area (Table 2; Fig. 1f), although post hoc comparisons
revealed only marginal differences between the urban
and the other two areas: urban nestlings tended to be on
poorer condition than nestlings growing in the rural (estimate ± SE: −1.92 ± 0.89, p = 0.08) and rural-airport area
(−1.95 ± 0.07, p = 0.07). Nestlings from the rural and
the rural-airport area did not differ in body condition
(0.03 ± 0.97, p = 0.99).
In the case of oxidative stress, ROMs levels showed no
differences among areas (Table 2; Fig. 1g). By contrast,
OXY levels of plasma differed among areas (Table 2). The
higher OXY levels were detected in the rural-airport population, and the lowest in the urban area (Fig. 1h). Post hoc
tests revealed significant differences between the urban and
the rural area (estimate ± SE: −22.60 ± 7.40, p = 0.006), and
between the urban and the rural-airport area (−35.51 ± 7.55,
p < 0.001), but not between the rural-airport and the rural
area (12.91 ± 0.20, p = 0.20). GSH levels in erythrocytes did
not differ among areas (Table 2; Fig. 1i).
Finally, after controlling for sampling time, we did not
detect differences in CORT among study areas in second
broods (Table 2; Fig. 1j).
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Table 1  Results of linear mixed
models for nestling weight,
ROMs, OXY, GSH and CORT
for the first and second broods
of the rural and rural-airport
areas. Degrees of freedom were
calculated via Satterthwaite’s
method. Significant p-values
(p < 0.05) are presented in
bold. Male, first broods and
the rural area were treated as
reference level when reporting
the estimates for sex, brood and
area variables respectively

European Journal of Wildlife Research
Variance
Weight (N = 171)
Random
Nest (N = 32)
Residual
Fixed
Sex (female)
Wing length
Brood (2)
Area (Rural-Airport)
ROMs (N = 155)
Random
Nest (N = 31)
Residual
Fixed
Sex (female)
Brood (2)
Area (Rural-Airport)
OXY (N = 114)
Random
Nest (N = 28)
Residual
Fixed
Sex (female)
Brood (2)
Area (Rural-Airport)
GSH (N = 159)
Random
Nest (N = 31)
Residual
Fixed
Sex (female)
Brood (2)
Area (Rural-Airport)
CORT (N = 115)
Random
Nest (N = 27)
Residual
Fixed
Sex (female)
Handling time
Brood (2)
Area (Rural-Airport)

F

df

p-value

Conditional R2
0.81

1.74
1.00
–
–
–
–

0.97
2.23
–
–
–

80.22
292.21
–
–
–

0.15
0.38
–
–
–

33.31
68.51
–
–
–
–

Discussion
Perturbations originated from humans are expanding rapidly, exposing wildlife to new and pervasive stressors that
may compromise or entail costs at individual and population level. In this study, we investigated how different markers of physiological stress and body condition of passerine
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–
–
− 0.16 ± 0.17
0.26 ± 0.02
− 1.35 ± 0.20
0.76 ± 0.50

–
–
0.08 ± 0.26
1.31 ± 0.28
− 0.78 ± 0.45

–
–
− 3.15 ± 3.43
1.15 ± 3.81
11.71 ± 4.94

–
–
− 0.04 ± 0.11
− 0.53 ± 0.11
− 0.08 ± 0.18

–
–
3.21 ± 1.77
0.05 ± 0.01
− 4.77 ± 2.02
− 2.57 ± 2.79

–
–
0.84
147.2
43.4
2.28

–
–
0.08
22.5
3.04

–
–
0.84
0.09
5.62

–
–
0.16
22.3
0.18

–
–
3.28
40.5
5.57
0.85

–
–
1, 142.1
1, 152.8
1, 157.0
1, 27.1

–
–
1, 141.0
1, 150.9
1, 25.7

–
–
1, 101.1
1, 106.5
1, 19.5

–
–
1, 145.5
1, 155.0
1, 27.5

–
–
1, 100.6
1, 107.4
1, 109.3
1, 23.1

–
–

–
–

0.36
< 0.001
< 0.001
0.14

–
–
–
–
0.41

–
–

–
–

0.77
< 0.001
0.09

–
–
–
0.28

–
–

–
–

0.36
0.76
0.02

–
–
–
0.38

–
–

–
–

0.69
< 0.001
0.67

–
–
–
0.55

–
–

–
–

0.07
< 0.001
0.02
0.37

–
–
–
–

nestlings varied among three different locations with contrasted levels of noise and air pollution: a rural area, a rural
area close to an airport and an urban area. This is to our
knowledge the first study to compare the physiological state
of developing birds close to an airport. We only found differences among areas in plasma OXY levels, which showed the
highest values in the rural-airport area and the lowest in the
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Fig. 1  Differences among
rural, rural-airport and urban
tree sparrow nestlings in body
condition (i.e. residuals of
weight after controlling for
wing length and sex), oxidative
damage (plasma ROMs levels),
antioxidant capacity (plasma
OXY levels), GSH levels in
erythrocytes and CORT levels
in plasma. Data are reported for
first a–e and second broods f–j.
Sample size (number of nest
boxes) for each habitat is the
following for each panel: a 15
and 17, b 14 and 17, c 17 and
14, d 15 and 13, e 14 and 13
for rural and rural-airport areas
respectively, and f 10, 11 and
16; g 10, 10 and 10; h 10, 10
and 16; i 10, 10 and 12 and j 10,
10 and 15 for rural, rural-airport
and urban areas respectively.
Data for urban birds were only
available for second broods.
Black dots and whiskers indicate mean ± SD
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Table 2  Results of linear
mixed models for nestling
weight, ROMs, OXY, GSH and
CORT for the second broods
of the rural, rural-airport
and urban areas. Degrees
of freedom were calculated
via Satterthwaite’s method.
Significant p-values (p < 0.05)
are highlighted in bold. Male
and the rural area were treated
as reference level when
reporting the estimates for sex
and area variables respectively
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Variance
Weight (N = 137)
Random
Nest (N = 37)
Residual
Fixed
Sex (female)
Wing length
Area
Rural-Airport
Urban
ROMs (N = 106)
Random
Nest (N = 30)
Residual
Fixed
Sex (female)
Area
Rural-Airport
Urban
OXY (N = 102)
Random
Nest (N = 32)
Residual
Fixed
Sex (female)
Area
Rural-Airport
Urban
GSH (N = 129)
Random
Nest (N = 36)
Residual
Fixed
Sex (female)
Area
Rural-Airport
Urban
CORT (N = 109)
Random
Nest (N = 35)
Residual
Fixed
Sex (female)
Handling time
Area
Rural-Airport
Urban

Estimate ± SE

F

df

(2021) 67:68

p-value

Conditional R2
0.89

3.51
1.21
–
–
–
–
–

1.65
2.81

–
–
0.07 ± 0.07
0.37 ± 0.03
–
0.03 ± 0.97
− 1.92 ± 0.89

–
–

–
–
0.11
147.4
3.43
–
–

–
–

–
–
1, 112.8
1, 97.7
2, 29.3
–
–

–
–

–
–

–
–

0.73
< 0.001
0.04
–
–

–
–
–
–
–
0.39

–
–

–
–

–
–
–
–

0.27 ± 0.38
–
–0.70 ± 0.69
–0.52 ± 0.72

0.53
0.55
–
–

1, 95.8
2, 29.8
–
–

0.47
0.58
–
–

–
–
–
–
0.54

180.1
340.7

–
–
–
5.01 ± 4.12
–
12.91 ± 7.58
–22.60 ± 7.40

–
–
–
1.48
11.5
–
–

–
–
–
1, 86.9
2, 25.8
–
–

–
–
–
0.23
< 0.001
–
–

–
–
–
–
–
–
–
0.66

–
–

–
–

0.45
0.46
–
–

–
–
0.53

–
–

–
–

0.15
< 0.001
0.84
–
–

–
–
–
–
–

–
–
–
–

0.41
0.22
–
–
–
–

41.70
60.69
–
–
–
–
–

–
–
–0.07 ± 0.10
–
–0.01 ± 0.31
–0.30 ± 0.28

–
–
2.55 ± 1.75
0.05 ± 0.01
–
–1.96 ± 3.45
–0.55 ± 3.29

–
–
0.58
0.79
–
–

–
–
2.13
32.8
0.17
–
–

–
–
1, 96.8
2, 28.3
–
–

–
–
1, 86.7
1, 92.9
2, 29.6
–
–
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urban area. Body condition tended to be worse in urban tree
sparrows as compared to those from rural and rural-airport
areas, and only in second broods. The rest of variables studied (ROMs, GSH and CORT) did not differ among areas, but
differed between first and second broods, a pattern that was
also present for body condition.
We found a slight effect of the study area on nestling
body condition, which tended to be worse in urban nestlings.
This trend appeared only in second broods (no data were
available from first broods of the urban area). It has been
extensively reported that birds dwelling in urban landscapes
are often in worse condition, being smaller and leaner than
their conspecifics in rural environments (Liker et al. 2008;
Meillère et al. 2015a, b; Seress et al. 2020). This suggests
that the urban environment imposes constraints on development. Tree sparrow nestlings have an invertebrate-based diet
(Veiga 1990). Reduced availability of invertebrates in urban
areas (McIntyre 2000) could be one possible explanation
to the reduced body condition found in urban tree sparrows.
Nevertheless, our correlative approach does not allow us to
exclude the synergic effects of other urban features such as
air or noise pollution (among others) that could impair urban
tree sparrow development.
Surprisingly, nestlings developing next to the airport runway
did not differ in body condition from their rural counterparts.
Studies about the effects of noise on morphology had yielded
contrasted results, including negative effects (Injaian et al.
2018a, b; Potvin and Macdougal-Shackleton 2015), positive associations (Crino et al. 2011, 2013) or even no effects,
either by correlational (Crino et al. 2011; Grunst et al. 2020;
Raap et al. 2017) or by experimental approaches (Brischioux
et al. 2017; Flores et al. 2019; Injaian et al. 2019; Angelier et al.
2016; Meillère et al. 2015a, b). In our study, the rural and ruralairport areas share a very similar habitat, so we expected potential
differences in body condition to be driven by the proximity to
the airport given that noise can alter both adult (Halfwerk et al.
2011; Francis et al. 2013) and nestling’s behaviour (Leonard and
Horn 2012). The fact that we found no difference between rural
and rural-airport nestlings suggests that tree sparrow parents are
able to fulfil their nestling requirements despite noise. It is possible that previous studies finding effects of noise on body condition may have dealt with stronger or less predictable noise levels.
Predictable sources of noise may be less disruptive than unpredictable ones (e.g. road traffic) (Injaian et al. 2018a). Although
noise pollution produced by airport activities can reach very
high levels (exceeding 70 dB and frequently reaching > 110 dB),
it typically increases gradually in strength, and this pattern may
be less noxious than unpredictable traffic noise. Besides, noise
returns to very low levels when flights have passed, thus allowing intermittent and approximately fixed periods of noise and
silence due to the tight schedules of take-offs in large airports.
Habituation to chronic stressors has been previously reported in
different species (Romero and Wikelski 2002), and it would be
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plausible that both adult and nestling tree sparrows living next
to the airport had become familiar with aircraft noise.
Because of being exposed to anthropogenic stressors,
we expected urban and rural-airport tree sparrows to show
higher levels of oxidative stress than rural ones. Contrary
to our expectations, we did not detect differences among
areas in oxidative damage, measured as plasma ROM levels.
Erythrocyte levels of GSH, a main endogenous intracellular antioxidant, did not differ among areas either, which is
consistent with results reported for great tits (Parus major)
from urban and rural areas (Isakson et al. 2005). However,
the ratio of oxidized and reduced glutathione (GSSG:GSH)
in that study revealed that urban great tits were suffering
from higher oxidative stress. Unfortunately, we did not
measure this ratio, and we cannot compare our results with
these. However, we found that OXY levels were higher in
rural-airport tree sparrow nestlings and markedly lower
in those from the urban area. OXY captures the pooled
antioxidant effect of different non-enzymatic compounds
(Costantini 2009) which are mostly obtained from the diet
(e.g. flavonoids, carotenoids, vitamins). An elevated antioxidant capacity in the rural-airport area could be interpreted
as a surplus of antioxidants derived from a diet rich in these
compounds or as an upregulation of defences—due to a
release from body stores, for instance—to counteract an oxidative challenge. With the available data, we cannot provide
clear support for any of these scenarios. Habitats in the rural
and rural-airport area were similar: a riparian area formed
by a gallery forest and surrounded by a mixture of pastureland, crops and wasteland. However, we cannot discard the
possibility that small differences in structure between these
areas (Table 1S) may have provided rural-airport parents
access to different prey types that ultimately bolstered the
antioxidant capacity of their offspring. Regarding the second
possible scenario, the lack of differences in ROMs suggests
that if continuous exposure to aircraft noise did constitute an
oxidative challenge (which would be in agreement with our
initial hypothesis), nestlings elicited an effective response
that maintained the redox state under control. Previous studies on nestling birds have found that exposure to noise can
lead to an increase of oxidative stress (Injaian et al. 2018a;
Raap et al. 2017). However, our results are rather in line
with those reported by Casasole et al. (2017), where oxidative stress variables did not show any association with
noise amplitude. In second broods, we found markedly
lower OXY levels in urban nestlings as compared to rural
and rural-airport ones. This is consistent with previous studies in adults of other sparrow species, which have shown
that individuals living in rural habitats possess higher values
of antioxidant capacity than those living in cities (HerreraDueñas et al. 2014, 2017). This may be explained by the
lower quantity (see our results for nestling body condition)
and antioxidant content of the preys delivered by parents in
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the urban habitat (Isaksson and Anderssson 2007). An alternative, but not mutually exclusive explanation, is that the
combined effect of the different stressors that characterize
the city (particularly noise and air pollution) constituted an
oxidative challenge that depleted a significant amount of the
bioavailable non-enzymatic antioxidants of nestlings. This
sets a challenging scenario for urban species or individuals,
which may suffer from more diseases, increased mortality
or lowered fitness (Isaksson 2015).
Lastly, we did not find differences in basal CORT levels
among areas. There is no consensus about how basal CORT
levels should vary according to chronic stress (Dickens and
Romero 2013), and either enhanced or attenuated basal
CORT levels could be expected when exposed to chronic
stressors through facilitation or acclimation by the HPA
axis (Romero 2004). The complexity of the HPA axis is
revealed by the variety of results that can be found in relation to anthropogenic disturbances. While some detected
differences between urban and rural populations in baseline
CORT levels (Bonier et al. 2007; Zhang et al. 2011), others
did not (Partecke et al. 2006; Fokidis et al. 2009), suggesting
that these results can depend on the considered species and
the characteristics of each urban area. In the case of noise,
whereas some studies revealed that traffic noise could elicit
an increment or descend in baseline CORT levels (Crino
et al. 2011; Kleist et al. 2018, respectively), others detected
no change in CORT levels in experimental (Injaian et al.
2019; Angelier et al. 2016) and correlational (Casasole et al.
2017) set ups. The fact that rural-airport nestlings exhibited
an overall good body condition and oxidative status may
indicate that they do not perceive aircraft noise as a stressor,
or that tree sparrow nestlings are habituated to this stressor
(Dickens and Romero 2013; Injaian et al. 2020).
Beyond the comparisons among areas, we found that
nestlings from second broods in both populations were in
worse body condition and showed higher oxidative damage
than nestlings from first broods. Seasonal changes in dietary antioxidants and food availability (Arnold et al. 2010),
as well as the harshening of environmental conditions,
could lead to increases in oxidative damage. In the case of
GSH, it is likely that a protein-impoverishment of the diet
in second broods could lead to a reduction of GSH concentration, given that synthesis of GSH is protein-dependent
and amino acids such as cysteine and methionine are
key to its production (Isaksson 2013). Baseline CORT was
lower in second broods, suggesting costs associated with
the activation of the stress response (Jenni-Eiermann et al.
2008), as shown for other bird species (Blas et al. 2007). In
another passerine species, a previous study has found lower
basal and response adult CORT levels with advancing date
(Romero and Remage-Healey 2000). These data may indicate that advantages derived from higher CORT secretion
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are checked by survival costs, and these are expected to be
higher for second than for first broods.
Finally, it should be noted that the correlational
approach of this study claims for some caution regarding
the causal inference of our results. Also, our results should
be taken with some caution as we compared three different
populations reflecting the impact of different anthropogenic factors each: one rural population that was used as a
‘control’ situation; a rural population located in a similar
landscape, but exposed to high levels of noise pollution
due to the proximity of an airport, and an urban population
characterized by a highly anthropic environment, and the
pooled effect of air and noise pollution caused by traffic.
Despite these limitations, our results add valuable information regarding the impact of these factors on a critical
phase of life in birds. Further research, including replicates
of the different conditions explored in this study, would
allow us to get a better vision about how aircraft noise
and urban pollution (both noise and air) could be affecting
wildlife. Incorporation of other variables such as fledging success would also help to understand how increasing
perturbations might affect the fate of wild populations.

Conclusions
In conclusion, we found that tree sparrow nestlings growing up next to an airport did not differ from their rural counterparts in body condition and oxidative stress. This suggests that tree sparrows dwelling in the surroundings of
the airport may be habituated to noise or that they do not
perceive aircraft noise as a stressor. In contrast, urban nestlings were in slightly worse body condition and showed
lower antioxidant capacity, probably due to shortage in
dietary antioxidants or to spending these substances in
buffering the oxidative challenge imposed by living in the
city. Contrary to our expectations, however, our three different populations of tree sparrow did not differ in GSH,
oxidative damage or in baseline CORT. This suggests
that if the exposure to noise and air pollution constituted
a physiological challenge, they were apparently able to
buffer it. Despite its limitations due to the lack of replicates, this study contributes to shed light into the impact of
the urban environment and a poorly studied scenario such
as airports on physiology. Further research, ideally involving experimental approaches, is sorely needed to evaluate
whether the apparent short-term capacity of individuals to
buffer the impact of these stressors would result in longterm costs. This would definitely improve our understanding of the effects of anthropogenic sources of stress on
wildlife populations.
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