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Abstract
Urbanisation is proceeding at an alarming rate which forces wildlife to either retreat from urban areas or cope with novel 
stressors linked to human presence and activities. For example, urban stressors like anthropogenic noise, artificial light at 
night and chemical pollution can have severe impacts on the physiology of wildlife (and humans), in particular the immune 
system and antioxidant defences. These physiological systems are important to combat and reduce the severity of parasitic 
infections, which are common among wild animals. One question that then arises is whether urban-dwelling animals, whose 
immune and antioxidant system are already challenged by the urban stressors, are more susceptible to parasitic infections. 
To assess this, we studied nestlings of Eurasian kestrels (Falco tinnunculus) in Vienna, Austria, during 2015 and 2017. We 
measured biomarkers of innate immune function, oxidative stress and body mass index and ectoparasite infection intensity 
in 143 nestlings (from 56 nests) along an urban gradient. Nestlings in more urbanised areas had overall fewer ectoparasites, 
lower haemolysis (complement activity) and lower body mass index compared to nestlings in less urbanised areas. None of 
the other immune or oxidative stress markers were associated with the urban gradient. Despite some non-significant results, 
our data still suggest that kestrel nestlings experience some level of reduced physiological health, perhaps as a consequence 
of exposure to more urban stressors or altered prey availability in inner-city districts even though they had an overall lower 
ectoparasite burden in these heavily urbanised areas.
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Introduction

Urbanisation is rapidly transforming natural environments 
into altered landscapes with measurable effects on health  
and fitness of humans and wildlife (McKinney 2008; 

McDonnell & Pickett 1990; Kawecki and Ebert, 2004). 
Animals living in urban environments encounter physical 
changes (sealed surfaces) and a range of so-called urban 
stressors (i.e. urban factors that can be challenging and 
even stressful) such as exposure to anthropogenic activity 
and noise (Slabbekoorn and Ripmeester, 2008), artificial 
light at night (Longcore & Rich 2004; Falchi et al. 2016; 
Gaston et al. 2015) and/or chemical pollution (Vitousek  
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et al. 1997). In addition, many urban dwellers experience 
conditions of lower food quality linked to anthropogenic 
‘junk’ food (Stofberg et al. 2019) and lower availability of 
natural food (Sumasgutner et al. 2014a; Risi et al. 2021). 
Furthermore, they are often exposed to and infected by 
different parasite and pathogen assemblages compared to 
non-urban conspecifics (Dhondt et al. 2005; Giraudeau 
et al. 2014). As a consequence, urban-dwelling animals 
show pronounced behavioural and physiological differ-
ences compared to their rural conspecifics. For example, 
urban birds can have altered biological clocks (Helm et al. 
2013), paler carotenoid-based coloration (Isaksson et al. 
2005; Sumasgutner et al. 2018), increased oxidative stress 
(Isaksson et al. 2005; Costantini et al. 2014; Isaksson, 2010, 
2015; Herrera-Dueñas et al., 2014, 2017) and lower immune 
competence (Chávez-Zichinelli et al. 2013). All these factors 
can negatively impact their health, reproductive performance 
and survival (Isaksson, 2015; Salmón et al. 2017; reviewed 
by Chamberlain et al. 2009).

The redox and innate immune system are of fundamental 
importance for all animals, and they are particularly relevant 
for coping with environmental challenges (Isaksson 2015). 
These two systems are highly inter-correlated (Cotran et al., 
1995; Halliwell & Gutteridge 2002). Yet, most studies have 
mainly focused on a single physiological system and, as a 
result, lack an integrative perspective (but see Ibáñez-Álamo 
et al. 2020). The redox system is driven by antioxidants that 
are an important resource for detoxifying pro-oxidative pol-
lution such as nitrogen oxides  (NOx), particulate matter and 
heavy metals. Antioxidants can either be endogenously syn-
thesized (e.g. glutathione (GSH) and catalyse) or dietary 
(e.g. carotenoids and α-tocopherol); thus, both intrinsic 
capacities and dietary/habitat quality can influence the over-
all antioxidant defences. A prolonged or a too high exposure 
to urban pro-oxidative air pollution can lead to oxidative 
stress and thereby increased oxidative damage to proteins, 
lipids and DNA, with negative effects on cellular function 
followed by various negative health effects (Liu et al. 2004; 
Yeh et al. 2006; Isaksson 2010; Chávez-Zichinelli et al. 
2013). Although urban birds suffer from increased exposure 
to these pro-oxidative pollutants, their antioxidant responses 
show mixed consequences (i.e. linked to for example disease 
status, life history, diet or degree of urbanisation: Costantini 
et al. 2014; Herrera-Dueñas et al. 2014; Isaksson 2020). The 
paradox with the redox system is that the antioxidant system 
should not be too efficient in its action towards pro-oxidants. 
For example, different immune cell types such as phagocytes 
and neutrophils can produce and purposely release pro-oxi-
dants (often referred to as reactive oxygen species, ROS) to 
attack and destroy pathogens in the body, which brings the 
close interaction with the immune system.

An increased oxidative stress has also been revealed 
in response to ectoparasites, with implications for 

carotenoid-based signals (Mougeot et al. 2010) and experi-
mental evidence showed that ectoparasites reduce the anti-
oxidant defence in nestlings of pied flycatchers Ficedula 
hypoleuca (López-Arrabé et al. 2015). There are correla-
tive data suggesting that individuals with less carotenoid-
based colouration in Eurasian kestrels Falco tinnunculus in 
more urbanised areas had more ectoparasites, which is sup-
posedly consistent with investment of dietary carotenoids 
into the immune system (Sumasgutner et al. 2018). Paler 
plumage colouration has also been found in urban great tits 
(Parus major) and was related to elevated oxidative stress 
(Isaksson et al. 2005) and measures of pollution (Eeva et al. 
1998). While this highlights the need for proper nutrition 
and dietary antioxidants, such as carotenoids, to mitigate 
oxidative stress during an infection, experimental evidence 
thus far could not confirm that carotenoids used in the 
immune system are traded-off against plumage coloration 
when exposed to oxidative stress (Isaksson and Andersson 
2008; Stirnemann et al. 2009).

Although the inflammatory release of ROS is an effec-
tive first line of defence against pathogens, it is non-tar-
geted, thereby also posing oxidative harm to the individual. 
To limit further oxidative damage, ROS simultaneously 
regulates and induces other parts of the innate immune 
system; for example, the ability of plasma to agglutinate 
and lyse antigens (Matson et al. 2005), mainly driven by 
natural antibodies and the complement system. Another 
mechanism includes release of haptoglobin, an acute-phase 
protein that is released from the liver during infection 
(Abbas et al. 2012). Similar to the redox system, inflam-
matory markers are activated when exposed to pollution 
such as  NOx or particulate matter (Glencross et al. 2020). 
Thus, to study parts of these two systems simultaneously 
will provide a better systemic overview of the health of 
urban dwellers.

To function well, both the redox system and the immune 
system need a well-nourished state with respect to energy 
and specific nutrients (Klasing, 2004). This can be an addi-
tional challenge for urban-dwellers (Plummer et al. 2019). 
The urban diet composition can vary by food source, prey 
type and/or quality (Isaksson 2015; Stofberg et al. 2019), 
with evidence that some urban pollutants can accumulate 
at higher trophic levels (Drouillard et al. 2001; Henny et al. 
2003; Ortiz-Santaliestra et al. 2015). Urban habitats can 
be attractive for some raptors because buildings provide 
suitable nesting sites for many cavity nesters. Yet, if those 
species rely on small mammals as prey, food availability 
might be lower than in non-urban settings (Sumasgutner 
et al. 2014b; Kettel et al. 2018), with negative impacts 
on immune function and redox system. These combined 
effects could therefore enhance the negative effects of oxi-
dative stress, inflammation and susceptibility to parasites 
in raptors.
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Eurasian kestrels are urban raptors (Cramp & Tomlins 
1966; Kostrzewa & Kostrzewa 1993; Kübler et al. 2005) 
that are likely attracted to inner-city districts by abundant 
nesting opportunities (Village 1983; Sumasgutner et al. 
2014b). However, the high percentage of sealed surface 
areas correlates with a low availability of diurnal voles  
(Sumasgutner et al. 2014a; Mitter et al. 2015), which form 
their main prey under natural conditions (Village 1990). 
Thus, urban kestrels are either forced to extend their foraging  
trips to rural hunting grounds (Riegert et al. 2007) or to 
enrich their diet with alternative prey available in the centre, 
especially passerines, but also lizards and insects (Kübler 
et al. 2005; Düesberg 2012; Sumasgutner et al. 2013, 2014b; 
Kreiderits et al. 2016). This diet alteration can increase 
starvation-related mortality in urban nestlings, resulting 
in lower breeding success of urban pairs (Sumasgutner  
et  al. 2013, 2014a,  b). While adult kestrels are highly 
mobile and thus not necessarily exposed to urban stressors  
around the clock, their nestlings must endure variation  
in food availability, sibling competition and exposure to 
parasites and predators, as well as adverse weather and 
other environmental stressors. At the same time, some 
of these stressors might be buffered by parental care and  
sheltering effects of cavities (Blas et al. 2005; Sumasgutner  
et al. 2020). Furthermore, during this period of crucial 
structural growth, several physiological systems are still in 
development, including innate immune function (Aastrup  
& Hegemann 2021).

In this study, we investigate the effects of urbanisation 
on biomarkers of oxidative stress, innate immune function, 
body mass and ectoparasite infection in nestlings of Eurasian 
kestrels along an urbanisation gradient based on sealed sur-
faces. As oxidative stress markers, we measured glutathione 
(GSH) and its oxidised form (glutathione disulphide, 
GSSG). GSH is considered the most important intra-cellular 
antioxidant and detoxifier (Kaplowitz 1981) as it scavenges 
endogenously produced or inhaled pro-oxidants and conju-
gates industrial toxins. When GSH is used as a scavenger, 
the GSH is oxidised to GSSG and the ratio between GSH 
and GSSG is commonly used as a biomarker of oxidative 
stress (Kidd 1997; Pompella et al. 2003; Townsend et al. 
2003; van der Oost et al. 2003). Therefore, we predict a 
lower GSH:GSSG ratio with increased urbanisation and 
ectoparasite intensity. In addition, total level of glutathione 
(tGSH, the sum of GSH and GSSG) is a biomarker of toxin 
exposure (reviewed in Isaksson 2020), which is predicted to 
be lower in response to increased urbanisation. As markers 
for innate immune function, we measured complement (lysis 
titres), natural antibodies and haptoglobin concentrations. 
Combining these immune markers allows for a more com-
prehensive view on innate immune function (Boughton et al. 
2011; Demas et al. 2011; Salvante 2006; Hegemann et al., 

2017). In response to urbanisation, we predict that nestlings 
in poorer nutritional state will have reduced levels of com-
plement activity and natural antibodies, while haptoglobin 
concentrations might correlate positively with ectoparasite 
infections.

Material and methods

Study species and study area

The Eurasian kestrel, hereafter ‘kestrel’, is a common raptor 
in Europe, Asia and Africa (Village 1990). This study was 
done in the city of Vienna, Austria (48° 12′ N, 16° 22′ E; 415 
 km2, 1.88 million inhabitants), where 350 to 400 Eurasian 
kestrel pairs breed (Sumasgutner et al., 2014a, b). We sam-
pled kestrel nestlings along an urbanisation gradient defined 
by the percentage of sealed surface (see below), because this 
has been shown to be the most important predictor variable 
for kestrel prey type (Kübler et al 2005; Rejt 2001; Salvati 
et al 1999). We expected the primary urbanisation impact to 
arise from changes in food availability and diet composition 
because of the strong relationship between sealed surface 
and abundance of the main prey items (Kübler et al. 2005; 
Sumasgutner et al. 2014a, b). The total study area was 243 
 km2, excluding areas of less than 1% sealed surface, i.e. the 
Viennese Forest in the West, which is unsuitable habitat for 
the species, and vast agricultural areas in the East, where our 
monitoring capacity was limited. The degree of urbanisation 
was calculated as the percentage of sealed surface within a 
500-m radius around each nesting site, using ArcGIS 10 by 
ESRI©, based on land covered by buildings and traffic areas 
(see Sumasgutner et al. 2014a for details).

Until now, many studies rely on a simplified urban–rural 
comparison with two study sites or a limited number of 
urban–rural replicates, which do not necessarily vary in 
their degree of urbanisation alone but likely also in local 
weather parameters or biotic interactions that go beyond 
urban–rural differences. Applying a gradient approach 
allows a higher resolution of environmental variables and 
conclusions that are more likely linked to urbanisation per 
se. Along with a higher proportion of sealed surface areas, 
human population density (Stankowski 1972) intensity of 
chemical pollution (Andrews 2008; Krommer et al. 2007;  
Mingorance & Oliva 2006; Simon et  al. 2011), noise  
pollution (Mendes et al. 2011; Pijanowski et al. 2011),  
artificial light pollution (Cinzano et al., 2001, 2007; Hölker 
et al. 2010) and infectious diseases (Bradley & Altizer 
2007; Giraudeau et al., 2014) are usually increasing along 
urbanisation gradients. Thus, there might be impacts from 
multiple origins (Isaksson 2015; Andrews 2008; Mendes 
et al. 2011; Cinzano et al. 2007).
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Morphometric measurements, blood sampling 
and ectoparasite count

Kestrel nesting sites were located by visual observation  
during the breeding season, from February to July, and 
were regularly checked for occupancy by researchers and  
volunteers of the Viennese Kestrel Project (see Huchler et al. 
2020 for details). We used data from 56 different nesting 
sites that were visited three to six times during the breeding  
season of either 2015 or 2017 (Fig.  1). The following  
breeding parameters were determined: laying date (relevant 
for age estimation) and brood size (total number of hatched 
offspring). Laying date is defined as the day the first egg was 
laid and was either observed directly or back-dated based on 
the nestlings’ plumage development and wing length during 
ringing (for the method see Kostrzewa & Kostrzewa 1993 
and Birdlife Finland, http:// netti. nic. fi/). As both methods are 
based on European kestrel populations outside our study area 
(Germany and Finland), we used the average of both values 
(see Sumasgutner et al. 2018) to determine the hatching rank 
within the brood (Martinez-Padilla & Viñuela 2011; Hardey 
et al. 2013; reviewed in Amundsen & Slagsvold 1996): the 
siblings were denoted as either senior (‘1’, first-hatched/
largest), junior (‘3’, last-hatched/smallest) or intermediate  
(‘2’, all the other nestlings in between; brood size up to 6).

At the age of approximately 12 to 16 days, each nestling 
(n = 195 from 56 broods) was ringed with a metal ring from 
the local ringing centre and one individually engraved colour 
ring (Ecotone, Poland). Body morphometrics were taken by 
measuring body mass (g) and wing length (to the nearest 
mm, Eck et al. 2011). To calculate a nestling’s body mass 
index (BMI), we followed the method described by Roulin 
et al. (2007): We extracted the residuals of a linear model 
with body mass as the response and wing length (linear and 
quadratic) and sex (males being 20% smaller than females in 
body mass, Village 1990) as explanatory variables.

We collected approx. 200 µl of blood by puncturing the 
brachial vein of each nestling. For the glutathione assay, 
10 µl of full blood was immediately frozen in liquid nitro-
gen to prevent oxidation of GSH to GSSG and later stored 
at − 80 °C. Remaining blood was placed on ice and centri-
fuged (10,000 rpm for 10 min) within 4 h of sampling to sep-
arate plasma and red blood cells and then stored at − 15 °C. 
Due to varying field protocols between years, full blood 
samples for the GSH and GSSG (n = 143) were collected 
in 2015 and 2017, whereas blood plasma for the immune 
assays were collected only in 2017 (n = 69 nestlings from 
26 broods). Sample sizes among assays varied slightly due 
to sample volume limitations and can be found in Appen-
dix C for respective assays. Red blood cells were used for 
molecular sex determination (Fridolfsson & Ellegren 1999).

All 195 nestlings were screened for ectoparasites (most 
abundant arthropod parasite: Carnus hemapterus) by count-
ing all parasites on the surface of both wings and the rump 
without removing them in the process. Ectoparasite infec-
tion intensity was classified based on these counts directly 
in the field as follows: 0 = no ectoparasites, 1 = one to three 
ectoparasites, 2 = three to nine ectoparasites; 3 = 10 or 
more parasites (see Sumasgutner et al. 2018 for a similar 
approach). We did not consider other ectoparasites as we 
only occasionally encountered ticks and louse flies on the 
nestlings while screening. Hence, sample sizes of other 
ectoparasites were not sufficient for analysis.

Lab procedure

All samples were randomized before lab work and were 
analysed blind with respect to degree of urbanisation or 
timing of sampling (i.e. early and late broods). Full details 
for measurements of total glutathione (tGSH) and GSSG 
(full blood) can be found in the supplementary material. 
To quantify haptoglobin concentrations, a commonly used 

Fig. 1  Urban study area (243 
 km2) in Vienna, Austria. The 
urban gradient is displayed from 
light grey to black (white areas 
(< 1%) are largely forested and 
therefore unsuitable habitat for 
kestrels and not monitored); 
(left) locations of Eurasian 
kestrel Falco tinnunculus nest 
sites are displayed in yellow 
(n 2015 = 30; n 2017 = 26); and 
(right) distribution of nest sites 
displayed in ten categories 
(n = 56 nests)

http://netti.nic.fi/
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marker for inflammation levels (Abbas et al. 2012), we used 
a commercially available colorimetric assay kit (TP801 Kit, 
Tri-Delta Diagnostics, Ireland) (Matson et al 2006). To 
quantify titres of complement-like lytic enzymes (lysis titre) 
and nonspecific natural antibodies (agglutination titre), we 
used a haemolysis-haemagglutination assay (Matson et al. 
2005). The detailed laboratory protocols can be found in the 
supplementary material.

Statistical analysis

The biomarkers for oxidative stress (GSH:GSSG ratio and 
tGSH), immune parameters (haptoglobin, haemagglutination 
and haemolysis) and BMI were each used as response vari-
ables in multiple linear mixed models (LMMs) with urban 
gradient (in %) as the key explanatory covariate. Response 
variables followed a Gaussian distribution and were fitted 
with either an identity-link function or a logit transformation 
(haptoglobin). To control for additional factors that could 
influence physiology and the BMI, we fitted ectoparasite 
infection intensity, brood size, sex and hatching rank of the 
nestlings to the model (after checking for potential correla-
tion of fixed effects). We did not further control for nestling’s 
age (in days) as it was (i) strongly correlated with hatch-
ing rank; and (ii) hatching rank was stronger in explanatory 
capacity than age, and seemed biologically more meaning-
ful. All continuous variables were scaled and centred (stand-
ardised to mean of 0 and SD = 1) to bring the variables to 
comparable dimensions across years (Schielzeth 2010), sex 
and plate ID (where applicable, see below) were defined 
as factor variables and ectoparasite infection intensity and 
hatching rank as ordered factor variables. Results in the 
model output are thus displayed for the linear, quadratic or 
cubic relationship between the different levels of parasite 
infection intensity, and linear or quadratic relationship for 
hatching rank between junior, middle and senior sibling. 
The variables tGSH and GSH:GSSG ratio were addition-
ally standardised within each year to account for possible 
year effects and different storage times.

In the ‘oxidative stress models’ (GSH:GSSG, tGSH), the 
plate ID was added as an additional predictor variable to 
account for the potential plate effect from laboratory work. 
In the ‘haptoglobin model’, the additional variable was a 
reading at 405 nm to control for plasma colouration (Matson 
et al. 2012) and in the ‘body mass index model’, the corre-
sponding GSH:GSSG ratio was added to explore a potential 
influence. We did not include any of the immune assays in 
this analysis, as we had a limited sample size. In all models, 
we included the brood ID as a random factor to control for 
pseudoreplication (Hurlbert 1984) because siblings within 
a brood are not independent.

The model for ectoparasite infection intensity was fitted 
like the above, but with a generalized mixed model (GLMM) 

following a Poisson distribution with log-link function and 
the urban gradient as the key explanatory variable. Addi-
tional co-variables were brood size, sex, hatching rank, 
year and again brood ID as a random factor. Significance of 
explanatory terms in the GLMM was assessed using their 
partial (Type III) significance values (χ2 tests) implemented 
in the 'car' package (Fox and Weisberg 2011).

Best fitting models were chosen by model selection. 
We created candidate lists with all possible combinations 
of fixed effects (while keeping the main predictor of inter-
est, urban gradient) and compared all candidate models 
via Akaike information criterion (AIC) for each response 
variable (Burnham and Anderson, 2002). The best models 
were chosen according to the lowest AIC value. To evaluate 
the proportion of variance explained by the models, pseudo 
R2 for LMMs and GLMMs was calculated following the 
method of Nakagawa & Schielzeth (2013) by using the func-
tion ‘r.squaredGLMM’ implemented in ‘MuMIn’ (Bartoń 
2018). The complete models and most parsimonious (i.e. 
final models) are displayed in Appendix C.

All analyses were performed in R Version 3.4.3 (R Foun-
dation 2018) using the following packages: ‘nlme’ (Pinheiro 
et al. 2018), ‘lme4’ (Bates et al. 2015), ‘MuMIn’ (Bartoń 
2018), ‘AICcmodavg’ (Mazerolle 2017) and ‘lmerTest’ 
(Kuznetsova et al. 2017). Model validation was done by vis-
ual inspection of residual plots and tests for potential over-
dispersion. Results were visualised using ‘lattice’ (Sarkar 
2008) and ‘ggplot2’ (Wickham 2009).

Results

Kestrel nesting sites were recorded in areas between 5 and 
95% of sealed surface (Fig. 1). There was no statistically 
significant relationship between the urban gradient and 
tGSH (P = 0.248, R2c = 0.21) or the ratio of GSH:GSSG 
(P = 0.997, R2c = 0.02, Table 1). Of the immune assays, lysis 
showed a significant negative relationship along the urban 
gradient (Estimate: − 0.34 ± SE 0.12, P = 0.007, R2c: 0.30, 
Table 2, Fig. 2), whereas neither haptoglobin concentration 
nor agglutination was related to urbanisation (haptoglobin, 
P = 0.945, R2c = 0.37; agglutination, P = 0.254, R2c = 0.43; 
Table 2).

The body mass index decreased with increasing urbanisa-
tion levels (Estimate: − 0.45 ± SE 0.19, P = 0.019, R2c: 0.71, 
Table 3, Fig. 2). The body mass index was not significantly 
related to GSH:GSSG ratio nor to the interaction between 
the urbanisation and ectoparasite infection intensity; how-
ever, both terms still featured into the most parsimonious 
model (Table 3) and the interaction term was relevant to 
correctly interpret the urbanisation effect on the body mass 
index (Fig. 3). The interaction revealed that body condi-
tion of nestlings without ectoparasites did not vary along 
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Table 1  Results of LMMs used to examine the impacts of urban gra-
dient and ectoparasite infection on oxidative stress parameters (total 
glutathione tGSH  (R2c = 0.23) and GSH:GSSG ratio (R2c = 0.02)), 
fitted with additional covariates; ‘Brood ID’ was included as random 

factor; continuous variables were scaled and centred. N = 143 Eura-
sian kestrel Falco tinnunculus nestlings in Vienna, Austria. Signifi-
cant predictors are displayed in bold.

± Plate 1 was the reference category. Ectoparasite Inf. Int. ectoparasite infection intensity. Std. error standard error. Sum Sq sum of squares. Mean 
Sq mean squares. Num DF numerator degrees of freedom. Den DF denominator degrees of freedom.

Oxidative stress parameters Estimate Std. error Sum Sq Mean Sq NumDF DenDF F value Pr(> F)

tGSH
Urban gradient  − 0.19 0.16 1.04 1.04 1 86.58 1.35 0.248
Ectoparasite Inf. Int 1.86 0.62 3 134.16 0.80 0.494
Ectoparasite Inf. Int. (linear)  − 0.28 0.31 0.368
Ectoparasite Inf. Int. (quadratic)  − 0.01 0.28 0.986
Ectoparasite Inf. Int. (cubic)  − 0.17 0.24 0.463
Plate ID ± 9.18 1.84 5 122.89 2.38 0.042
Plate 2 0.52 0.36 0.150
Plate 3 0.24 0.38 0.515
Plate 4 0.99 0.31 0.001
Plate 5 0.41 0.27 0.124
Plate 6 0.39 0.36 0.278
GSH:GSSG ratio
Urban gradient 0.00 0.09 0.00 0.00 1 143.00 0.00 0.997
Ectoparasite Inf. Int 2.80 0.93 3 143.00 0.96 0.414
Ectoparasite Inf. Int. (linear) 0.36 0.23 0.122
Ectoparasite Inf. Int. (quadratic) 0.30 0.22 0.180
Ectoparasite Inf. Int. (cubic) 0.05 0.23 0.830

Table 2  Results of LMMs used to examine the impacts of urban gra-
dient on immune parameters (haptoglobin (R2c = 0.37), agglutination 
(R2c = 0.43) and lysis (R2c = 0.30)), fitted with further explanatory 
variables. To control for plasma colouration, we included 405 nm as 

covariate in haptoglobin models; ‘Brood ID’ was included as random 
factor in all models; continuous variables were scaled and centred. 
N = 69 Eurasian kestrel Falco tinnunculus nestlings in Vienna, Aus-
tria. Significant predictors are displayed in bold.

Ectoparasite Inf. Int. ectoparasite infection intensity. Std. error standard error. Sum Sq sum of squares. Mean Sq mean squares. Num DF numera-
tor degrees of freedom. Den DF denominator degrees of freedom.

Immune parameters Estimate Std. error Sum Sq Mean Sq NumDF DenDF F value Pr(> F)

Haptoglobin
Urban gradient 0.01 0.13 0.00 0.00 1 33.60 0.00 0.945
Ectoparasite Inf. Int 0.83 0.28 3 49.00 0.45 0.716
Ectoparasite Inf. Int. (linear) 0.09 0.31 0.786
Ectoparasite Inf. Int. (quadratic)  − 0.28 0.27 0.311
Ectoparasite Inf. Int. (cubic)  − 0.05 0.31 0.873
Plasma colouration (405 nm) 1.75 0.62 4.93 4.93 1 61.86 8.08 0.006
Agglutination
Urban gradient  − 0.16 0.13 0.77 0.77 1 30.45 1.35 0.254
Ectoparasite Inf. Int 2.27 0.76 3 53.46 1.34 0.272
Ectoparasite Inf. Int. (linear) 0.24 0.32 0.459
Ectoparasite Inf. Int. (quadratic) 0.50 0.27 0.072
Ectoparasite Inf. Int. (cubic) 0.24 0.31 0.445
Lysis
Urban gradient  − 0.34 0.12 5.77 5.77 1 33.70 8.26 0.007
Ectoparasite Inf. Int 1.24 0.41 3 52.34 0.59 0.624
Ectoparasite Inf. Int. (linear)  − 0.38 0.30 0.216
Ectoparasite Inf. Int. (quadratic)  − 0.10 0.29 0.730
Ectoparasite Inf. Int. (cubic)  − 0.05 0.33 0.870
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the urban gradient, while nestlings with an infection cat-
egory of 1 or higher consistently had lower body condition 
in more urbanised areas (albeit statistically not significant; 
P = 0.181).

Ectoparasites (Carnus hemapterus) were found on 36.4% 
of all nestlings across both years, whereby infection inten-
sity ranged from one to 40 individuals of C. hemapterus 
per individual (mean = 2.59 ± SE 5.93). Ectoparasite infec-
tion intensity was significantly lower in urban nestlings 
than in more rural individuals (Estimate: − 0.02 ± SE 

0.009, P = 0.027, R2c = 0.65, Table 4, Fig. 4) and lower in 
senior siblings compared to their junior siblings (Fig. 4). 
In contrast to our predictions, ectoparasite burden did not 
influence any of the physiological parameters considered 
(tGSH, P = 0.494, R2c = 0.23, GSSG, P = 0.316, R2c = 0.04; 
GSH:GSSG ratio, P = 0.414, R2c = 0.02; see Table 1; hap-
toglobin, P = 0.716, R2c = 0.37; agglutination, P = 0.272, 
R2c = 0.43; lysis, P = 0.624, R2c = 0.3; see Table 2) or body 
mass index (P = 0.249, R2c = 0.71, see Table 3).

Discussion

In the present study, we used a physiological biomarker 
approach—combining two systems, oxidative stress and 
innate immune function—to investigate how an avian preda-
tor responds to urbanisation and its associated challenges. 
Nestlings of the Eurasian kestrel had lower lysis (comple-
ment activity) and lower body mass index in areas with more 
sealed surface, providing an indication that urban kestrels 
might suffer from some hidden costs in terms of reduced 
immune capacities and physical condition. On the other 
hand, ectoparasite infection intensity of nestlings was over-
all lower in more urbanised areas. There was no correlation 
between physiological parameters measured in our study and 
ectoparasite burden and several other physiological param-
eters showed no correlation with the urban gradient.

As predicted, we found a negative correlation between 
lysis (complement activity) and the urban gradient. Lysis 
has previously been found to be positively correlated  
with survival in wild birds (Hegemann et  al. 2017);  
thus, a higher lysis capacity should be beneficial when 
parasitic prevalence is high (Bradley & Altizer 2007). 
This is in accordance with our result whereby non-urban 
nestlings showed higher lysis and also higher ectoparasite 
infection intensity with C. hemipterus. In altricial birds, a 
significant part of innate immune function develops during  
the nestling phase (Palacios et al. 2009; Killpack et al. 
2013; Aastrup & Hegemann 2021). Thus, as an alternative  
explanation of our results of higher lysis in kestrel  
nestlings in the less urbanised areas could indicate an  
earlier and/or stronger development of the innate immune 
system compared with nestlings from more urban areas. 
Perhaps the weaker and/or delayed onset in urban kestrel 
nestlings is linked to an altered diet in urban surroundings 
(Sumasgutner et al. 2014a, b, c), but it could also reflect 
an overall lower abundance of pathogens.

In contrast to the lysis capacity, none of the other physi-
ological parameters measured were affected by urbanisation. 
For example, urbanisation was not associated with our meas-
urements of the antioxidant system (tGSH and GSH:GSSG 
ratio), natural antibodies (agglutination) or inflammation 
levels (haptoglobin).
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Fig. 2  Effect of urban gradient on (top) haemolysis (P = 0.007, 
estimate =  − 0.34 ± SE  0.12), fitted with ectoparasite infection 
intensity as additional covariate. The model explains 30% of the 
variance in lysis; and on (bottom) body mass index (P = 0.019, esti-
mate: − 0.45 ± SE  0.19), fitted with ectoparasite infection intensity 
and GSH:GSSG ratio as additional covariates. The model explains 
71% of the variance in body mass index. Note that all continuous var-
iables were scaled and centred. Figures are based on predicted values 
of LMMs, shaded grey areas represent 95% CIs overlaying the back-
ground scatter of raw data.



 The Science of Nature (2021) 108:42

1 3

42 Page 8 of 16

We calculated the urban gradient as a percentage of 
sealed surface; given the large amount of studies showing  
a correlation between urbanisation and urban factors  
(Alberti et al. 2001; McDonnell and MacGregor-Fors, 2016; 
McDonnell and Hahs, 2008), we tentatively assume that 
our urbanisation metric correlates with these other urban 
stressors but we have unfortunately no data from our own 
system to support this. In addition, it is possible that these  

stressors are differently pronounced at the micro-habitat 
scale, i.e. depending on nest type. In comparison with open 
nests, cavities are less exposed to the external environment 
(Kreiderits et al. 2016; see also results on urban peregrine 
falcons in Sumasgutner et al. 2020); thus, they might better 
shelter against light, noise and chemical pollution. Because 
nest type is largely confounded with location along the 
urban gradient, with more cavities in more urbanised areas  

Table 3  Results of LMMs 
used to examine the impacts of 
urban gradient on body mass 
index, fitted with ectoparasite 
infection intensity and 
GSH:GSSG ratio as additional 
explanatory variable; ‘Brood 
ID’ was included as random 
factor; continuous variables 
were scaled and centred. 
N = 143 Eurasian kestrel Falco 
tinnunculus nestlings in Vienna, 
Austria (R2c = 0.71)

UG urban gradient. Ectoparasite Inf. Int. ectoparasite infection intensity. Std. error standard error. Sum 
Sq sum of squares. Mean Sq mean squares. Num DF numerator degrees of freedom. Den DF denominator 
degrees of freedom.

Body mass index Estimate Std. error Sum Sq Mean Sq NumDF DenDF F value Pr(> F)

Urban gradient  − 0.45 0.19 1.94 1.94 1 112.38 5.64 0.019
Ectoparasite Inf. Int 1.43 0.48 3 119.59 1.39 0.249
Ectoparasite Inf. Int. 

(linear)
 − 0.58 0.30 0.051

Ectoparasite Inf. Int. 
(quadratic)

 − 0.29 0.21 0.160

Ectoparasite Inf. Int. 
(cubic)

0.03 0.17 0.876

GSH:GSSG ratio 0.03 0.06 0.647
UG: ectoparasite Inf. Int 1.70 0.57 3 119.80 1.65 0.181
Ectoparasite Inf. Int. 

(linear)
 − 0.50 0.31 0.112

Ectoparasite Inf. Int. 
(quadratic)

 − 0.04 0.23 0.844

Ectoparasite Inf. Int. 
(cubic)

 − 0.22 0.19 0.253

Fig. 3  Effect of urban gradient 
on body mass index in interac-
tion with ectoparasite infection 
intensity (P = 0.019, Esti-
mate =  − 0.45 ± SE 0.19), fitted 
with and GSH:GSSG ratio 
as additional covariates. The 
model explains 71% of the 
variance in body mass index. 
Note that all continuous vari-
ables were scaled and centred. 
Figures are based on predicted 
values of LMMs, shaded grey 
areas represent 95% CIs over-
laying the background scatter of 
raw data.
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and more open nests in planters and trees in less urbanised 
areas, it is unfortunately not possible to tease apart these 
two factors. Additionally, the different urban stressors  
might influence physiological parameters differently,  
which could only be addressed with an experimental study 
design. Furthermore, these urban stressors hardly act in 
separation, and the combined exposure to multiple urban 
stressors may either show additive or synergistic effects (see 
also Isaksson 2015). For example, there may be negative 
effects on physiological health exerted by chemical pollution  
(Isaksson 2010; Koivula & Eeva 2010); the inhalation of  
NOx causes a series of redox reactions in the airways and 
ultimately triggers both antioxidant and inflammatory 
responses (Last et  al. 1994). Rising levels of oxidative 
stress and inflammation have also been demonstrated in 
mice exposed to noise (Münzel et al. 2017). Noise pollution 
impairs several behavioural patterns of wild animals (Barber  
et al. 2009; Kight & Swaddle 2011) and may also affect 
GSH levels due to its dual function as antioxidant and  
neurotransmitter/modulator (Janáky et al. 1999; Hovatta 
et al. 2005; Yamane et al. 2007). The exposure to artificial 
light at night can change reproductive, feeding and sleeping  
behaviour (Kempenaers et al. 2010; Le Tallec et al. 2013) 
often resulting in an increased activity (e.g. extended  
foraging time or disturbed sleep), which further raises the 
metabolic demand and ultimately affects oxidative stress 
(Metcalfe and Alonso-Alvarez 2010; Selman et al. 2008). 
Artificial night light can also trigger suppression of cell-
mediated and humoral immune functions in birds and  
mammals (Moore & Siopes 2000; Bedrosian et al. 2011). 
Yet, the present data reveal no effect on the measured GSH, 
the GSG:GSSG ratio, haptoglobin nor agglutination.

The body mass index of kestrel nestlings decreased with 
increasing urbanisation. An increase of soil sealing is linked 

to lower accessibility of diurnal rodents as suitable prey 
(Sumasgutner et al., 2014a; Mitter et al. 2015) and typically 
results in a pronounced shift in diet composition towards 
avian prey (Kübler et al. 2005; Sumasgutner et al., 2014a, 
b). Passerines are poorer in nutritional value compared to  
voles (Goodwin 1980; Kirkwood 1991) and kestrels are not 
necessarily capable of catching agile birds to sufficiently 
provision offspring with prey items (Fargallo et al. 2020). 
The resulting malnutrition typically affects the junior/
youngest siblings, which additionally suffer from higher 
ectoparasite burden (‘tasty chick hypothesis’; Roulin et al. 
2003; Sumasgutner et al., 2014c). Both mechanisms reduce 

Table 4  Results of GLMMs used to examine the impacts of urban 
gradient on ectoparasite infection intensity, fitted with hatching rank 
and year as additional explanatory variable; ‘Brood ID’ was included 
as random factor. N = 195 Eurasian kestrel Falco tinnunculus nest-
lings in Vienna, Austria (R2c = 0.65).  Significant predictors are dis-
played in bold.

Std. error standard error ± year 2015 was used as reference category.

Ectoparasite 
infection intensity

Estimate Std. error z-value χ2 Pr(> z)

Urban gradient  − 0.02 0.009  − 2.21 4.88 0.027
Hatching rank 8.33 0.016
Hatching rank. 

(linear) 
0.40 0.17 2.43

Hatching rank 
(quadratic) 

0.18 0.16 1.15

Year (2017) ±  − 0.83 0.47  − 1.78 3.14 0.076
Intercept 0.23 0.58 0.39 0.16 0.693

Fig. 4  Ectoparasite infection intensity is influenced by (top) the 
urban gradient on (χ2 = 4.88, P = 0.027), and (bottom) hatching rank 
(χ2 = 8.33, P = 0.016), fitted with year as additional covariate (sta-
tistically not significant). The model explains 65% of the variance. 
Note that all continuous variables were scaled and centred. Figures 
are based on predicted values of GLMM, shaded grey areas represent 
95% CIs, red dot and  lines  mean ± SEs  overlaying the background 
scatter of raw data.
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brood size after hatching (Sumasgutner et al., 2014b). The 
lack of suitable prey items has cascade effects on essential  
dietary antioxidants such as carotenoids (Isaksson and  
Andersson 2007; Sumasgutner et al. 2018), which can be 
further enhanced at higher trophic levels (Drouillard et al. 
2001; Henny et al. 2003). Thus, the most likely explanation 
for our lower body mass index in urban kestrel nestlings 
is the lack of suitable prey. This finding is in accordance 
with other urban-dwelling avian species (see Liker et al. 
2008; Meillère et al. 2015; Herrera-Dueñas, 2018; Isaksson 
et al., 2005; Chamberlain et al., 2009). However, a recent 
urban raptor study showed that offspring with lower body 
mass indices also had higher local apparent survival rates 
(Nebel et al. 2021)—unfortunately we do not have data on 
post-fledging survival in our population from which to infer 
potential long-term fitness consequences.

Wildlife parasites tend to be less diverse in urban areas, 
yet parasite transmission can occur more rapidly because of 
higher avian density, avian aggregations at supplementary 
feeding stations and/or the close proximity between wild 
animals, livestock, pets and humans (Bradley & Altizer, 
2007). In this study, we found fewer ectoparasites per nest 
with increasing urbanisation. Literature on parasitaemia 
along urban–rural gradients is rare but shows both negative 
and positive trends. For example, the risk of haemoparasite 
infection decreased with increasing urbanization (Fokidis  
et  al. 2008; Bailly et  al. 2016; Suri et  al. 2017), while  
prevalence of coccidia, poxvirus and trichomoniasis 
increased with urbanization (Giraudeau et  al. 2014;  
Mannan et al. 2008). Avian malaria (Plasmodium sp.) 
has been shown to trigger expression of antioxidant and 
immune genes (Videvall et al. 2015) and increase oxidative  
damage measured as reactive oxygen metabolites (Isaksson  
et al. 2013). To date, few studies have investigated the  
physiological signals of stress caused by ectoparasites. 
Short-term expression of antioxidants and immune response,  
on the other hand, has been shown to increase during peak  
parasitaemia in birds infected with malaria (Videvall et al.  
2015). Few studies consider physiological signals of stress  
caused by ectoparasites (but see Dudaniec et al. 2006; 
Fessl et al. 2006; Sun et al. 2020), in which bites create 
small wounds with oral secretion inserted into the host’s 
skin tissue that may trigger an inflammatory response 
(Baron and Weintraub 1987; Owen et al. 2010). From such  
wounds, various immune cells generate reactive oxygen 
species (Halliwell & Gutteridge 2002; Sorci & Faivre 
2009; Costantini & Møller 2009) and excessive reactive 
oxygen species production may also affect host tissues, 
resulting in oxidative stress (Sorci & Faivre 2009). We 
found no significant effects of C. hemapterus intensity on  
physiological stress parameters examined in this study. Our  
data are a snapshot of the nestling phase, whereby nestlings  
were measured and sampled at age 12 to 16 days. The 

peak infection with C. hemapterus in Common Starlings 
(Sturnus vulgaris, Liker et al. 2001) and American kestrels 
(Falco sparverius, Lesko and Smallwood 2012) occurred 
earlier in the nestling period, while barn owls did not show 
a significant relationship between nestling age and C.  
hemapterus infection intensity (Roulin et al. 2007). We do 
not know when C. hemapterus peaks in European kestrels 
(only that infection is lower in the age range 16–25 than in 
the age range 6–15 days; Sumasgutner et al., 2014c), but if  
the peak in this species is also earlier, then this may have 
contributed to the lack of any significant relationship with 
physiological parameters. In any case, early mortality is not  
visible in our data set especially when considering that clutch  
sizes are similar along the urban gradient but the number of  
fledglings is significantly smaller in the most urban parts 
(Sumasgutner et  al., 2014a). While it is to be expected 
that this bias affects all nests in our study system equally, 
it might still skew the results if junior siblings in highly 
urbanised areas are indeed dying early while also having 
the highest ectoparasite burden as suggested by the ‘tasty 
chick hypothesis’ (Roulin et al. 2003). The result would be 
an overall healthier but smaller brood. However, the tasty 
chick hypothesis is not applicable to all avian systems.  
For example, Valera et al. 2004 found that C. hemapterus 
tend to aggregate on the larger hatchling in European 
bee-eaters Merops apiaster, whereby ectoparasites were 
not associated with level of immunocompetence; without 
repeated measures throughout the nestling period, we cannot 
identify the peak of infection intensity. Another reason might 
be that our categorical estimation of ectoparasites does not 
provide sufficient resolution to capture the full variation 
of parasite levels. For future studies, we suggest repeated  
sampling including the early (and late) nestling stage as well 
as actual parasite counts rather than categorical estimates.

Ectoparasites can cause both short- or long-term fitness 
costs (Fitze et al 2004). Thus, we predicted that C. hem-
apterus and the body mass index of the kestrel nestlings 
would be negatively correlated, yet we did not find such a 
pattern. Possibly this is due to the large effect of urbanisation 
on body mass index, which goes in the opposite direction 
to parasite intensity. Thus, lack of suitable and abundant 
prey has a larger influence on body mass index than para-
site load. Furthermore, urban environments are generally 
warmer than rural environments due to the so-called urban 
heat island effect (Oke 1982; Solecki et al 2005; Morabito 
et al 2016). Experimental manipulation of in-nest tempera-
ture in blue tit Cyanistes caeruleus nest boxes resulted in 
fewer mites and blowfly pupae, and a trend for fewer fleas 
(Castaño-Vázquez et al. 2018). It is possible that our finding 
of fewer C. hemapterus in urban areas could be the conse-
quence of higher temperatures along with more cavity nests 
in urban areas, which remains to be investigated in more 
detail. More research into the causes and consequences of 
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ectoparasitism is needed to more fully understand possible 
interaction effects along urban–rural habitat areas.

Conclusion

Living in urban environments can affect pathogen pressure, 
immune defences and oxidative stress (Audet et al. 2016; 
Bailly et al. 2016; Capilla-Lasheras et al. 2017) and despite 
some non-significant results, our study provides support that 
raptors that attain high breeding densities in urban environ-
ments can experience potentially negative health impacts. 
Complement activity (lysis) and the body mass index were 
both lower in areas with more sealed surface area, despite an 
overall lower ectoparasite infection intensity with C. hemip-
terus. Due to the complexity of the antioxidant and immune 
systems and the strong connection of impervious surface and 
urban stressors, further studies on a broader scale, especially 
over several breeding seasons with greater sample sizes and 
including adults as well as nestlings, will be needed to dis-
entangle the detailed underlying mechanisms.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00114- 021- 01745-x.

Acknowledgements We would like to thank everyone who reported 
kestrel breeding sites in Vienna as part of this citizen science project 
and especially the Vienna Fire Fighters, as well as the Vienna Chimney 
Sweepers, for facilitating access to several nesting sites. Without their 
cooperation, this study would not have been possible. We are grateful 
to the Central Research Laboratories at the Natural History Museum 
Vienna, for providing lab space and chemicals for the molecular sex 
determination of kestrel nestlings. LW is grateful to H.-M. Berg who 
assisted her with literature research. CN is grateful to J. Jönsson, A. 
Herrera-Duenas and A.-K. Ziegler who introduced her to the laboratory 
procedures at Lund University. Two anonymous reviewers provided 
helpful feedback on an earlier version.

Author contribution The idea for this study originally came from PS and 
AH and continued to be developed together with AG and CI. Data were 
collected by PS, MA and LW and lab work conducted by AH and CN. 
The statistical analyses were done by LW and PS with additional input 
from CN and AH. The manuscript was prepared by LW, PS, AH and CI, 
was substantially edited by CN and SK and approved by all co-authors. 
Volunteers and field assistants have been accredited accordingly.

Funding Open access funding provided by University of Vienna. This 
study was financially supported by the Small Research Grant of the 
British Ornithologists’ Union (BOU, 2017 to LW) and by the Ger-
man Ornithologists’ Union (DO-G, 2016 to PS). MA received funding 
from the Natural History Museum Vienna and the Research Grant of 
the University of Vienna. During the preparation of this manuscript, 
CN received UCT’s International Student scholarship, PS the L’Oréal 
for Women in Science Grant (UNESCO Commission and Austrian 
Academy of Science, GZ: 121/18-tww) and AH was supported by the 
Swedish Research Council (grant 2018–04278).

Data availability The data underlying this study are available as sup-
plementary electronic material.

The study was performed under licence of the Environmental 
Protection Bureau of Vienna (MA22/1263/2010/3), the Ministry for 
Science and Research BM.WF (BMWF –66.006/0010-II/3b/2011 and 
0021II/3b/2013, 2015, 2017) and was approved by the ethics commit-
tee of the University of Veterinary Medicine, Vienna (TGV, BGBI.
Nr.501/1989 i.d.F. BGBI. I Nr.162/2005). All data were acquired 
strictly following current Austrian and EU law as well as the guide-
lines for treatment of animals in behavioural research and teaching 
(ASAB2018).

Declarations 

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Aastrup C, Hegemann A (2021) Jackdaw nestlings rapidly increase 
innate immune function during the nestling phase but no 
evidence for a trade-off with growth. Dev Comp Immunol 
117:103967. https:// doi. org/ 10. 1016/j. dci. 2020. 103967

Abbas A, Lichtman A, Pillai S (2012) Basic immunology functions and 
disorders of the immune system. Saunders/Elsevier: 40

Alberti M, Botsford E, Cohen A (2001) Quantifying the urban gradient: 
Linking urban planning and ecology. In: Marzluff JM, Bowman 
R, Donnelly R editors. Avian Ecology and Conservation in an 
Urbanizing World. Boston, MA: Springer US. 89-115. https:// 
doi. org/ 10. 1007/ 978-1- 4615- 1531-9_5

Amundsen T, Slagsvold T (1996) Lack’s brood reduction hypothesis 
and Avian hatching asynchrony: what’s next? Oikos 76(3):613. 
https:// doi. org/ 10. 2307/ 35463 59

Anderson DR, Burnham KP, White GC (1998) Comparison of Akaike 
information criterion and consistent Akaike information crite-
rion for model selection and statistical inference from capture 
recapture studies. J Appl Stat 25(2):263–282. https:// doi. org/ 10. 
1080/ 02664 76982 3250

Andrews CJ (2008) Greenhouse gas emissions along the rural urban 
gradient. J Env Plan Manag 51(6):847–870. https:// doi. org/ 10. 
1080/ 09640 56080 24237 80

Audet J-N, Ducatez S, Lefebvre L (2016) The town bird and the country 
bird: problem solving and immunocompetence vary with urbaniza-
tion. Behav Ecol 27:637–644. https:// doi. org/ 10. 1093/ beheco/ arv201

Bailly J, Scheifler R, Belvalette M, Garnier S, Boissier E, Clément-
Demange V-A, Gète M, Leblond M, Pasteur B, Piget Q, Sage M, 
Faivre B (2016) Negative impact of urban habitat on immunity 
in the great tit Parus major. Oecologia 182:1053–1062. https:// 
doi. org/ 10. 1007/ s00442- 016- 3730-2

Barber JR, Crooks KR, Fristrup KM (2009) The costs of chronic noise 
exposure for terrestrial organisms. Trends Ecol Evol 25:180–189. 
https:// doi. org/ 10. 1016/j. tree. 2009. 08. 002

https://doi.org/10.1007/s00114-021-01745-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.dci.2020.103967
https://doi.org/10.1007/978-1-4615-1531-9_5
https://doi.org/10.1007/978-1-4615-1531-9_5
https://doi.org/10.2307/3546359
https://doi.org/10.1080/02664769823250
https://doi.org/10.1080/02664769823250
https://doi.org/10.1080/09640560802423780
https://doi.org/10.1080/09640560802423780
https://doi.org/10.1093/beheco/arv201
https://doi.org/10.1007/s00442-016-3730-2
https://doi.org/10.1007/s00442-016-3730-2
https://doi.org/10.1016/j.tree.2009.08.002


 The Science of Nature (2021) 108:42

1 3

42 Page 12 of 16

Baron RW, Weintraub J (1987) Immunological responses to parasitic 
arthropods. Parasitol Today 3:77–82. https:// doi. org/ 10. 1016/ 
0169- 4758(87) 90163-3

Bartoń K (2018) MuMIn: Multi-Model Inference. R Package Version 
1(42):1

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Soft 67(1):1–48

Bedrosian TA, Fonken LK, Walton JC, Nelson RJ (2011) Chronic 
exposure to dim light at night suppresses immune responses in 
Siberian hamsters. Biol Lett 7:468–471. https:// doi. org/ 10. 1098/ 
rsbl. 2010. 1108

Birdlife Finland (2018) Birdlife Finland (2018) http:// netti. nic. fi/ ~matti 
sj/ petop ull_ ika_ index. html (accessed 20.12.2018)

Blas J, Baos R, Bortolotti GR, Marchant T, Hiraldo F (2005) A multi-
tier approach to identifying environmental stress in altricial nest-
ling birds. Funct Ecol 9(2):315–322. https:// doi. org/ 10. 1111/j. 
1365- 2435. 2005. 00976.x

Boughton RK, Joop G, Armitage SAO (2011) Outdoor immunol-
ogy: methodological considerations for ecologists. Funct Ecol 
25(1):81–100. https:// doi. org/ 10. 1111/j. 1365- 2435. 2010. 01817.x

Bradley CA, Altizer S (2007) Urbanization and the ecology of wildlife 
diseases. Trends Ecol Evol 22:95–102. https:// doi. org/ 10. 1016/j. 
tree. 2006. 11. 001

Burnham KP, Anderson DR (2002) Model selection and multimodel 
inference - a practical information-Theoretic Approach. Springer, 
New York

Capilla-Lasheras P, Dominoni DM, Babayan SA, O’Shaughnessy PJ, 
Mladenova M, Woodford L, Pollock CJ, Barr T, Baldini F, Helm 
B (2017) Elevated immune gene expression is associated with poor 
reproductive success of urban blue tits. Front Ecol Evol. in press

Castaño-Vázquez F, Martínez J, Merino S, Lozano M (2018) Experi-
mental manipulation of temperature reduces ectoparasites in 
nests of blue tits Cyanistes caeruleus. J Avian Biol 49(8):e01695. 
https:// doi. org/ 10. 1111/ jav. 01695

Chamberlain DE, Cannon AR, Toms MP, Leech DI, Hatchwell BJ, 
Gaston KJ (2009) Avian productivity in urban landscapes: a 
review and meta-analysis. Ibis 151:1–18. https:// doi. org/ 10. 
1111/j. 1474- 919X. 2008. 00899.x

Chávez-Zichinelli CA, MacGregor-Fors I, Quesada J, Talamás Rohana 
P, Romano MC, Valdéz R, Schondube JE (2013) How stressed 
are birds in an urbanizing landscape? Relationships between the 
physiology of birds and three levels of habitat alteration. The 
Condor 115 (1). https:// doi. org/ 10. 1525/ cond. 2013. 110201

Cinzano P, Falchi F, Elvidge CD (2001) The first World Atlas of the 
artificial night sky brightness. Mon Notices Royal Astron Soc 
328(3):689–707. https:// doi. org/ 10. 1046/j. 1365- 8711. 2001. 
04882.x

Cinzano P, Falchi F, Elvidge CD (2007) Recent progresses on a second 
world atlas of the night sky brightness. World Conference in 
Defense of the Night Sky and the Right to Observe the Stars, La 
Palma, 20–23 April 2007

Costantini D, Greives TJ, Hau M, Partecke J (2014) Does urban life 
change blood oxidative status in birds? J Exp Biol 217:2994–
2997. https:// doi. org/ 10. 1242/ jeb. 106450

Costantini D, Møller AP (2009) Does immune response cause oxida-
tive stress in birds? A meta-analysis. Comp Biochem Physiol A 
153:339–344. https:// doi. org/ 10. 1016/j. cbpa. 2009. 03. 010

Cotran RS, Kumar V, Robbins S (1995) Inflammation and repair. 
Pathologic Basis of Disease, 5th edn. WB Saunders Company, 
New York, 57–104

Cramp S, Tomlins AD (1966) The birds of inner London 1951–65. Br 
Birds 59:209–233

Demas GE, Zysling DA, Beechler BR, Muehlenbein MP, French SS 
(2011) Beyond phytohaemagglutinin: assessing vertebrate immune 
function across ecological contexts. J Anim Ecol 80(4):710–730. 
https:// doi. org/ 10. 1111/j. 1365- 2656. 2011. 01813.x

Dhondt AA, Altizer S, Cooch EG, Davis AK, Dobsond A, Driscolla 
MJL, Hartupe BK, Hawleya DM, Hochachka WM, Hosseini PR, 
Jennellec CS, Kollias GV, Leyh DH, Swarthout ECH, Syden-
stricker KV (2005) Dynamics of a novel pathogen in an avian 
host: Mycoplasmal conjunctivitis in house finches. Acta Trop 
94:77–93. https:// doi. org/ 10. 1016/j. actat ropica. 2005. 01. 009

Drouillard KG, Fernie KJ, Smits JE, Bortolotti GR, Bird DM, Norstrom 
RJ (2001) Bioaccumulation and toxicokinetics of 42 polychlorin-
ated biphenyl congeners in American kestrels (Falco sparverius). 
Environ Toxicol Chem 20:2514–2522. https:// doi. org/ 10. 1002/ 
etc. 56202 01117

Dudaniec RY, Kleindorfer S, Fessl B (2006) Effects of the introduced 
ectoparasite Philornis downsi on haemoglobin level and nestling 
survival in Darwin’s small ground finch (Geospiza fuliginosa). 
Austral Ecol 311:88–94. https:// doi. org/ 10. 1111/j. 1442- 9993. 
2006. 01553.x

Düesberg J (2012) Videoanalysen versus Nahrungsrestanalyse: ein 
Methodenvergleich zur Bestimmung der Nahrungsökologie 
urbaner Turmfalken Falco tinnunculus. Humboldt Universität 
zu Berlin, Berlin, Bachelorarbeit

Eck S, Fiebig J, Fiedler W, Heynen I, Nicolai B, Töpfer T, Van den 
Elzen R, Winkler RF, Woog F (2011) Measuring Birds – Vögel 
vermessen. DO-G Deutsche Ornithologen-Gesellschaft. Chist 
Media Natur. Minden, Deutschland

Eeva T, Lehikoinen E, Ronka M (1998) Air pollution fades the plumage 
of the great tit. Funct Ecol 12:607–612. https:// doi. org/ 10. 1046/j. 
1365- 2435. 1998. 00221.x

Fargallo JA, Navarro-Lopez J, Palma-Granados P, Nieto RM (2020) 
Foraging strategy of a carnivorous-insectivorous raptor species 
based on prey size, capturability and nutritional components. Sci 
Rep 10(1):7583. https:// doi. org/ 10. 1038/ s41598- 020- 64504-4

Falchi F, Cinzano P, Duriscoe D, Kyba CCM, Elvidge CD, Baugh K, 
Portnov BA, Rybnikova NA, Furgoni R (2016) The new world 
atlas of artificial night sky brightness. Sci Adv 2(6):e1600377. 
https:// doi. org/ 10. 1126/ sciadv. 16003 77

Fessl B, Sinclair BJ, Kleindorfer S (2006) The life-cycle of Philornis 
downsi (Diptera: Muscidae) parasitizing Darwin’s finches and its 
impacts on nestling survival. Parasitology 133:739–747. https:// 
doi. org/ 10. 1017/ S0031 18200 60010 89

Fitze PS, Clobert J, Richner H (2004) Long term life-history conse-
quences of ectoparasite-modulated growth and development. 
Ecology 85(7):2018–2026. https:// doi. org/ 10. 1890/ 03- 0138

Fokidis HB, Greiner EC, Deviche P (2008) Interspecific variation in 
avian blood parasites and haematology associated with urbaniza-
tion in a desert habitat. J Avian Biol 39:300–310. https:// doi. org/ 
10. 1111/j. 2008. 0908- 8857. 04248.x

Fox J, Weisberg S (2011) An R Companion to Applied Regression, 2nd 
edn. Sage, Thousand Oaks CA

Fridolfsson A-K, Ellegren H (1999) A Simple and Universal Method 
for Molecular Sexing of 832 Non-Ratite Birds. J Avian Biol 
30(1):116–121. https:// doi. org/ 10. 2307/ 36772 52

Gaston KJ, Visser ME, Hoelker F (2015) The biological impacts of 
artificial light at night: the research challenge. Phil Trans R Soc 
B 370:20140133. https:// doi. org/ 10. 1098/ rstb. 2014. 0133

Giraudeau M, Mousel M, Earl S, Mcgraw K (2014) Parasites in the 
City: degree of urbanization predicts poxvirus and coccidian 
infections in house finches (Haemorhous mexicanus). PLoS 
ONE 9(2):e86747. https:// doi. org/ 10. 1371/ journ al. pone. 00867 47

Glencross DA, Ho T-R, Camiña N, Hawrylowicz CM, Pfeffer PE 
(2020) Air pollution and its effects on the immune system. Free 
Radical Biol Med 151:56–68. https:// doi. org/ 10. 1016/j. freer 
adbio med. 2020. 01. 179

Goodwin TW (1980) The Biochemistry of the Carotenoids, 2nd edn. 
Chapman and Hall, London, New York

Halliwell B, Gutteridge JMC (2002) Free radicals in biology and medi-
cine. Oxford Univ Press, Oxford

https://doi.org/10.1016/0169-4758(87)90163-3
https://doi.org/10.1016/0169-4758(87)90163-3
https://doi.org/10.1098/rsbl.2010.1108
https://doi.org/10.1098/rsbl.2010.1108
http://netti.nic.fi/~mattisj/petopull_ika_index.html
http://netti.nic.fi/~mattisj/petopull_ika_index.html
https://doi.org/10.1111/j.1365-2435.2005.00976.x
https://doi.org/10.1111/j.1365-2435.2005.00976.x
https://doi.org/10.1111/j.1365-2435.2010.01817.x
https://doi.org/10.1016/j.tree.2006.11.001
https://doi.org/10.1016/j.tree.2006.11.001
https://doi.org/10.1111/jav.01695
https://doi.org/10.1111/j.1474-919X.2008.00899.x
https://doi.org/10.1111/j.1474-919X.2008.00899.x
https://doi.org/10.1525/cond.2013.110201
https://doi.org/10.1046/j.1365-8711.2001.04882.x
https://doi.org/10.1046/j.1365-8711.2001.04882.x
https://doi.org/10.1242/jeb.106450
https://doi.org/10.1016/j.cbpa.2009.03.010
https://doi.org/10.1111/j.1365-2656.2011.01813.x
https://doi.org/10.1016/j.actatropica.2005.01.009
https://doi.org/10.1002/etc.5620201117
https://doi.org/10.1002/etc.5620201117
https://doi.org/10.1111/j.1442-9993.2006.01553.x
https://doi.org/10.1111/j.1442-9993.2006.01553.x
https://doi.org/10.1046/j.1365-2435.1998.00221.x
https://doi.org/10.1046/j.1365-2435.1998.00221.x
https://doi.org/10.1038/s41598-020-64504-4
https://doi.org/10.1126/sciadv.1600377
https://doi.org/10.1017/S0031182006001089
https://doi.org/10.1017/S0031182006001089
https://doi.org/10.1890/03-0138
https://doi.org/10.1111/j.2008.0908-8857.04248.x
https://doi.org/10.1111/j.2008.0908-8857.04248.x
https://doi.org/10.2307/3677252
https://doi.org/10.1098/rstb.2014.0133
https://doi.org/10.1371/journal.pone.0086747
https://doi.org/10.1016/j.freeradbiomed.2020.01.179
https://doi.org/10.1016/j.freeradbiomed.2020.01.179


The Science of Nature (2021) 108:42 

1 3

Page 13 of 16 42

Hardey J, Humphrey C, Wernham C, Riley H, Etheridge B, Thompson 
D (2013) Raptors: a field guide to survey and monitoring: The 
Stationery Office

Hegemann A, Marra PP, Tieleman BI (2015) Causes and consequences 
of partial migration in a passerine bird. Am Nat 186(4):000–00. 
https:// doi. org/ 10. 1086/ 682667

Hegemann Arne, Pardal S, Matson KD (2017) Indices of immune 
function used by ecologists are mostly unaffected by repeated 
freeze-thaw cycles and methodological deviations. Frontiers in 
Zoology 14(43)

Helm B, Ben-Shlomo R, Sheriff MJ, Hut RA, Foster R, Barnes BM, 
Dominoni D (2013) Annual rhythms that underlie phenology: 
biological time-keeping meets environmental change. Proc R Soc 
B 280:20130016. https:// doi. org/ 10. 1098/ rspb. 2013. 0016

Henny CJ, Kaiser JL, Grove RA, Bentley VR, Elliott JE (2003) Bio-
magnification factors (fish to osprey eggs from Willamette River, 
Oregon, U.S.A.) for PCDDs, PCDFs, PCBs and OC pesticides. 
Environ Monit Assess 84:275–315. https:// doi. org/ 10. 1023/A: 
10233 96815 092

Herrera-Dueñas A (2018) Lights and shadows of city life: conse-
quences of urbanisation for oxidative stress balance of the house 
sparrow. University of Groningen

Herrera-Dueñas A, Pineda J, Antonio MT, Aguirrea JI (2014) Oxida-
tive stress of house sparrow as bioindicator of urban pollution. 
Ecol Indic 42:6–9. https:// doi. org/ 10. 1016/j. ecoli nd. 2013. 08. 014

Herrera-Dueñas A, Pineda-Pampliega J, Antonio-García MT, Agu-
irre JI (2017) The influence of urban environments on oxidative 
stress balance: a case study on the house sparrow in the Iberian 
Peninsula. Front Ecol Evol 5:106. https:// doi. org/ 10. 3389/ fevo. 
2017. 00106

Hölker F, Moss T, Griefahn B, Kloas W, Voigt CC, et al. (2010) The 
dark side of light: a transdisciplinary research agenda for light 
pollution policy. Ecol Soc 15: 13 http:// www. ecolo gyand socie 
ty. org/ vol15/ iss4/ art13/

Hovatta I, Tennant RS, Helton R, Marr RA, Singer O, Redwine JM 
et al (2005) Glyoxalase 1 and glutathione reductase 1 regulate 
anxiety in mice. Nature 438:662–666. https:// doi. org/ 10. 1038/ 
natur e04250

Huchler K, Schulze CH, Gamauf A, Sumasgutner P (2020) Shifting 
breeding phenology in Eurasian Kestrels Falco tinnunculus: 
Effects of Weather and Urbanization. Front Ecol Evol 8:247. 
https:// doi. org/ 10. 3389/ fevo. 2020. 00247

Hurlbert SH (1984) Pseudoreplication and the design of ecological 
field experiments. Ecol Monogr 54:187–211. https:// doi. org/ 10. 
2307/ 19426 61

Ibáñez-Álamo JD, Jimeno B, Gil D, Thomson RL, Aguirre JI, Díez-
Fernández A, Faivre B, Tieleman BI, Figuerola J (2020) Physi-
ological stress does not increase with urbanization in European 
blackbirds: Evidence from hormonal, immunological and cellular 
indicators. Sci Total Environ: 137332.https:// doi. org/ 10. 1016/j. 
scito tenv. 2020. 137332

Isaksson C (2010) Pollution and its impact on wild animals: a meta-
analysis on oxidative stress. EcoHealth 7:342–350. https:// doi. 
org/ 10. 1007/ s10393- 010- 0345-7

Isaksson C (2015) Urbanization, oxidative stress and inflammation: a 
question of evolving, acclimatizing or coping with urban environ-
mental stress. Funct Ecol 29:913–923. https:// doi. org/ 10. 1111/ 
1365- 2435. 12477

Isaksson C (2020) Urban ecophysiology: beyond costs, stress and bio-
markers. Journal of Experimental Biology 223https:// doi. org/ 10. 
1242/ jeb. 203794

Isaksson C, Andersson S (2007) Carotenoid diet and nestling provi-
sioning in urban and rural great tits, Parus major. J Avian Biol 
38:564–572. https:// doi. org/ 10. 1111/j. 2007. 0908- 8857. 04030.x

Isaksson C, Andersson S (2008) Oxidative stress does not influence 
carotenoid mobilization and plumage pigmentation. Proceedings 

of the Royal Society b: Biological Sciences 275:309–314. https:// 
doi. org/ 10. 1098/ rspb. 2007. 1474

Isaksson C, Örnborg J, Stephensen E, Andersson S (2005) Plasma 
glutathione and carotenoid coloration as potential biomarkers of 
environmental stress in great tits. EcoHealth 2:138–146. https:// 
doi. org/ 10. 1007/ s10393- 005- 3869-5

Isaksson C, Sepil I, Baramidze V, Sheldon BC (2013) Explaining 
variance of avian malaria infection in the wild: the impor-
tance of host density, habitat, individual life-history and oxi-
dative stress. BMC Ecology 13 (15) https:// doi. org/ 10. 1186/ 
1472- 6785- 13- 15

Janáky R, Ogita K, Pasqualotto BA, Bains JS, Oja SS, Yoneda Y et al 
(1999) Glutathione and signal transduction in the mammalian 
CNS. J Neurochem 73:889–902. https:// doi. org/ 10. 1046/j. 1471- 
4159. 1999. 07308 89.x

Kaplowitz N (1981) The importance and regulation of hepatic glu-
tathione. Yale J Biol Med 54(6):497–502

Kawecki TJ, Ebert D (2004) Conceptual issues in local adaptation. 
Ecol Lett 7(12):1225–1241. https:// doi. org/ 10. 1111/j. 1461- 0248. 
2004. 00684.x

Kempenaers B, Borgström P, Loës P, Schlicht E, Valcu M (2010) Arti-
ficial night lighting affects dawn song, extra-pair siring success, 
and lay date in songbirds. Curr Biol 20:1735–1739. https:// doi. 
org/ 10. 1016/j. cub. 2010. 08. 028

Kettel EF, Gentle LK, Quinn JL, Yarnell RW (2018) The breed-
ing performance of raptors in urban landscapes: a review and 
meta-analysis. J Ornithol 159:1–18. https:// doi. org/ 10. 1007/ 
s10336- 017- 1497-9

Kidd PM (1997) Glutathione: systemic protectant against oxidative and 
free radical damage. Altern Med Rev 2:155–176

Kight CR, Swaddle JP (2011) How and why environmental noise 
impacts animals: an integrative, mechanistic review. Ecol Lett 
14:1052–1061. https:// doi. org/ 10. 1111/j. 1461- 0248. 2011. 
01664.x

Killpack TL, Oguchi Y, Karasov WH (2013) Ontogenetic patterns of 
constitutive immune parameters in altricial house sparrows. J 
Avian Biol 44:513–520. https:// doi. org/ 10. 1111/j. 1600- 048X. 
2013. 00239.x

Kirkwood JK (1991) Energy requirements for maintenance and growth 
of wild mammals, birds and reptiles in captivity. J Nutr 121:29–
34. https:// doi. org/ 10. 1093/ jn/ 121. suppl_ 11. S29

Klasing KC (2004) The costs of immunity. Acta Zoologica Sinica 
50:961–969

Koivula MJ, Eeva T (2010) Metal-related oxidative stress in birds. 
Environ Pollut 158:2359–2370. https:// doi. org/ 10. 1016/j. envpol. 
2010. 03. 013

Kostrzewa R, Kostrzewa A (1993) Der Turmfalke. Aula Verlag, Wies-
baden, Überlebensstrategien eines Greifvogels

Kreiderits A, Gamauf A, Krenn HW, Sumasgutner P (2016) Investi-
gating the influence of local weather conditions and alternative 
prey composition on the breeding performance of urban Eurasian 
Kestrels Falco tinnunculus. Bird Study 369–379. https:// doi. org/ 
10. 1080/ 00063 657. 2016. 12137 91

Krommer V, Zechmeister HG, Roder I, Scharf S, Hanus-Illnar A (2007) 
Monitoring atmospheric pollutants in the biosphere reserve Wie-
nerwald by a combined approach of biomonitoring methods and 
technical measurements. Chemosphere 67:1956–1966. https:// 
doi. org/ 10. 1016/j. chemo sphere. 2006. 11. 060

Kübler S, Kupko S, Zeller U (2005) The kestrel (Falco tinnuncu-
lus L.) in Berlin: investigation of breeding biology and feed-
ing ecology. J Ornithol 146:271–278. https:// doi. org/ 10. 1007/ 
s10336- 005- 0089-2

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) lmerTest Pack-
age: Tests in Linear Mixed Effects Models. J Stat Soft 82 (13): 
1–26 https:// doi. org/ 10. 18637/ jss. v082. i13

https://doi.org/10.1086/682667
https://doi.org/10.1098/rspb.2013.0016
https://doi.org/10.1023/A:1023396815092
https://doi.org/10.1023/A:1023396815092
https://doi.org/10.1016/j.ecolind.2013.08.014
https://doi.org/10.3389/fevo.2017.00106
https://doi.org/10.3389/fevo.2017.00106
http://www.ecologyandsociety.org/vol15/iss4/art13/
http://www.ecologyandsociety.org/vol15/iss4/art13/
https://doi.org/10.1038/nature04250
https://doi.org/10.1038/nature04250
https://doi.org/10.3389/fevo.2020.00247
https://doi.org/10.2307/1942661
https://doi.org/10.2307/1942661
https://doi.org/10.1016/j.scitotenv.2020.137332
https://doi.org/10.1016/j.scitotenv.2020.137332
https://doi.org/10.1007/s10393-010-0345-7
https://doi.org/10.1007/s10393-010-0345-7
https://doi.org/10.1111/1365-2435.12477
https://doi.org/10.1111/1365-2435.12477
https://doi.org/10.1242/jeb.203794
https://doi.org/10.1242/jeb.203794
https://doi.org/10.1111/j.2007.0908-8857.04030.x
https://doi.org/10.1098/rspb.2007.1474
https://doi.org/10.1098/rspb.2007.1474
https://doi.org/10.1007/s10393-005-3869-5
https://doi.org/10.1007/s10393-005-3869-5
https://doi.org/10.1186/1472-6785-13-15
https://doi.org/10.1186/1472-6785-13-15
https://doi.org/10.1046/j.1471-4159.1999.0730889.x
https://doi.org/10.1046/j.1471-4159.1999.0730889.x
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1016/j.cub.2010.08.028
https://doi.org/10.1016/j.cub.2010.08.028
https://doi.org/10.1007/s10336-017-1497-9
https://doi.org/10.1007/s10336-017-1497-9
https://doi.org/10.1111/j.1461-0248.2011.01664.x
https://doi.org/10.1111/j.1461-0248.2011.01664.x
https://doi.org/10.1111/j.1600-048X.2013.00239.x
https://doi.org/10.1111/j.1600-048X.2013.00239.x
https://doi.org/10.1093/jn/121.suppl_11.S29
https://doi.org/10.1016/j.envpol.2010.03.013
https://doi.org/10.1016/j.envpol.2010.03.013
https://doi.org/10.1080/00063657.2016.1213791
https://doi.org/10.1080/00063657.2016.1213791
https://doi.org/10.1016/j.chemosphere.2006.11.060
https://doi.org/10.1016/j.chemosphere.2006.11.060
https://doi.org/10.1007/s10336-005-0089-2
https://doi.org/10.1007/s10336-005-0089-2
https://doi.org/10.18637/jss.v082.i13


 The Science of Nature (2021) 108:42

1 3

42 Page 14 of 16

Last JA, Sun W-M, Witschi H (1994) Ozone, NO, and NO2: oxidant 
air pollutants and more. Environ Health Perspect 102:179–184. 
https:// doi. org/ 10. 1289/ ehp. 94102 s10179

Le Tallec T, Perret M, Théry M (2013) Light pollution modifies the 
expression of daily rhythms and behavior patterns in a nocturnal 
primate. PLoS ONE 8:e79250. https:// doi. org/ 10. 1371/ journ al. 
pone. 00792 50

Lesko MJ, Smallwood JA (2012) Ectoparasites of American Kestrels 
in northwestern New Jersey and their relationship to nestling 
growth and survival. Journal of Raptor Research 46(3):304–313. 
https:// doi. org/ 10. 3356/ JRR- 11- 56.1

Liker A, Papp Z, Bókony V, Lendvai ÁZ (2008) Lean birds in the city: 
body size and condition of house sparrows along the urbaniza-
tion gradient. J Anim Ecol 77:789–795. https:// doi. org/ 10. 1111/j. 
1365- 2656. 2008. 01402.x

Liker A, Márkus M, Vozár Á, Zemankovics E, Rózsa L (2001) Dis-
tribution of Carnus hemapterus in a starling colony. Can J Zool 
79(4):574–580. https:// doi. org/ 10. 1139/ z01- 018

Liu HL, Wang H, Shenvi S, Hagen TM, Liu RM (2004) Glutathione 
metabolism during aging and in Alzheimer disease. In: De Grey 
ADN (ed). Strategies for engineered negligible senescence: why 
genuine control of aging may be foreseeable. Ann NY Acad Sci 
346–349 https:// doi. org/ 10. 1196/ annals. 1297. 059

Longcore T, Rich C (2004) Ecological light pollution. Front Ecol 
Environ 2(4):191–198. https:// doi. org/ 10. 1890/ 15409 295(2004) 
002[0191: ELP]2. 0. CO;2

López-Arrabé J, Cantarero A, Pérez-Rodríguez L, Palma A, Alonso-
Alvarez C, González-Braojos S, Moreno J (2015) Nest-dwelling 
ectoparasites reduce antioxidant defences in females and nest-
lings of a passerine : a field experiment. Oecologia 179:29–41. 
https:// doi. org/ 10. 1007/ s00442- 015- 3321-7

Mannan RW, Steidl R, Boal C (2008) Identifying habitat sinks: a case 
study of Cooper’s hawks in an urban environment. Urban Ecosyst 
11(2):141–148. https:// doi. org/ 10. 1007/ s11252- 008- 0056-9

Martinez-Padilla J, Viñuela J (2011) Hatching asynchrony and brood 
reduction influence immune response in Common Kestrel Falco 
tinnunculus nestlings. Ibis 153 (3):601±10 https:// doi. org/ 10. 
1111/j. 1474- 919X. 2011. 01133.x

Matson KD, Ricklefs RE, Klasing KC (2005) A hemolysis–hemag-
glutination assay for characterizing constitutive innate humoral 
immunity in wild and domestic birds. Dev Comp Immunol 
29(3):275–286. https:// doi. org/ 10. 1016/j. dci. 2004. 07. 006

Matson KD, Cohen AA, Klasing KC, Ricklefs RE, Scheuerlein A 
(2006) No simple answers for ecological immunology: rela-
tionships among immune indices at the individual level break 
down at the species level in waterfowl. P Roy Soc B-Biol Sci: 
273https:// doi. org/ 10. 1098/ rspb. 2005. 3376

Matson KD, Horrocks NPC, Versteegh MA, Tieleman BI (2012) Base-
line haptoglobin concentrations are repeatable and predictive of 
certain aspects of a subsequent experimentally-induced inflam-
matory response. Comp Biochem Phys A 162:7–15. https:// doi. 
org/ 10. 1016/j. cbpa. 2012. 01. 010

Mazerolle MJ (2017) AICcmodavg: Model selection and multimodel 
inference based on (Q)AIC(c)

McDonnell M, Pickett S (1990) Ecosystem structure and function along 
urban-rural gradients: an unexploited opportunity for ecology. 
Ecology 71(4):1232–1237. https:// doi. org/ 10. 2307/ 19382 59

McDonnell MJ, Hahs AK (2008) The use of gradient analysis 
studies in advancing our understanding of the ecology of 
urbanizing landscapes: current status and future directions. 
Landscape Ecol 23:1143–1155. https:// doi. org/ 10. 1007/ 
s10980- 008- 9253-4

McDonnell MJ, MacGregor-Fors I (2016) The ecological future of 
cities. Science 352:936–938. https:// doi. org/ 10. 1126/ scien ce. 
aaf36 30

McKinney ML (2008) Effects of urbanization on species richness: A 
review of plants and animals. Urban Ecosyst 11(2):161–176. 
https:// doi. org/ 10. 1007/ s11252- 007- 0045-4

Meillère A, Brischoux F, Parenteau C, Angelier F (2015) Influence 
of urbanization on body size, condition, and physiology in an 
urban exploiter: a multi-component approach (C Carere, Ed.). 
PloS ONE 10: e0135685 https:// doi. org/ 10. 1371/ journ al. pone. 
01356 85

Mendes S, Colino-Rabanal VJ, Peris SJ (2011) Bird song variations 
along an urban gradient: the case of the European blackbird (Tur-
dus merula). Landscape Urban Plan 99(1):51–57. https:// doi. org/ 
10. 1016/j. landu rbplan. 2010. 08. 013

Metcalfe N, Alonso-Alvarez C (2010) Oxidative stress as a life-history 
constraint: the role of reactive oxygen species in shaping pheno-
types from conception to death. Funct Ecol 24:984–996. https:// 
doi. org/ 10. 1111/j. 1365- 2435. 2010. 01750.x

Mingorance MD, Oliva SR (2006) Heavymetals content in N. olean-
der leaves as urban pollution assessment. Environ Monit Assess 
119:57–68. https:// doi. org/ 10. 1007/ s10661- 005- 9004-9

Mitter G, Sumasgutner P, Gamauf A (2015) Niche-partitioning of three 
Apodemus species (Mammalia: Murinae) in an urban environ-
ment. An Nat Hist Mus Wien B 117:37–46

Moore CB, Siopes TD (2000) Effects of lighting conditions and mela-
tonin supplementation on the cellular and humoral immune 
response in Japanese quail Coturnix coturnix japonica. Gen 
Comp Endocr 119:95–104. https:// doi. org/ 10. 1006/ gcen. 2000. 
7496

Morabito M, Crisci A, Messeri A, Orlandini S, Raschi A, Maracchi 
G, Munafò M (2016) The impact of built-up surfaces on land 
surface temperatures in Italian urban areas. Sci Total Environ 
551–552:317–326. https:// doi. org/ 10. 1016/j. scito tenv. 2016. 02. 
029

Mougeot F, Martínez-Padilla J, Blount JD, Pérez-Rodríguez L, Web-
ster LMI, Piertney SB (2010) Oxidative stress and the effect 
of parasites on a carotenoid-based ornament. The J Exp Biol 
213:400–407. https:// doi. org/ 10. 1242/ jeb. 037101

Münzel T, Daiber A, Steven S, Tran LP, Ullmann E, Kossmann S, 
Schmidt FP, Oelze M, Xia N, Li H, Pinto A, Wild P, Pies K, 
Schmidt ER, Rapp S, Kröller-Schön S (2017) Effects of noise on 
vascular function, oxidative stress, and inflammation: mechanis-
tic insight from studies in mice. Eur Heart J 38(37):2838–2849. 
https:// doi. org/ 10. 1093/ eurhe artj/ ehx081

Nakagawa S, Schielzeth H (2013) A general and simple method for 
obtaining R2 from generalized linear mixed-effects models. 
Methods Ecol Evol 4(2):133–142. https:// doi. org/ 10. 1111/j. 
2041- 210x. 2012. 00261.x

Nebel C, Amar A, Hegemann A, Isaksson C, Sumasgutner P (2021) 
Parental morph combination does not influence innate immune 
function in nestlings of a colour-polymorphic African raptor. 
Sci Rep 11:11053. https:// doi. org/ 10. 1038/ s41598- 021- 90291-7

Oke TR (1982) The energetic basis of the urban heat island. Q J R 
Meteorol Soc 108(455):1–24. https:// doi. org/ 10. 1002/ qj. 49710 
845502

van der Oost R, Beyer J, Vermeulen NPE (2003) Fish bioaccumula-
tion and biomarkers in environmental risk assessment: a review. 
Environ Toxicol Pharm 13:57–149. https:// doi. org/ 10. 1016/ 
S1382- 6689(02) 00126-6

Ortiz-Santaliestra ME, Resano-Mayor J, Hernández-Matías A, Rod-
ríguez-Estival J, Camarero PR, Moleón M, Real J, Mateoa R 
(2015) Pollutant accumulation patterns in nestlings of an avian 
top predator: biochemical and metabolic effects. Sci Total Envi-
ron 538:692–702. https:// doi. org/ 10. 1016/j. scito tenv. 2015. 08. 053

Owen JP, Nelson AC, Clayton DH (2010) Ecological immunology of 
bird-ectoparasite systems. Trends Parasitol 26:530–539. https:// 
doi. org/ 10. 1016/j. pt. 2010. 06. 005

https://doi.org/10.1289/ehp.94102s10179
https://doi.org/10.1371/journal.pone.0079250
https://doi.org/10.1371/journal.pone.0079250
https://doi.org/10.3356/JRR-11-56.1
https://doi.org/10.1111/j.1365-2656.2008.01402.x
https://doi.org/10.1111/j.1365-2656.2008.01402.x
https://doi.org/10.1139/z01-018
https://doi.org/10.1196/annals.1297.059
https://doi.org/10.1890/15409295(2004)002[0191:ELP]2.0.CO;2
https://doi.org/10.1890/15409295(2004)002[0191:ELP]2.0.CO;2
https://doi.org/10.1007/s00442-015-3321-7
https://doi.org/10.1007/s11252-008-0056-9
https://doi.org/10.1111/j.1474-919X.2011.01133.x
https://doi.org/10.1111/j.1474-919X.2011.01133.x
https://doi.org/10.1016/j.dci.2004.07.006
https://doi.org/10.1098/rspb.2005.3376
https://doi.org/10.1016/j.cbpa.2012.01.010
https://doi.org/10.1016/j.cbpa.2012.01.010
https://doi.org/10.2307/1938259
https://doi.org/10.1007/s10980-008-9253-4
https://doi.org/10.1007/s10980-008-9253-4
https://doi.org/10.1126/science.aaf3630
https://doi.org/10.1126/science.aaf3630
https://doi.org/10.1007/s11252-007-0045-4
https://doi.org/10.1371/journal.pone.0135685
https://doi.org/10.1371/journal.pone.0135685
https://doi.org/10.1016/j.landurbplan.2010.08.013
https://doi.org/10.1016/j.landurbplan.2010.08.013
https://doi.org/10.1111/j.1365-2435.2010.01750.x
https://doi.org/10.1111/j.1365-2435.2010.01750.x
https://doi.org/10.1007/s10661-005-9004-9
https://doi.org/10.1006/gcen.2000.7496
https://doi.org/10.1006/gcen.2000.7496
https://doi.org/10.1016/j.scitotenv.2016.02.029
https://doi.org/10.1016/j.scitotenv.2016.02.029
https://doi.org/10.1242/jeb.037101
https://doi.org/10.1093/eurheartj/ehx081
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1038/s41598-021-90291-7
https://doi.org/10.1002/qj.49710845502
https://doi.org/10.1002/qj.49710845502
https://doi.org/10.1016/S1382-6689(02)00126-6
https://doi.org/10.1016/S1382-6689(02)00126-6
https://doi.org/10.1016/j.scitotenv.2015.08.053
https://doi.org/10.1016/j.pt.2010.06.005
https://doi.org/10.1016/j.pt.2010.06.005


The Science of Nature (2021) 108:42 

1 3

Page 15 of 16 42

Palacios M, Cunnick JE, Vleck D, Vleck CM (2009) Ontogeny of 
innate and adaptive immune defense components in free-living 
tree swallows, Tachycineta bicolor. Dev Comp Immunol 33:456–
463. https:// doi. org/ 10. 1016/j. dci. 2008. 09. 006

Pijanowski BC, Villanueva-Rivera LJ, Dumyahn SL, Farina A, Krause 
BL et al (2011) Soundscape ecology: the science of sound in the 
landscape. Bioscience 61:203–216. https:// doi. org/ 10. 1525/ bio. 
2011. 61.3.6

Pinheiro J, Bates D, DebRoy S, Sarkar D (2018) R Core Team. nlme: 
linear and nonlinear mixed effects models. R package version 
3.1-137. R Found Stat Comput.https://CRAN.R-project.org/pack-
age= nlme. Accessed 19 Jul. 2020

Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF (2003) The 
changing faces of glutathione, a cellular protagonist. Biochem 
Pharmacol 66(8):1499–1503. https:// doi. org/ 10. 1016/ S0006- 
2952(03) 00504-5

Plummer KE, Risely K, Toms MP, Siriwardena GM (2019) The com-
position of British bird communities is associated with long-term 
garden bird feeding. Nat Commun 10(1):2088. https:// doi. org/ 10. 
1038/ s41467- 019- 10111-5

Rejt L (2001) Peregrine Falcon and Kestrel in urban environment—the 
case of Warsaw. In: Gottschalk E, Barkow A, Mühlenberg M, 
Settele J (eds) Naturschutz und Verhalten. UFZ-Bericht 2/2001: 
81–85 Leipzig

Riegert J, Fainová D, Mikeš V, Fuchs R (2007) How urban Kestrels 
Falco tinnunculus divide their hunting grounds: Partitioning or 
cohabitation? Acta Ornithol 42:69–76. https:// doi. org/ 10. 3161/ 
00016 45077 81646 843

Risi T, Sumasgutner P, Cunningham SJ (2021) Anthropogenic food 
availability and body mass maintenance in urban Red-winged 
Starlings. Ostrich (in press)

Roulin A, Brinkhof MWG, Bize P, Richner H, Jungi TW, Bavoux 
C, et al. (2003) Which chick is tasty to parasites? The impor-
tance of host immunology vs. parasite life history. J Anim 
Ecol 72 (1): 75–81. https:// doi. org/ 10. 1046/j. 1365- 2656. 
2003. 00677.x

Roulin A, Christe P, Dijkstra C, Ducrest AL, Jungi TW (2007) Origin-
related, environmental, sex, and age determinants of immuno-
competence, susceptibility to ectoparasites, and disease symp-
toms in the barn owl. Biol J Linn Soc 90:703–718. https:// doi. 
org/ 10. 1111/j. 1095- 8312. 2007. 00759.x

Salmón P, Nilsson JF, Watson H, Bensch S, Isaksson C (2017) Selective 
disappearance of great tits with short telomeres in urban areas. Proc 
R Soc B: 28420171349. https:// doi. org/ 10. 1098/ rspb. 2017. 1349

Salvante KG (2006) Techniques for studying integrated immune func-
tion in birds. Auk 123(2):575–586. https:// doi. org/ 10. 1642/ 0004- 
8038(2006) 123[575: tfsiif] 2.0. co;2

Salvati L, Manganaro A, Fattorini S, Piatella E (1999) Population fea-
tures of kestrels Falco tinnunculus in urban, suburban and rural 
areas in central Italy. Acta Ornithol 34:53–58

Sarkar D (2008) Lattice: Multivariate Data Visualization with R. 
Springer, New York

Schielzeth H (2010) Simple means to improve the interpretability of 
regression coefficients: interpretation of regression coefficients. 
Methods Ecol Evol 1:103–113. https:// doi. org/ 10. 1111/j. 2041- 
210X. 2010. 00012.x

Selman C, McLaren JS, Collins AR, Duthie GG, Speakman JR (2008) 
The impact of experimentally elevated energy expenditure on 
oxidative stress and lifespan in the short-tailed vole Microtus 
agrestis. P Roy Soc B-Biol Sci 275:1907–1916. https:// doi. org/ 
10. 1098/ rspb. 2008. 0355

Simon E, Braun M, Vidic A, Bogyó D, Fábián I, Tóthmérész B (2011) 
Air pollution assessment based on elemental concentration of 
leaves tissue and foliage dust along an urbanization gradient in 
Vienna. Environ Pollut 159(5):1229–1233. https:// doi. org/ 10. 
1016/j. envpol. 2011. 01. 034

Solecki WD, Rosenzweig C, Parshall L, Pope G, Clark M, Cox J, Wie-
ncke M (2005) Mitigation of the heat island effect in urban New 
Jersey. Glob Environ Change B 6(1):39–49. https:// doi. org/ 10. 
1016/j. hazar ds. 2004. 12. 002

Sorci G, Faivre B (2009) Inflammation and oxidative stress in verte-
brate host-parasite systems. Philos Trans R Soc Lond B Biol Sci 
364:71–83. https:// doi. org/ 10. 1098/ rstb. 2008. 0151

Stankowski SJ (1972) Population density as an indirect indicator of 
urban and suburban land-surface modifications. U.S. Geol Surv 
Prof Pap 800-B: B219–B224

Stirnemann I, Johnston G, Rich B, Robertson J, Kleindorfer S (2009) 
Phytohaemagglutinin (PHA) response and bill-hue wavelength 
increase with carotenoid supplementation in Diamond Firetails 
(Stagonopleura guttata). Emu - Austral Ornithology 109:344–
351. https:// doi. org/ 10. 1071/ MU080 69

Stofberg M, Cunningham SJ, Sumasgutner P, Amar A (2019) Jug-
gling a “junk-food” diet: responses of an urban bird to fluctuating 
anthropogenic-food availability. Urban Ecosyst. https:// doi. org/ 
10. 1007/ s11252- 019- 00885-3

Sumasgutner P, Krenn HW, Düesberg J, Gaspar T, Gamauf A (2013) 
Diet specialisation and breeding success along an urban gradient: 
the kestrel (Falco tinnunculus) in Vienna. Austria Beitr Jagd-
Wildforsch 38:385–397

Sumasgutner P, Nemeth E, Tebb G, Krenn HW, Gamauf A (2014a) 
Hard times in the city – attractive nest sites but insufficient food 
supply lead to low reproduction rates in a bird of prey. Front Zool 
11:48. https:// doi. org/ 10. 1186/ 1742- 9994- 11- 48

Sumasgutner P, Schulze CH, Krenn HW, Gamauf A (2014b) Conservation 
related conflicts in nest-site selection of the Eurasian Kestrel (Falco 
tinnunculus) and the distribution of its avian prey. Landsc Urban 
Plan 127:94–103. https:// doi. org/ 10. 1016/j. landu rbplan. 2014. 03. 009

Sumasgutner P, Vasko V, Varjonen R, Korpimäki E (2014c) Public 
information revealed by pellets in nest sites is more important 
than ecto-parasite avoidance in the settlement decisions of Eura-
sian kestrels. Behav Ecol Sociobiol 68:2023–2034. https:// doi. 
org/ 10. 1007/ s00265- 014- 1808-6

Sumasgutner P, Adrion M, Gamauf A (2018) Carotenoid coloration 
and health status of urban Eurasian kestrels (Falco tinnuncu-
lus). PLoS ONE 13(2):e0191956. https:// doi. org/ 10. 1371/ journ 
al. pone. 01919 56

Sumasgutner P, Jenkins A, Amar A, Altwegg R (2020) Nest boxes 
buffer the effects of climate on breeding performance in an Afri-
can urban raptor. PLoS ONE 15:e0234503. https:// doi. org/ 10. 
1371/ journ al. pone. 02345 03

Sun NW, Goodwin SE, Griego MS, Gerson AR, Clotfelter ED (2020) 
Does blood loss explain higher resting metabolic rates in nestling 
birds with hematophagous ectoparasites? J Avian Biol 51https:// 
doi. org/ 10. 1111/ jav. 02264

Suri J, Sumasgutner P, Hellard É, Koeslag A, Amar A (2017) Stabil-
ity in prey abundance may buffer Black Sparrowhawks Accipi-
ter melanoleucus from health impacts of urbanization. Ibis 
159:38–54

Townsend DM, Tew KD, Tapiero H (2003) The importance of glu-
tathione in human disease. Biomed Pharmacother 57:145–155. 
https:// doi. org/ 10. 1016/ S0753- 3322(03) 00043-X

Videvall E, Cornwallis CK, Palinauskas V, Valkiunas G, Hellgren O 
(2015) The avian transcriptome response to malaria infection. 
Mol Biol Evol 32:1255–1267. https:// doi. org/ 10. 1093/ molbev/ 
msv016

Village A (1983) The role of nest-site availability and territorial behav-
iour in limiting the breeding density of Kestrels. J Anim Ecol 
52:635–645. https:// doi. org/ 10. 2307/ 4577

Village A (1990) The Kestrel. T & A D Poyser, London
Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997) Human 

Domination of Earth’s Ecosystems. Science 277(5325):494–499. 
https:// doi. org/ 10. 1126/ scien ce. 277. 5325. 494

https://doi.org/10.1016/j.dci.2008.09.006
https://doi.org/10.1525/bio.2011.61.3.6
https://doi.org/10.1525/bio.2011.61.3.6
https://doi.org/10.1016/S0006-2952(03)00504-5
https://doi.org/10.1016/S0006-2952(03)00504-5
https://doi.org/10.1038/s41467-019-10111-5
https://doi.org/10.1038/s41467-019-10111-5
https://doi.org/10.3161/000164507781646843
https://doi.org/10.3161/000164507781646843
https://doi.org/10.1046/j.1365-2656.2003.00677.x
https://doi.org/10.1046/j.1365-2656.2003.00677.x
https://doi.org/10.1111/j.1095-8312.2007.00759.x
https://doi.org/10.1111/j.1095-8312.2007.00759.x
https://doi.org/10.1098/rspb.2017.1349
https://doi.org/10.1642/0004-8038(2006)123[575:tfsiif]2.0.co;2
https://doi.org/10.1642/0004-8038(2006)123[575:tfsiif]2.0.co;2
https://doi.org/10.1111/j.2041-210X.2010.00012.x
https://doi.org/10.1111/j.2041-210X.2010.00012.x
https://doi.org/10.1098/rspb.2008.0355
https://doi.org/10.1098/rspb.2008.0355
https://doi.org/10.1016/j.envpol.2011.01.034
https://doi.org/10.1016/j.envpol.2011.01.034
https://doi.org/10.1016/j.hazards.2004.12.002
https://doi.org/10.1016/j.hazards.2004.12.002
https://doi.org/10.1098/rstb.2008.0151
https://doi.org/10.1071/MU08069
https://doi.org/10.1007/s11252-019-00885-3
https://doi.org/10.1007/s11252-019-00885-3
https://doi.org/10.1186/1742-9994-11-48
https://doi.org/10.1016/j.landurbplan.2014.03.009
https://doi.org/10.1007/s00265-014-1808-6
https://doi.org/10.1007/s00265-014-1808-6
https://doi.org/10.1371/journal.pone.0191956
https://doi.org/10.1371/journal.pone.0191956
https://doi.org/10.1371/journal.pone.0234503
https://doi.org/10.1371/journal.pone.0234503
https://doi.org/10.1111/jav.02264
https://doi.org/10.1111/jav.02264
https://doi.org/10.1016/S0753-3322(03)00043-X
https://doi.org/10.1093/molbev/msv016
https://doi.org/10.1093/molbev/msv016
https://doi.org/10.2307/4577
https://doi.org/10.1126/science.277.5325.494


 The Science of Nature (2021) 108:42

1 3

42 Page 16 of 16

Wickham H (2009) ggplot2: Elegant Graphics for Data Analysis. 
Springer, New York

Valera F, Hoi H, Darolová A, Kristofik J (2004) Size versus health as a 
cue for host choice: a test of the tasty chick hypothesis. Parasitol-
ogy 129(1):59–68. https:// doi. org/ 10. 1017/ s0031 18200 40052 32

Yamane H, Tomonaga S, Suenaga R, Denbow DM, Furuse M (2007) 
Intracerebroventricular injection of glutathione and its deriva-
tive induces sedative and hypnotic effects under an acute stress 
in neonatal chicks. Neurosci Lett 418:87–91. https:// doi. org/ 10. 
1016/j. neulet. 2007. 03. 003

Yeh CC, Hou MF, Wu SH, Tsai S-M, Lin S-K, Hou LA, Ma H, Tsai 
L-Y (2006) A study of glutathione status in the blood and tissues 
of patients with breast cancer. Cell Biochem Funct 24:555–559. 
https:// doi. org/ 10. 1002/ cbf. 1275

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1017/s0031182004005232
https://doi.org/10.1016/j.neulet.2007.03.003
https://doi.org/10.1016/j.neulet.2007.03.003
https://doi.org/10.1002/cbf.1275

	Reduced ectoparasite load, body mass and blood haemolysis in Eurasian kestrels (Falco tinnunculus) along an urban–rural gradient
	Abstract
	Introduction
	Material and methods
	Study species and study area
	Morphometric measurements, blood sampling and ectoparasite count
	Lab procedure
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


