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Stressors associated with urban habitats have been linked to poor wildlife
health but whether a general negative relationship between urbanization
and animal health can be affirmed is unclear. We conducted a meta-
analysis of avian literature to test whether health biomarkers differed
on average between urban and non-urban environments, and whether
there are systematic differences across species, biomarkers, life stages and
species traits. Our dataset included 644 effect sizes derived from 112
articles published between 1989 and 2022, on 51 bird species. First, we
showed that there was no clear impact of urbanization on health when
we categorized the sampling locations as urban or non-urban. However,
we did find a small negative effect of urbanization on health when this
dichotomous variable was replaced by a quantitative variable representing
the degree of urbanization at each location. Second, we showed that
the effect of urbanization on avian health was dependent on the type
of health biomarker measured as well as the individual life stage, with
young individuals being more negatively affected. Our comprehensive
analysis calls for future studies to disentangle specific urban-related drivers
of health that might be obscured in categorical urban versus non-urban
comparisons.

1. Introduction
Urbanization is characterized by profound modifications of natural habitats,
which includes the creation of impervious surfaces and buildings [1,2], the
introduction of high levels of chemicals and metals in the ground [3,4],
increased levels of air [2,5], noise and light pollution [6,7], high amounts of
refuse, including anthropogenic food sources [8,9], and increased ambient
temperatures (the ‘heat island effect’) [1]. In humans, many of these environ-
mental factors have been associated with changes in physiological processes
linked to health, which have been discussed in great detail in a variety of
reviews, including those by Mabahwi et al. and Tong et al. [10,11].

Several studies have suggested that these environmental factors associated
to urbanization may not only affect human but also affect wildlife health
[12]. Noise pollution has been shown to impair reproduction and territorial
communication of wild species [13], and one of the suggested mechanisms for
this is an increase in the concentration of stress hormones and inflammatory
molecules [14]. Similarly, artificial light at night has been shown to disrupt
circadian rhythms, including that of several physiological processes, as well
as increase activity and metabolic rate, which may have consequences for
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health [15,16]. An increase in chemical and metal pollution has also been associated to downstream health and reproductive
consequences [17]. The anthropogenic food that is readily available in urban environments, either directly or indirectly
provided to wildlife by humans, often lacks many essential macro- and micronutrients, which may result in poor diet and
lead to knock-on effects on oxidative stress, gut microbiome [18], immunity [19] and infection risk [20].

Because of the profound effects that each urban environmental factor may have on organismal processes linked to health,
there are many studies that show that wildlife populations living in urban habitats are in worse health than their non-urban
conspecifics. This is particularly true for birds, one of the most studied animal taxa in urban ecology. Urban great tit (Parus
major) nestlings have been shown to be smaller and in poorer condition than non-urban chicks [21–23]. Increasing levels of
urbanization have been shown to lead to higher feather corticosterone levels in juvenile house sparrows (Passer domesticus),
which may constrain their development [24]. Transcriptomics studies have shown that urban blue tits (Cyanistes careuleus) and
great tits have higher levels of gene transcripts associated to inflammatory responses, compared with their non-urban cousins
[19,25]. However, not all studies support the idea that urbanization invariably and negatively affects health. In song sparrow
(Melospiza melodia), increased levels of urbanization had no impact on their stress physiology or body condition [26]. Another
study found that non-urban burrowing owls (Athene cunicularia) actually had higher levels of stress- induced corticosterone
when compared with urban birds, and suggested this could be owing to urban birds having adapted to deal with stress more
effectively [27]. In two Australian passerines, coccidian infection increases with increasing urbanization in red-brown finches
(Neochima temporalis), but not in superb fairy wrens (Malurus cyaneus) [28]. In black sparrowhawks (Accipiter melanoleucus),
urbanization was negatively associated with some biomarkers of immunity and oxidative stress, while the majority of such
markers were not affected [29]. Similarly, a large comparative analysis on the prevalence of Salmonella and Campylobacter in
birds, two avian gastrointestinal bacteria, showed that while Salmonella prevalence was mostly affected by ecological factors
including urbanization where prevalence was higher in urban areas, Campylobacter prevalence was largely associated with
life-history traits [30].

There are many factors that may impact the relationship between urbanization and health, for example the early develop-
mental stage for many bird species is a particularly sensitive time, and indeed a large proportion of the mortality in birds
occur in early life [31–33]. Therefore, negative impacts of urbanization on health may be more apparent in younger birds than
adults. A few studies have shown this with nestling/juvenile birds being in poorer fitness and condition in urban areas while
adults of the same species appear to be less affected [34–36]. However, studies have also shown no age-specific urban effects
on avian health markers [23,37]. A comprehensive analysis of the literature is thus needed to assess the evidence for general
age-dependent urban effects on health. Urbanization may also impact different bird species in different ways, for instance
because the way a species responds to urban stressors may depend on specific traits, which may either help them to adapt or
limit their ability to adapt to such stressors [38], yet no study to date has looked into this at a global scale. Geographic location
and specifically latitude can also be a factor on how urbanization impacts health. Recent rates of urbanization vastly differ
between different regions of the world [39], with faster rates of urbanization in tropical areas [40,41]. This means that animals
living in different cities around the world have been exposed to different rates of urban-related environmental change in the last
decades, and this may affect their ability to cope with such changes and as a result impact their health [42].

Taken all together, while previous research has suggested that urbanization may impact upon the health of wild avian
species, the evidence remains inconclusive, and rather suggests that urban-related health change may be dependent on the
studied species, the age of the individuals sampled and location of the study. Moreover, results also strongly differ depending
on which health biomarker was measured, and most studies focused only on one or few of such markers. Thus, there is a need
to assess the effect of urbanization on wildlife health by synthesizing and analysing the results of existing literature at the global
scale, across all avian species, age classes and biomarkers of health. Here, we build on the work of previous meta-analyses
that have investigated the relationship between urbanization and health. These previous works found contrasting results but
overall suggests there is a relationship between urbanization and health and that this relationship may depend on a variety
of factors including the study species and health biomarker measured [43–47]. Crucially, an important part of our approach
was that we quantified the level of urbanization at each location included in our meta-analysis, while sites were traditionally
categorized as urban versus non-urban. Urban areas can be spatially heterogeneous and thus the level of urbanization at each
sampled location may strongly influence the difference between urban and non-urban populations [48]. Using the level of
urbanization as a continuous variable in a meta-regression analysis may help us to uncover any hidden effects that we may not
see when we group all urban areas in one category [48]. Moreover, we also included a wider range of health biomarkers than
what has been used previously. We believe that this study will be of importance to policymakers as identifying the contexts
in which urbanization impacts wildlife health is crucial to understand what areas need to be directly targeted for conservation
management. This includes a better understanding of what species are more sensitive to urbanization and why, whether certain
life stages are more at risk, as well as what health metrics are most likely to be impacted by urbanization (and therefore could be
prioritized as relevant biomarkers). Such understanding would be crucial to protect and enhance urban biodiversity in a world
that is projected to become increasingly more urbanized.

We performed multiple meta-analyses to increase our understanding of the complex relationship between urbanization and
health in birds. We aimed to inform urban ecology theory as well as to guide future urban planning and management efforts.
The questions we specifically want to answer are:

— Is there an overall impact of urbanization on bird health? We would expect that there will be an overall negative effect of
urbanization on bird health as it is well established that urban areas have many novel stressors that may impact health
[12,14,49,50].
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— Is there a relationship between the degree of urbanization and health? We expect to find a stronger negative relationship
between urbanization and health when the level of urbanization increases, an increase in urbanization will likely mean an
increase in urban stressors that have the potential to impact health.

— Are specific health traits more sensitive to urbanization? We predict that certain health traits are likely to be more
sensitive to urbanization as several studies have found strong effects of urbanization on health traits such as telomere
shortening [23,37,51], other studies have also found contrasting results on the same health trait, for example evidence
for effects on corticosterone have been shown to be more variable [24,26]. This could suggest the relationship will be
dependent on other variables.

— Is the relationship between urbanization and health dependent on species-specific traits including maximum lifespan,
trophic niche, migratory behaviour, primary behaviour and life stage? We expect that there will be an effect of species-
specific traits on this relationship. Studies have shown that having specific traits can either help a species adapt or will
hinder their ability to adapt to urban environments [36]. For example, it has been shown that nestlings will be more
sensitive to environmental change than adults, so we may find a stronger effect of urbanization on health in this particular
life stage [31,32,34]. Species that have certain trophic niches may also be more sensitive to urbanization, for example we
may find that insectivores are in poorer health owing to reduced food availability [52].

— Is the relationship between urbanization and health dependent on latitude? We expect that there will be an effect of
latitude on the relationship between urbanization and health. Rates of urbanization vastly differ around the world, and
species that inhabit regions where the rates of urbanization are increasing rapidly may be more sensitive to these changes
[42,53].

2. Methods
(a) Literature search
We first created a search string using keywords that are relevant to the study, selected by reading relevant literature, the search
string which we used for the meta-analysis is shown below:

(‘City*’ OR ‘Urban*”) AND (‘Aves’ OR ‘Avian’ OR ‘Bird*’ OR ‘Ornithol*’ OR ‘Passerine*’ OR ‘Passeriform*’ OR ‘Songbird*”)
AND (‘Body condition’ OR ‘Corticosterone*’ OR ‘CORT*’ OR ‘Disease*’ OR ‘Infection*’ OR ‘Immun*’ OR ‘Oxidative stress’ OR
‘Parasite*’ OR ‘Stress*’ OR ‘Telom*’ OR ‘Telomere attrition’ OR ‘Telomere shortening’)

This search string was used to search for relevant peer-reviewed published papers on the Web of Science core collection. All
the literature that was flagged using this search string was then extracted and we de-duplicated the initial search results in Excel
using the Excel duplicate tool. We recorded number of results for each search iteration following Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) guidelines [54]. The PRISMA diagram for the meta-analysis is shown in
electronic supplementary material, figure S1.

(b) Inclusion criteria
To be included in the meta-analysis, studies must have been comparing paired urban and non-urban populations. In the case
of a study where the sampling design was an urbanization gradient, then we used data extracted from the populations located
at the urban and non-urban extremes of the gradient which was the case for 45 studies. Four studies used multiple urban
and non-urban sites not really representing a gradient, and in these cases, any descriptions of the sites presented were used
to extract data from the most urban and non-urban populations. If this was not possible, a random number generator was
used to randomly select a non-urban and urban population to be included in the analysis. Studies were only included if the
focal species they were measuring belonged to the avian class. The study must also have been measuring at least one health
biomarker which we defined as any physiological or morphological measures or a measure of parasitism or disease that could
have an overall effect on an organism’s fitness and survival. We first screened all studies by reading the title and the abstract,
marking all relevant studies based on whether or not they met these inclusion criteria (electronic supplementary material,
figure S1). After inspecting 4133 studies published between 1981 and 2022 (electronic supplementary material, figure S1), our
meta-analysis included 644 urban-non-urban paired comparisons from 112 studies published between 1989 and 2022 from 16
health biomarkers (described in electronic supplementary material, tables S2 and S3) and included 51 bird species shown in
electronic supplementary material, figure S1 [21,23,24,26,34,35,37,55–152] (figure 1).

(c) Data extraction
We read all relevant studies (n = 217; electronic supplementary material, figure S1) in full. We then extracted any qualitative
information about the study, including the focal species, health trait, authors, title, publication year, publishing journal, country
the study took place in and how many years the study took place over. We also extracted information about the study location,
and specifically about the geographic coordinates, if recorded. We then extracted the quantitative data needed to calculate effect
sizes for each paired urban and non-urban locations, which included the standard deviation, the mean and the sample size
of the health biomarker measured for each population. This was done in different ways depending on the study. For most
studies, we extracted data from tables or text. In some cases, we extracted data from figures using the function ‘metaDigitise’ in
the ‘metaDigitise’ (v. 1.0.1) [153] package in RStudio [154]. We also extracted data from the electronic supplementary materials
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or directly from the raw data that were provided as part of the publication. When the study had missing data or did not
report the information needed to calculate effect sizes, we contacted the corresponding author recorded on the study to request
the missing data. The authors who responded and sent data that were used in the meta-analysis are shown in electronic
supplementary material, table S1.

To calculate the standardized mean difference between paired urban and non-urban locations for the health traits measured
in each study, we calculated Hedges's g [155] as well as the sampling variance of the effect sizes, using the function ‘escalc’ in
the ‘Metafor’ package (v. 4.4.0) [156]. To allow interpretation of the outcome of the meta-analysis, we assigned a direction of
effect for each of the health traits included in the study. Specifically, if an increase in the value of a given health trait would
have a predicted negative impact on health in urban environments, then this would be considered as a negative direction.
The effect sizes for all health traits with a negative direction were flipped by multiplying them by −1. If a health trait was too
complex to determine directionality, then this was excluded, this included biomarkers such as measures of gut microbiome,
certain hormones (testosterone and oestradiol) as well as gene expression data. The directionality of each health trait is shown in
electronic supplementary material, table S2.

(d) Phylogeny
We extracted phylogenetic trees from the Open Tree of Life (https://opentreeoflife.github.io), using the interface provided by
the R package ‘rotl’ (v. 3.1.0) [157]. We calculated tree branch length, built a phylogenetic correlation matrix and included this
in all phylogenetic multilevel meta-analytic models. The phylogenetic signal was assessed in the meta-analysis based on the
proportion of variation explained by phylogeny. The phylogenetic tree used for analysis is shown in electronic supplementary
material, figure S2.

(e) Additional variables
We also included additional variables to investigate the mechanisms mediating urban effects on avian health. We included
species-specific traits such as trophic niche (the major resource types used), primary behaviour (the dominant locomotory
behaviour while foraging) and migratory behaviour, which we extracted from the AVONET database [158] (electronic supple-
mentary material, table S3). The maximum lifespan of the species was also included as a moderator and was extracted from the
AnAge database [159]. Other moderators included the life stage (nestling or juvenile/adult) and the latitude of the study area
(electronic supplementary material, table S3).

(f) Urban score
For the subset of the studies where exact coordinates were reported for both the non-urban and urban sites, or where the
corresponding authors had provided this information upon request, we calculated the degree of urbanization of each site,
hereafter named ‘urban score’ using previously developed methods by Capilla-Lasheras et al. [48]. We did so by using the
Copernicus Climate Change Service ICDR Land Cover data [160], which provides consistent land cover per year with a global
coverage and spatial resolution of circa 300 m per pixel. Each pixel is classified as 1 of 22 land cover categories which are
defined by United Nations Food and Agricultural Organization Land Cover Classification System.

We first extracted the number of pixels belonging to each land cover category within a circular buffer around each urban
and non-urban location. We performed this operation for each of 13 buffer radii from 150 to 5000 m, in intervals of 250 m. We
calculated the urban score as the proportion of each buffer area that was categorized as urban land cover type [160]. We then
verified that urban score was higher in the urban than in the non-urban location which was the case for each paired location.

120°W 60°W 60°E 120°E0°

Figure 1. World map representing the geographic coverage of our study. The pink circles depict the locations where coordinates were known and could be extracted to
calculate urban score.
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(g) Data analysis
First, to evaluate the general effect of urbanization on bird health, we fitted a phylogenetic multi-level (intercept only) meta-
analysis with Hedges g as the response term. Second, to test whether the effect of urbanization on health depended on the
specific health trait considered, we ran another multi-level meta-analysis that included health trait as a moderator. Third, to
investigate whether differences in health may be better captured by the level of urbanization rather than a simple dichotomous
urban/non-urban variable, we ran phylogenetic meta-regression models to explain differences in health between urban and
non-urban populations (i.e. Hedges's g), where the difference in urban score between the two populations were included as
a continuous moderator (hereafter, ‘urban score’). We ran these models for every buffer radius from 250 to 5000 m at 250 m
intervals, and then performed model selection to identify the model with the best fit which was determined to be the model
with the lowest Akaike information criterion (AIC) value. This was found to be the model at 1000 m buffer radius. The results
of this model were used for biological inference. The AIC values for models ran at each spatial scale can be found in electronic
supplementary material, table S4. The 1000 m radius should be representative of the breeding home range of most species
included in our study. We also ran this same model without urban score as a moderator to test whether the inclusion of urban
score increased model fit. However, urban score was not used in the subsequent models as this information was only available
for a small subset of the effect sizes used in the meta-analysis.

Fourth, to investigate whether species traits or latitude would modulate the effect of urbanization on health, we ran another
multi-level meta-analysis which included life stage, primary behaviour, trophic niche, migratory behaviour and latitude (as an
absolute value) as moderators. A separate model was then run with maximum lifespan as a moderator as this information was
not available for all of the effect sizes.

Last, since several biomarkers were measured either on nestlings or adult birds, we decided to subset the data by life stage
and then, we ran independent analyses on each subset using health trait as a categorical moderator.

We included study ID and phylogeny as random effects in each model as well as an unique ID for each individual effect
size to account for residual variation owing to multiple observations from the same studies, but only in the models where
health trait was not included as a fixed effect (as only one observation per health trait and study was included in our models).
We calculated the heterogeneity for each of the phylogenetic multi-level models using the ‘i2_ml’ function from the OrchaRd
package (v. 2.0) [161]. This allows us to calculate the percentage of total relative heterogeneity as well as the heterogeneity
explained by each random effect included in the model.

We then checked the data for any signs of publication bias. This included looking for any signs of small study effects as
well as time lag bias. Small study effects occur when smaller studies show different, in many cases, larger treatment effects
than larger studies. Time lag bias may occur when more statistically significant effects are published quicker than smaller
or non-statistically significant effects [12–14,49]. To test for bias, we ran two extra multi-level meta-regressions with the same
random structure as the previous models but using a moderator that was either: (i) the square root of inverse sampling variance
to test for small study bias [162] or (ii) year of study publication mean-centred for time lag bias [162,163]. The R2 was then
calculated using the ‘R2_ml’ function from the ‘OrchaRd’ package (v. 2.0) [161]. This was done for the main dataset as well as for
any subset data that were used for subsequent analysis.

All data processing and analysis were completed using R (v. 4.2.1) [154].

3. Results
(a) Does urbanization impact avian health?
Overall, we did not detect any significant impact of urbanization on avian health (mean estimate [95% confidence interval, CI]
= 0.0276 [−0.1992, 0.544]; figure 2a). Total heterogeneity was high (I2 = 89.63%) with 4.34% of it explained by phylogeny, while
18.28% of it was explained by differences between studies. The second model, which was run with health trait as a moderator
showed that health, as determined by lower load of ectoparasites, was higher in urban environments (mean estimate [95% CI]
= 1.728 [0.963, 2.493]; figure 2b). This suggests birds had fewer ectoparasites in urban environments. Full model outputs are
shown in electronic supplementary material, table S5.

We found a significant negative relationship between urban score and overall health (mean estimate [95% CI] = −1.042
[−1.992, −0.092]; figure 3). The regression line crosses 0 at an urban difference of 0.75, however, the slope was negative indicating
that the urban effect is more negative the more urbanized a population is. The AIC score of the model without urban score as
a moderator was 2775 and the AIC score of the model when urban score was included as a moderator was 2707, therefore the
model was a much better fit when urban score was included as a moderator. The effect of urban score and overall health at each
spatial scale is shown in electronic supplementary material, figure S3.

(b) Is the relationship between urbanization and bird health impacted by species traits, latitude or life stage?
The maximum lifespan of bird species did not have a significant impact on the relationship between urbanization and health
(mean estimate [95% CI] = 0.011 [−0.565, 0.543]; electronic supplementary material, figure S5). Similarly, trophic niche, migratory
behaviour and primary behaviour did not affect the relationship between urbanization and health (electronic supplementary
material, figure S4). Latitude was also found not to affect relationship between urbanization and health (mean estimate [95% CI]
= −0.005 [−0.02, 0.001]; electronic supplementary material, figure S6). The majority of studies included in this meta-analysis were
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located in the Northern Hemisphere (electronic supplementary material, figure S6). Finally, life stage of birds does not appear
to have a significant effect on their overall health in urban environments (adult data subset: mean estimate [95% CI] = −0.191
[−1.079, 1.154], nestling data subset: mean estimate [95% CI] = −0.132 [−1.418, 1.154]; figure 4a).

(c) Decomposing the relationship between life stage, urbanization and health
While life stage did not seem to have a significant effect on the relationship between urbanization and health, it did appear that
nestling health was negatively associated to urbanization, while adult health was not (electronic supplementary material, figure
S4a). This, together with the fact that many health traits were not analysed in both adults and nestlings, prompted us to run
two further models to decompose effects separately for adults and nestlings. We found that adult birds have less ectoparasite
burden in urban environments compared to non-urban environments (mean estimate [95% CI] = 1.728 [0.972, 2.484]; figure 4a),
while ectoparasite burden was never measured in nestling birds. Adult birds also tended to have higher blood sugar levels in

(a)

(b)
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Figure 2. Urbanization has no overall impact on avian health and most avian health traits are not affected by urbanization. (a) Results from the intercept only
meta-analytic model. The estimated health impact is reflected in the effect size (Hedges's g) which is displayed on the x-axis. Model estimates for Hedges's g is shown
along with its 95% CIs (thick whisker), 95% prediction intervals are also shown (thin whisker). (b) Second meta-analytic model where health trait was a moderator.
The orchard plot shows different biomarkers of health and their estimated impact on the overall direction of health in urban environments. The health impact is
reflected in the effect size (Hedges's g) which is displayed on the x-axis. The health biomarkers that were measured are displayed on the y-axis. Positive estimates
assume a positive health consequence in urban bird populations. k represents the corresponding number of effect sizes. Full model outputs are shown in electronic
supplementary material, table S5.
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urban environments, but this was not a significant relationship (mean estimate [95% CI] = −0.53 [−1.064, 0.005]; figure 4a). Unlike
adults, whose body condition did not differ between habitats, nestlings were found to be in worse body condition in urban
than non-urban environments (mean estimate [95% CI] = −0.499 [−0.901, −0.097]; figure 4b). To explore this effect further, we ran
an additional meta-analysis with effect sizes of nestling body condition as response variable, and trophic niche and primary
behaviour as moderators. There does not appear to be a significant effect of species trophic niche on nestling body condition
in urban areas (electronic supplementary material, figure S7a). Birds with a terrestrial primary behaviour are in worse body
condition in urban environments when compared to non-urban areas (model estimate [95% CI] = −0.9461 [−1.6854,−0.2067];
electronic supplementary material S5b). Birds with an insessorial primary behaviour also appear to be in worse body condition
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non-urban and urban populations on the health of bird species. The differences in urban score between two paired study sites is shown on the x-axis, while Hedges's
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represents the model estimate, with the dashed lines representing the 95% CIs. k shows the total number of effect sizes.
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in urban areas but this relationship was not significant (mean estimate [95% CI] = −0.4487 [−0.9142, 0.0169]). Generalist species
did not appear to have their health impacted by urbanization (mean estimate [95% CI] = −0.515[−0.8043, 0.5012]). Full model
outputs are shown in electronic supplementary material, tables S7, S6 and S8.

(d) Publication bias
We found no evidence of small study effects in the main dataset (mean estimate [95% CI] = −0.0482 [−0.565, 0.543]; electronic
supplementary material, figure S8) or time lag bias (mean estimate [95% CI] = 0.007 [−0.01, 0.024]). We also found no evidence
of small study effects or timelag bias (mean estimate [95% CI] = 0.0002 [−0.018, 0.019]; electronic supplementary material, figure
S9a) in the data subset by ‘adult’. There was also no evidence of small study bias in the nestling subset dataset (mean estimate
[95% CI] = −0.446 [−2,294, 1.402]; electronic supplementary material, figure S9b). However, we did find evidence of time lag bias
in the nestling subset dataset (mean estimate [95% CI] = 0.064 [0.003, 0.126]). There was no evidence of small study bias (mean
estimate [95% CI] = −0.362 [−1.906, 1.183]) or time lag bias (mean estimate [95% CI] = 0.031 [−0.021, 0.083]) in the subset of data
where urban score was calculated.

4. Discussion
We compiled a global dataset of avian health biomarkers including physiological and morphological biomarkers as well
as measures of disease and parasitism for paired urban and non-urban populations, to provide a holistic view on how
urbanization impacts avian health. A phylogenetically controlled meta-analysis revealed that urbanization did not show a
clear relationship with overall health. However, when the degree of urbanization, rather than a dichotomous urban–non-urban
category was used in the models, avian health did appear to decline with increasing urbanization, suggesting this quantitative
method is more sensitive. We then explored these patterns in detail and found that the effect of urbanization on avian health
was dependent on both the health biomarker measured as well as the life stage of the bird population. The meta-analysis
revealed that adult birds inhabiting urban environments had reduced ectoparasite burden and slightly higher blood sugar
levels while nestlings living in urban environments tended to be in worse body condition.

It is well documented in the literature that organisms inhabiting urban environments can face negative implications to their
health and wellbeing [19,29,73]. Our results indicate that there is no significant effect of urbanization on overall avian health.
Moreover, our analysis showed a high total heterogeneity in Hedges's g. These findings indicate large variation among both
studies and species in how urbanization associates with changes in health biomarkers. While the lack of an overall difference
in health between urban and non-urban birds might seem at first puzzling, our follow-up analysis that considered the urban
score of each location, and specifically the difference in urban score between paired urban and non-urban locations, revealed
a different picture. The effect on health seemed to reach 0 when the difference in urban score was high, which may suggest
that we might see negative impacts only at very high levels of urbanization. In addition or alternatively, the low levels of
ectoparasite burden in urban areas could have balanced out the otherwise negative impact of urbanization on health.

Regardless of the mechanistic explanation, this result does suggest that urban score may be a better predictor of avian health
than a simple dichotomous classification of urban and non-urban populations. Cities are a mosaic of heterogeneous habitats
that vary greatly from each other in their abiotic and biotic characteristics, including levels of pollution (light, noise, chemical
and metal) [2,5–7], human population density [164], amount and quality of green space [1,2,164], degree of anthropogenic
food provisioning [8,9], presence of invasive species [165]. Recent work suggests that although the degree of urbanization can
account for a large proportion of the variance found between habitats [166–168], it still may not be enough to describe more
complex relationships. Instead, quantifying the impact of urban-specific environmental factors may be more revealing. This
approach could be beneficial for future studies (see for instance [169]), including in meta-analyses [170].

Our follow up analyses revealed some mechanisms by which avian health may be affected by urbanization. We found that
birds had a reduced ectoparasite burden when they lived in urban areas in comparison to their non-urban conspecifics, which
could have positive health outcomes. This result could be owing to urban areas having a warmer micro-climate which has been
shown to reduce tick numbers [171]. However, a warmer micro-climate has also been shown to increase mosquito numbers,
as these can feed and reproduce faster when it is warmer. Thus, this effect is probably dependent on the ectoparasite species
being measured [172]. Adult birds in urban areas may also spend less time foraging owing to availability of supplemental
food sources. This could potentially mean they have more time for behaviours that would allow them to reduce their ectopar-
asite burden such as preening [173]. Previous work suggested that Ixodes ticks are studied more than any other arthropod
parasite, likely owing to them being easy to detect on a host through visual examination [172], and that most studies on avian
ectoparasites are clustered in Europe and North America on urban-adapted or introduced bird species [172]. The relationship
shown in our current study is drawn mostly from studies looking into the burden of ticks on adult blackbirds in urban and
non-urban populations in Europe [104,124,142]. This limits our ability to make general assumptions about the relationship
between urbanization and ectoparasite burden on avian species and calls for future studies to look into other bird–parasite
relationships in urban areas.

Our analysis showed that migratory behaviour, primary behaviour, trophic niche or maximum lifespan did not affect the
relationship between urbanization and health in bird species. The ability of species to cope with and adapt to environmental
changes such as urbanization can be dependent on species traits such as their diet, dispersal ability and behavioural flexibility
[38]. For instance, the meta-analysis by Lakatos et al. [174] showed that the abundance of ground nesting and feeding birds
was negatively impacted by urbanization owing to higher predation by domestic animals as well as a lack of suitable nesting
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sites [174]. This meta-analysis also showed that migratory birds were most likely to avoid cities [174]. Cavity nesters have
been shown to have a better chance of survival in cities owing to their ability to use artificial nesting sites such as nest boxes
[175]. The relationship between health and species traits might simply be absent in the context of urbanization. Alternatively,
this relationship may be dependent on the health biomarker measured. For example, insectivorous birds may be negatively
impacted by urbanization owing to limited food sources and this may have consequences for specific aspects of health such as
body condition or carotenoid levels, but we may not see an impact on overall health. Future studies could look at this specific
question.

It would also be expected that impacts of urbanization on health may depend on the latitude of the study site, as there is
latitudinal variation in rainfall, temperature and other climatic variables, and certain vector-borne diseases have been shown
to be dependent on the climate [176]. For instance, in the bat E. fuscus, the negative impact of fungal infections became more
prevalent at higher latitudes, possibly because warming winter conditions in northern latitudes may lead to insect declines
reducing food availability for the bats [177]. However, we did not find any relationship between latitude, urbanization and
health in our study. The majority of studies included in our meta-analysis were conducted at similar mid-to-high latitudes,
and thus we had little power to detect a latitudinal relationship between urbanization and health, if this was present. There
is a strong need for studies conducted at lower latitudes, particularly in tropical mega-cities where urbanization rate has been
high in recent decades [39]. The lack of studies looking at the impacts of urbanization in the southern hemisphere is a massive
gap in knowledge and is of particular importance as urbanization in the global south is rapidly increasing. The differences
in environment and the fact that many developing countries are located in the south may mean we would see a different
relationship between urbanization and health than what we are currently seeing in this meta-analysis [53].

We performed follow-up analyses on nestlings and adult birds separately because it is likely adult birds may be affected
differently when living in urban environments than nestlings, as the developmental period is an extremely sensitive time,
particularly when responding to environmental stressors [31–33]. Our results show a strong tendency for urban adults to
have higher levels of blood glucose than non-urban adults, although this difference was not significant. This could indicate
fluctuations in the availability and quality of food found in urban areas as anthropogenic food that is widely available in urban
environments is usually found to be higher in sugars than natural food sources and lead to an energetic imbalance when
consumed [178,179]. Higher glucose levels may also indicate that urban birds have higher metabolic demands than non-urban
birds. Urban birds have been shown in a variety of studies to have increased levels of activity at the night, which has been
attributed to increased exposure to artificial light [180–182]. This increase in activity can lead to an increased demand for energy,
in birds, this energy supply will mainly come from glucose [183]. The relationship we found in our meta-analysis was only
based on a small sample size, therefore there is an increased need for more studies focusing on the metabolic demands that
urban birds face, as this could constrain them when it comes to other energetically demanding activities including reproduction.

We also show that urban nestlings are in poorer body condition when compared to non-urban nestlings, but adult body
condition did not differ between habitat types. One thing to note is that we did find evidence of time lag bias in the nestling
data subset, this may indicate that studies within this subset with significant results may have been published earlier than
those without significant results. The most likely cause of nestlings being in poorer body condition in urban environments is
reduced food availability or quality. Nestlings that are raised in urban environments are more likely to be fed with poor-quality
food that may lack the nutrients required for development, as shown in a variety of bird species [36,89,184]. The availability
of good-quality food is important for both chick growth and condition which is shown in the meta-analysis [185]. The fact
that we see a negative relationship between urbanization and health in nestlings but not adults could be seen as surprising as
conditions during the development period have been found to have long-lasting effects into adulthood [186,187]. However, this
result may be a consequence of the selective disappearance of birds that are in poorer condition before they reach adulthood
in urban areas. This has been shown in great tits, where juvenile individuals with shorter telomeres disappeared from the
urban population [51]. Alternatively, the favourable winter conditions in urban areas, with availability of anthropogenic food
and higher temperature compared with rural areas, may allow birds to recover from the stressors encountered during their
developmental period, and thus increase winter survival and health [162].

We also found that the negative effects of urbanization on body condition of nestlings was dependent on their primary
behaviour, bird species with specialist behaviours including those classed as terrestrial were shown to be in poor body
condition, whereas generalist species were not impacted by urbanization. Much of the literature indicates that an organism’s
ability to succeed in an urban environment will depend on them having specific traits that would allow them to take advantage
of their surroundings. Species that are classified as ‘generalists’ can be more flexible to changing conditions including land
modification, as they are able to adapt to a wide range of both habitat and feeding conditions [188]. Species that specialize
in certain behaviours do not have this luxury and are more likely to be negatively impacted by modifications to their habitat
[189]. For example, ‘terrestrial’ bird species spend most of their time on the ground where they will feed and nest, however,
this behaviour makes them more vulnerable to urban stressors including predation by domestic cats and dogs as well as habitat
modification or degradation caused by urban activities as shown in Lakatos et al. [174] meta-analysis [174]. Nestlings that are
in worse body condition and weigh less are less likely to successfully fledge and have a lower survival rate [190]. Thus, our
results point to the early life exposure to urban stressors being a considerable challenge for urban bird populations. However,
the demographic consequences of poor body condition and lower survival of urban nestlings are vastly overlooked, but it is
essential that future studies quantify such effects to improve our understanding of whether or not urban bird populations are
self-sustained [191,192].
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5. Conclusions
Our meta-analysis contradicts the popular belief that urbanization is generally bad for the health of wild birds. As health is a
complex and multi-variate trait, different components of health will be impacted in different ways by urbanization. To reinforce
this idea, we showed that using a continuous rather than a dichotomous descriptor of urbanization can improve the inference
and does suggest an overall negative relationship between urbanization and health. However, the effect size was rather small
and only visible when the degree of urbanization was very high. Moreover, heterogeneity was very high, highlighting that
any effect may depend on the species studied, the life stage, the location and the measure of health used. We highlight the
importance for future studies to measure the level of urbanization as this could impact the strength and direction of the
relationship with health.

We also highlight that the body condition of nestlings seemed to be negatively affected by urbanization, which possibly
points to lack of nutrients during growth as a key challenge in urban areas which may have negative fitness consequences. It
is therefore clear that consideration must be taken to improve the body condition of birds during development. Planners could
implement habitat improvement strategies aimed at increasing food resources for example insect abundance. The outcome in
terms of insect availability and avian fitness could then be easily monitored. It is crucial that future studies will investigate what
specific environmental factors may be more important for avian health, for example sensory pollutants including noise and
light pollution, access to anthropogenic food or lack of suitable habitat. This information could be pivotal for the management
of urban environments to ensure the future conservation of the species that inhabit them and allow for a more targeted
conservation management approach.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The authors of this work are committed to ensuring that data used in our analysis is made publicly available. The data and code
used in this analysis are available on Zenodo [193].

Supplementary material is available online [194].
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. R.R.: conceptualization, data curation, formal analysis, investigation, methodology, project administration, software,
validation, visualization, writing—original draft, writing—review and editing; P.C.-L.: formal analysis, methodology, software, writing—
review and editing; Y.H.: data curation, formal analysis, methodology, software, writing—review and editing; J.B.: conceptualization, funding
acquisition, methodology, project administration, resources, supervision, writing—review and editing; D.M.D.: conceptualization, funding
acquisition, methodology, project administration, resources, supervision, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. This project was funded through a grant from Wild Animal Initiative to D.M.D.
Acknowledgements. Thanks to all of the authors who responded to our data enquires, including Juan Carlos Senar, Jessica Jimenez Penuelas, Michal
Gladalski, Melinda Weaver, Amanada Rodewald, Brooke Sykes, Jennifer Phillips, Piotr Minias, Caroline Isaksson, Diederik Strubbe, Sarah
Hamer, Petra Sumasgutner, Anja Russ, Jessleena Suri, Joe Corra and Pablo Salmon.

References
1. Mathew A, Khandelwal S, Kaul N. 2016 Spatial and temporal variations of urban heat Island effect and the effect of percentage impervious surface area and elevation on land

surface temperature: study of Chandigarh city, India. Sustain. Cities Soc. 26, 264–277. (doi:10.1016/j.scs.2016.06.018)
2. Gong P, Liang S, Carlton EJ, Jiang Q, Wu J, Wang L, Remais JV. 2012 Urbanisation and health in China. Lancet 379, 843–852. (doi:10.1016/S0140-6736(11)61878-3)
3. Merga L, Mengistie A, Faber J, Van den Brink P. 2020 Trends in chemical pollution and ecological status of Lake Ziway, Ethiopia: a review focussing on nutrients, metals and

pesticides. Afr. J. Aquat. Sci. 45, 386–400. (doi:10.2989/16085914.2020.1735987)
4. Sharley DJ, Sharp SM, Bourgues S, Pettigrove VJ. 2016 Detecting long-term temporal trends in sediment-bound trace metals from urbanised catchments. Environ. Pollut. 219, 705–

713. (doi:10.1016/j.envpol.2016.06.072)
5. Duh JD, Shandas V, Chang H, George LA. 2008 Rates of urbanisation and the resiliency of air and water quality. Sci. Total Environ. 400, 238–256. (doi:10.1016/j.scitotenv.2008.05.

002)
6. Abbaspour M, Karimi E, Nassiri P, Monazzam MR, Taghavi L. 2015 Hierarchal assessment of noise pollution in urban areas - a case study. Transp. Res. D Transp. Environ. 34, 95–103.

(doi:10.1016/j.trd.2014.10.002)
7. Gallaway T, Olsen RN, Mitchell DM. 2010 The economics of global light pollution. Ecol. Econ. 69, 658–665. (doi:10.1016/j.ecolecon.2009.10.003)
8. Murray M, Cembrowski A, Latham ADM, Lukasik VM, Pruss S, St Clair CC. 2015 Greater consumption of protein-poor anthropogenic food by urban relative to rural coyotes increases

diet breadth and potential for human-wildlife conflict. Ecography 38, 1235–1242. (doi:10.1111/ecog.01128)
9. Theimer TC, Clayton AC, Martinez A, Peterson DL, Bergman DL. 2015 Visitation rate and behavior of urban mesocarnivores differs in the presence of two common anthropogenic

food sources. Urban Ecosyst. 18, 895–906. (doi:10.1007/s11252-015-0436-x)
10. Mabahwi NAB, Leh OLH, Omar D. 2014 Human health and wellbeing: human health effect of air pollution. Proc. Soc. Behav. Sci. 153, 221–229. (doi:10.1016/j.sbspro.2014.10.056)
11. Tong S, Bambrick H, Beggs PJ, Chen L, Hu Y, Ma W, Steffen W, Tan J. 2022 Current and future threats to human health in the anthropocene. Environ. Int. 158, 106892. (doi:10.1016/

j.envint.2021.106892)
12. Sepp T, Ujvari B, Ewald PW, Thomas F, Giraudeau M. 2019 Urban environment and cancer in wildlife: available evidence and future research avenues. Proc. R. Soc. B 286, 20182434.

(doi:10.1098/rspb.2018.2434)
13. Alirol E, Getaz L, Stoll B, Chappuis F, Loutan L. 2011 Urbanisation and infectious diseases in a globalised world. Lancet Infect. Dis. 11, 131–141. (doi:10.1016/S1473-

3099(10)70223-1)

10

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 291: 20240617

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

24
 

http://dx.doi.org/10.1016/j.scs.2016.06.018
http://dx.doi.org/10.1016/S0140-6736(11)61878-3
http://dx.doi.org/10.2989/16085914.2020.1735987
http://dx.doi.org/10.1016/j.envpol.2016.06.072
http://dx.doi.org/10.1016/j.scitotenv.2008.05.002
http://dx.doi.org/10.1016/j.scitotenv.2008.05.002
http://dx.doi.org/10.1016/j.trd.2014.10.002
http://dx.doi.org/10.1016/j.ecolecon.2009.10.003
http://dx.doi.org/10.1111/ecog.01128
http://dx.doi.org/10.1007/s11252-015-0436-x
http://dx.doi.org/10.1016/j.sbspro.2014.10.056
http://dx.doi.org/10.1016/j.envint.2021.106892
http://dx.doi.org/10.1016/j.envint.2021.106892
http://dx.doi.org/10.1098/rspb.2018.2434
http://dx.doi.org/10.1016/S1473-3099(10)70223-1
http://dx.doi.org/10.1016/S1473-3099(10)70223-1


14. Brumm H, Goymann W, Derégnaucourt S, Geberzahn N, Zollinger SA. 2021 Traffic noise disrupts vocal development and suppresses immune function. Sci. Adv. 7, 20. (doi:10.1126/
sciadv.abe2405)

15. Isaksson C. 2015 Urbanization, oxidative stress and inflammation: a question of evolving, acclimatizing or coping with urban environmental stress. Funct. Ecol. 29, 913–923. (doi:
10.1111/1365-2435.12477)

16. Dominoni DM, Borniger JC, Nelson RJ. 2016 Light at night, clocks and health: from humans to wild organisms. Biol. Lett. 12, 20160015. (doi:10.1098/rsbl.2016.0015)
17. Chatelain M, Massemin S, Zahn S, Kurek E, Bulska E, Szulkin M. 2021 Urban metal pollution explains variation in reproductive outputs in great tits and blue tits. Sci. Total Environ.

776, 145966. (doi:10.1016/j.scitotenv.2021.145966)
18. Sugden S, Sanderson D, Ford K, Stein LY, St Clair CC. 2020 An altered microbiome in urban coyotes mediates relationships between anthropogenic diet and poor health. Sci. Rep. 10,

22207. (doi:10.1038/s41598-020-78891-1)
19. Watson H, Videvall E, Andersson MN, Isaksson C. 2017 Transcriptome analysis of a wild bird reveals physiological responses to the urban environment. Sci. Rep. 7, 44180. (doi:10.

1038/srep44180)
20. Murray MH, Hill J, Whyte P, St Clair CC. 2016 Urban compost attracts coyotes, contains toxins, and may promote disease in urban-adapted wildlife. Ecohealth 13, 285–292. (doi:10.

1007/s10393-016-1105-0)
21. Kaliński A, Bańbura M, Glądalski M, Markowski M, Skwarska J, Wawrzyniak J, Zieliński P, Cyżewska I, Bańbura J. 2015 Long-term variation in hemoglobin concentration in nestling

great tits parus major. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 185, 9–15. (doi:10.1016/j.cbpa.2015.03.004)
22. Biard C, Brischoux F, Meillère A, Michaud B, Nivière M, Ruault S, Vaugoyeau M, Angelier F. 2017 Growing in cities: an urban penalty for wild birds? A study of Phenotypic differences

between urban and rural great tit chicks Parus major. Front. Ecol. Evol. 5, 1–14. (doi:10.3389/fevo.2017.00079)
23. Salmón P, Nilsson JF, Nord A, Bensch S, Isaksson C. 2016 Urban environment shortens telomere length in nestling great tits, parus major. Biol. Lett. 12, 6. (doi:10.1098/rsbl.2016.

0155)
24. Beaugeard E, Brischoux F, Henry PY, Parenteau C, Trouvé C, Angelier F. 2019 Does urbanization cause stress in wild birds during development? Insights from feather corticosterone

levels in juvenile house sparrows passer domesticus. Ecol. Evol. 9, 640–652. (doi:10.1002/ece3.4788)
25. Pollock CJ, Capilla-Lasheras P, McGill RAR, Helm B, Dominoni DM. 2017 Integrated behavioural and stable Isotope data reveal altered diet linked to low breeding success in urban-

dwelling blue tits Cyanistes caeruleus. Sci. Rep. 7, 5014. (doi:10.1038/s41598-017-04575-y)
26. Grunst ML, Rotenberry JT, Grunst AS. 2014 variation in adrenocortical stress physiology and condition metrics within a heterogeneous urban environment in the song

sparrowmelospiza melodia. J. Avian Biol. 45, 574–583. (doi:10.1111/jav.00459)
27. Palma A, Blas J, Tella JL, Cabezas S, Marchant TA, Carrete M. 2020 Differences in adrenocortical responses between urban and rural burrowing owls: poorly-known underlying

mechanisms and their implications for conservation. Conserv. Physiol. 8, coaa054. (doi:10.1093/conphys/coaa054)
28. Delgado-V CA, French K. 2015 Differential influence of urbanisation on coccidian infection in two passerine birds. Parasitol. Res. 114, 2231–2235. (doi:10.1007/s00436-015-4414-

2)
29. Nwaogu CJ, Amar A, Nebel C, Isaksson C, Hegemann A, Sumasgutner P. 2023 Innate immune function and antioxidant capacity of nestlings of an african raptor covary with the

level of urbanisation around breeding territories. J. Anim. Ecol. 92, 124–141. (doi:10.1111/1365-2656.13837)
30. Minias P. 2020 Contrasting patterns of campylobacter and salmonella distribution in wild birds: a comparative analysis. J. Avian Biol. 51, 5. (doi:10.1111/jav.02426)
31. Grue CE, Shipley BK. 1984 Sensitivity of nestling and adult starlings to dicrotophos, an organophosphate pesticide. Environ. Res. 35, 454–465. (doi:10.1016/0013-9351(84)90152-

x)
32. Skwarska J, Podstawczyńska A, Bańbura M, Glądalski M, Kaliński A, Markowski M, Wawrzyniak J, Zieliński P, Bańbura J. 2022 Effects of ambient temperature during the nestling

stage on a stress indicator in nestling pied flycatchers ficedula hypoleuca. Int. J. Biometeorol. 66, 139–148. (doi:10.1007/s00484-021-02199-6)
33. Diehl JN, Alton LA, White CR, Peters A. 2023 Thermoregulatory strategies of songbird nestlings reveal limited capacity for cooling and high risk of dehydration. J. Therm. Biol. 117,

103707. (doi:10.1016/j.jtherbio.2023.103707)
34. Bókony V, Seress G, Nagy S, Lendvai ÁZ, Liker A. 2012 Multiple indices of body condition reveal no negative effect of urbanization in adult house sparrows. Landsc. Urban Plan. 104,

75–84. (doi:10.1016/j.landurbplan.2011.10.006)
35. Meillère A, Brischoux F, Henry PY, Michaud B, Garcin R, Angelier F. 2017 Growing in a city: consequences on body size and plumage quality in an urban dweller, the house sparrow

passer domesticus. Landsc. Urban Plan. 160, 127–138. (doi:10.1016/j.landurbplan.2016.12.014)
36. Catto S, Sumasgutner P, Amar A, Thomson RL, Cunningham SJ. 2021 Pulses of anthropogenic food availability appear to benefit parents, but compromise nestling growth in urban

red-winged starlings. Oecologia 197, 565–576. (doi:10.1007/s00442-021-05033-3)
37. Ibáñez-Álamo JD, Pineda-Pampliega J, Thomson RL, Aguirre JI, Díez-Fernández A, Faivre B, Figuerola J, Verhulst S. 2018 Urban blackbirds have shorter telomeres. Biol. Lett. 14, 3.

(doi:10.1098/rsbl.2018.0083)
38. 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. PLoS

One 10, e0135685. (doi:10.1371/journal.pone.0135685)
39. Seto KC, Sánchez-Rodríguez R, Fragkias M. 2010 The new geography of contemporary urbanization and the environment. Annu. Rev. Environ. Resour. 35, 167–194. (doi:10.1146/

annurev-environ-100809-125336)
40. Neiderud CJ. 2015 How urbanization affects the epidemiology of emerging infectious diseases. Infect. Ecol. Epidemiol. 5, 27060. (doi:10.3402/iee.v5.27060)
41. Thaweepworadej P, Evans KL. 2023 Urbanisation of a growing tropical mega-city during the 21st century — landscape transformation and vegetation dynamics. Landsc. Urban

Plan. 238, 104812. (doi:10.1016/j.landurbplan.2023.104812)
42. Van Hemert C, Pearce JM, Handel CM. 2014 Wildlife health in a rapidly changing north: focus on avian disease. Front. Ecol. Environ. 12, 548–556. (doi:10.1890/130291)
43. Murray MH, Sánchez CA, Becker DJ, Byers KA, Worsley‐Tonks KE, Craft ME. 2019 City sicker? A meta-analysis of wildlife health and urbanization. Front. Ecol. Environ. 17, 575–583.

(doi:10.1002/fee.2126)
44. Iglesias-Carrasco M, Aich U, Jennions MD, Head ML. 2020 Stress in the city: meta-analysis indicates no overall evidence for stress in urban vertebrates. Proc. R. Soc. B 287,

20201754. (doi:10.1098/rspb.2020.1754)
45. Becker DJ, Streicker DG, Altizer S. 2015 Linking anthropogenic resources to wildlife-pathogen dynamics: a review and meta-analysis. Ecol. Lett. 18, 483–495. (doi:10.1111/ele.

12428)
46. Werner CS, Nunn CL. 2020 Effect of urban habitat use on parasitism in mammals: a meta-analysis. Proc. R. Soc. B 287, 20200397. (doi:10.1098/rspb.2020.0397)
47. Putman BJ, Tippie ZA. 2020 Big city living: a global meta-analysis reveals positive impact of urbanization on body size in lizards. Front. Ecol. Evol. 8, 1–13. (doi:10.3389/fevo.2020.

580745)

11

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 291: 20240617

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

24
 

http://dx.doi.org/10.1126/sciadv.abe2405
http://dx.doi.org/10.1126/sciadv.abe2405
http://dx.doi.org/10.1111/1365-2435.12477
http://dx.doi.org/10.1098/rsbl.2016.0015
http://dx.doi.org/10.1016/j.scitotenv.2021.145966
http://dx.doi.org/10.1038/s41598-020-78891-1
http://dx.doi.org/10.1038/srep44180
http://dx.doi.org/10.1038/srep44180
http://dx.doi.org/10.1007/s10393-016-1105-0
http://dx.doi.org/10.1007/s10393-016-1105-0
http://dx.doi.org/10.1016/j.cbpa.2015.03.004
http://dx.doi.org/10.3389/fevo.2017.00079
http://dx.doi.org/10.1098/rsbl.2016.0155
http://dx.doi.org/10.1098/rsbl.2016.0155
http://dx.doi.org/10.1002/ece3.4788
http://dx.doi.org/10.1038/s41598-017-04575-y
http://dx.doi.org/10.1111/jav.00459
http://dx.doi.org/10.1093/conphys/coaa054
http://dx.doi.org/10.1007/s00436-015-4414-2
http://dx.doi.org/10.1007/s00436-015-4414-2
http://dx.doi.org/10.1111/1365-2656.13837
http://dx.doi.org/10.1111/jav.02426
http://dx.doi.org/10.1016/0013-9351(84)90152-x
http://dx.doi.org/10.1016/0013-9351(84)90152-x
http://dx.doi.org/10.1007/s00484-021-02199-6
http://dx.doi.org/10.1016/j.jtherbio.2023.103707
http://dx.doi.org/10.1016/j.landurbplan.2011.10.006
http://dx.doi.org/10.1016/j.landurbplan.2016.12.014
http://dx.doi.org/10.1007/s00442-021-05033-3
http://dx.doi.org/10.1098/rsbl.2018.0083
http://dx.doi.org/10.1371/journal.pone.0135685
http://dx.doi.org/10.1146/annurev-environ-100809-125336
http://dx.doi.org/10.1146/annurev-environ-100809-125336
http://dx.doi.org/10.3402/iee.v5.27060
http://dx.doi.org/10.1016/j.landurbplan.2023.104812
http://dx.doi.org/10.1890/130291
http://dx.doi.org/10.1002/fee.2126
http://dx.doi.org/10.1098/rspb.2020.1754
http://dx.doi.org/10.1111/ele.12428
http://dx.doi.org/10.1111/ele.12428
http://dx.doi.org/10.1098/rspb.2020.0397
http://dx.doi.org/10.3389/fevo.2020.580745
http://dx.doi.org/10.3389/fevo.2020.580745


48. Capilla-Lasheras P, Thompson MJ, Sánchez-Tójar A, Haddou Y, Branston CJ, Réale D, Charmantier A, Dominoni DM. 2022 A global meta-analysis reveals higher variation in breeding
phenology in urban birds than in their non-urban neighbours. Ecol. Lett. 25, 2552–2570. (doi:10.1111/ele.14099)

49. Risi TC, Sumasgutner P, Cunningham SJ. 2021 Anthropogenic food availability and body mass maintenance in urban red-winged starlings Onychognathus morio. Ostrich 92, 16–25.
(doi:10.2989/00306525.2021.1906345)

50. Ferraro DM, Le MLT, Francis CD. 2020 Combined effect of anthropogenic noise and artificial night lighting negatively affect western bluebird chick development. Condor 122, 4.
(doi:10.1093/condor/duaa037)

51. 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 284, 1862. (doi:10.1098/rspb.
2017.1349)

52. Máthé O, Batáry P. 2015 Insectivorous and open-cup nester bird species suffer the most from urbanization. Bird. Study. 62, 78–86. (doi:10.1080/00063657.2014.1000262)
53. Smit W. 2021 Urbanization in the Global South. In Oxford Research Encyclopedia of Global Public Health (doi:10.1093/acrefore/9780190632366.013.251)
54. Page MJ et al. 2021 The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 372, n71. (doi:10.1136/bmj.n71)
55. Amiot C, Harmange C, Ji W. 2022 Morphological differences along a chronological gradient of urbanisation in an endemic insectivorous bird of New Zealand. Urban Ecosyst. 25,

465–475. (doi:10.1007/s11252-021-01156-w)
56. Redondo I, Muriel J, de Castro Díaz C, Aguirre JI, Gil D, Pérez-Rodríguez L. 2021 Influence of growing up in the city or near an airport on the physiological stress of tree sparrow

nestlings passer montanus. Eur. J. Wildl. Res. 67, 4. (doi:10.1007/s10344-021-01509-y)
57. Caizergues AE, Charmantier A, Lambrechts MM, Perret S, Demeyrier V, Lucas A, Grégoire A. 2021 An avian urban morphotype: how the city environment shapes great tit

morphology at different life stages. Urban Ecosyst. 24, 929–941. (doi:10.1007/s11252-020-01077-0)
58. Bichet C, Brischoux F, Ribout C, Parenteau C, Meillère A, Angelier F. 2020 Physiological and morphological correlates of blood parasite infection in urban and non-urban house

sparrow populations. PLoS One 15, e0237170. (doi:10.1371/journal.pone.0237170)
59. Glądalski M, Kaliński A, Wawrzyniak J, Bańbura M, Markowski M, Skwarska J, Bańbura J. 2018 Physiological condition of nestling great tits parus major in response to experimental

reduction in nest micro- and macro-parasites. Conserv. Physiol. 6, coy062. (doi:10.1093/conphys/coy062)
60. Herrera-Dueñas A, Pineda-Pampliega J, Antonio-García MT, Aguirre 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, 1–10. (doi:10.3389/fevo.2017.00106)
61. Capilla-Lasheras P et al. 2017 Elevated immune gene expression is associated with poor reproductive success of urban blue tits. Front. Ecol. Evol. 5. (doi:10.3389/fevo.2017.00064)
62. Isaksson C, Andersson MN, Nord A, von Post M, Wang HL. 2017 Species-dependent effects of the urban environment on fatty acid composition and oxidative stress in birds. Front.

Ecol. Evol. 5, 1–13. (doi:10.3389/fevo.2017.00044)
63. Bańbura J et al. 2013 Consequences of experimental changes in the rearing conditions of blue tit cyanistes caeruleus and great tit parus major nestlings. Acta Ornithol. 48, 129–

139. (doi:10.3161/000164513X678784)
64. Salmón P, Stroh E, Herrera-Dueñas A, von Post M, Isaksson C. 2018 Oxidative stress in birds along a NOx and urbanisation gradient: an Interspecific approach. Sci. Total environ. 622,

635–643. (doi:10.1016/j.scitotenv.2017.11.354)
65. Cavalli M, Baladrón AV, Isacch JP, D’Amico V, Bó MS. 2018 Leukocyte profiles and body condition of free-living burrowing owls (Athene cunicularia) from rural and urban areas in the

Argentinean pampas. Rev. Bras. Ornitol. 26, 45–51. (doi:10.1007/BF03544414)
66. Mackay B, Lee ATK, Barnard P, Møller AP, Brown M. 2017 Urbanization, climate and ecological stress indicators in an endemic nectarivore, the cape sugarbird. J. Ornithol. 158,

1013–1024. (doi:10.1007/s10336-017-1460-9)
67. Carbó‐Ramírez P, Zuria I. 2017 Leukocyte profile and body condition of the house Finch (Haemorhous mexicanus) in two sites with different levels of urbanization in central Mexico

the house finch Haemorhous mexicanus. Ornitol. Neotrop. 28, 1–10. (doi:10.58843/ornneo.v28i0.218)
68. Wright S, Fokidis HB. 2016 Sources of variation in plasma corticosterone and dehydroepiandrosterone in the male northern cardinal (Cardinalis cardinalis): II. effects of urbanization,

food supplementation and social stress. Gen. Comp. Endocrinol. 235, 201–209. (doi:10.1016/j.ygcen.2016.05.020)
69. Markowski M, Bańbura M, Glądalski M, Kaliński A, Skwarska J, Wawrzyniak J, Zieliński P, Bańbura J. 2015 Variation in haematocrit of nestling blue tits (Cyanistes caeruleus) in

central Poland. Avian Biol. Res. 8, 179–184. (doi:10.3184/175815515X14375499328034)
70. Foltz SL et al. 2015 Across time and space: effects of urbanization on corticosterone and body condition vary over multiple years in song sparrows (Melospiza melodia). J. Exp. Zool.

323, 109–120. (doi:10.1002/jez.1906)
71. Kaliński A, Bańbura M, Glądalski M, Markowski M, Skwarska J, Wawrzyniak J, Zieliński P, Cyżewska I, Bańbura J. 2014 Landscape patterns of variation in blood glucose

concentration of nestling blue tits Cyanistes caeruleus. Landsc. Ecol. 29, 1521–1530. (doi:10.1007/s10980-014-0071-6)
72. Rząd I, Sitko J, Sałamatin R, Wysocki D. 2014 Helminth community structure study on urban and forest blackbird (Turdus merula L.) populations in relation to seasonal bird

migration on the South Baltic sea coast (NW Poland). Helminthol. 51, 117–129. (doi:10.2478/s11687-014-0219-6)
73. Herrera-Dueñas A, Pineda J, Antonio MT, Aguirre JI. 2014 Oxidative stress of house sparrow as bioindicator of urban pollution. Ecol. Indic. 42, 6–9. (doi:10.1016/j.ecolind.2013.08.

014)
74. Chávez-Zichinelli CA, MacGregor-Fors I, Quesada J, Rohana PT, 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. Condor 115, 84–92. (doi:10.1525/cond.2013.110201)
75. Atwell JW, Cardoso GC, Whittaker DJ, Campbell-Nelson S, Robertson KW, Ketterson ED. 2012 Boldness behavior and stress physiology in a novel urban environment suggest rapid

correlated evolutionary adaptation. Behav. Ecol. 23, 960–969. (doi:10.1093/beheco/ars059)
76. Fokidis HB, Hurley L, Rogowski C, Sweazea K, Deviche P. 2011 Effects of captivity and body condition on plasma corticosterone, locomotor behavior, and plasma metabolites in

curve-billed thrashers. Physiol. Biochem. Zool. 84, 595–606. (doi:10.1086/662068)
77. HÕrak P, Ots I, Murumägi A. 1998 Haematological health state indices of reproducing great tits: a response to brood size manipulation. Funct. Ecol. 12, 750–756. (doi:10.1046/j.

1365-2435.1998.00244.x)
78. Kaliński A, Wawrzyniak J, Bańbura M, Skwarska J, Zieliński P, Bańbura J. 2009 Haemoglobin concentration and body condition of nestling great tits parus major: a comparison of

first and second broods in two contrasting seasons. IBIS 151, 667–676. (doi:10.1111/j.1474-919X.2009.00959.x)
79. Fokidis HB, Orchinik M, Deviche P. 2009 Corticosterone and corticosteroid binding globulin in birds: relation to urbanization in a desert city. Gen. Comp. Endocrinol. 160, 259–270.

(doi:10.1016/j.ygcen.2008.12.005)
80. Isaksson C, Sturve J, Almroth BC, Andersson S. 2009 The impact of urban environment on oxidative damage (TBARS) and antioxidant systems in lungs and liver of great tits, Parus

major. Environ. Res. 109, 46–50. (doi:10.1016/j.envres.2008.10.006)

12

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 291: 20240617

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

24
 

http://dx.doi.org/10.1111/ele.14099
http://dx.doi.org/10.2989/00306525.2021.1906345
http://dx.doi.org/10.1093/condor/duaa037
http://dx.doi.org/10.1098/rspb.2017.1349
http://dx.doi.org/10.1098/rspb.2017.1349
http://dx.doi.org/10.1080/00063657.2014.1000262
http://dx.doi.org/10.1093/acrefore/9780190632366.013.251
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1007/s11252-021-01156-w
http://dx.doi.org/10.1007/s10344-021-01509-y
http://dx.doi.org/10.1007/s11252-020-01077-0
http://dx.doi.org/10.1371/journal.pone.0237170
http://dx.doi.org/10.1093/conphys/coy062
http://dx.doi.org/10.3389/fevo.2017.00106
http://dx.doi.org/10.3389/fevo.2017.00064
http://dx.doi.org/10.3389/fevo.2017.00044
http://dx.doi.org/10.3161/000164513X678784
http://dx.doi.org/10.1016/j.scitotenv.2017.11.354
http://dx.doi.org/10.1007/BF03544414
http://dx.doi.org/10.1007/s10336-017-1460-9
http://dx.doi.org/10.58843/ornneo.v28i0.218
http://dx.doi.org/10.1016/j.ygcen.2016.05.020
http://dx.doi.org/10.3184/175815515X14375499328034
http://dx.doi.org/10.1002/jez.1906
http://dx.doi.org/10.1007/s10980-014-0071-6
http://dx.doi.org/10.2478/s11687-014-0219-6
http://dx.doi.org/10.1016/j.ecolind.2013.08.014
http://dx.doi.org/10.1016/j.ecolind.2013.08.014
http://dx.doi.org/10.1525/cond.2013.110201
http://dx.doi.org/10.1093/beheco/ars059
http://dx.doi.org/10.1086/662068
http://dx.doi.org/10.1046/j.1365-2435.1998.00244.x
http://dx.doi.org/10.1046/j.1365-2435.1998.00244.x
http://dx.doi.org/10.1111/j.1474-919X.2009.00959.x
http://dx.doi.org/10.1016/j.ygcen.2008.12.005
http://dx.doi.org/10.1016/j.envres.2008.10.006


81. Geue D, Partecke J. 2008 Reduced parasite infestation in urban Eurasian blackbirds (Turdus merula): a factor favoring urbanization Can. J. Zool. 86, 1419–1425. (doi:10.1139/Z08-
129)

82. Liker A, Papp Z, Bókony V, Lendvai AZ. 2008 Lean birds in the city: body size and condition of house sparrows along the urbanization gradient. J. Anim. Ecol. 77, 789–795. (doi:10.
1111/j.1365-2656.2008.01402.x)

83. Bobby Fokidis H, Greiner EC, Deviche P. 2008 Interspecific variation in avian blood parasites and haematology associated with urbanization in a desert habitat. J. Avian Biol. 39,
300–310. (doi:10.1111/j.0908-8857.2008.04248.x)

84. Auman HJ, Meathrel CE, Richardson A. 2008 Supersize me: does anthropogenic food change the body condition of silver gulls? A comparison between urbanized and remote, non-
urbanized areas. Waterbirds 31, 122–126. (doi:10.1675/1524-4695(2008)31[122:SMDAFC]2.0.CO;2)

85. Isaksson C, Andersson S. 2007 Carotenoid diet and nestling provisioning in urban and rural great tits parus major. J. Avian Biol. 38, 564–572. (doi:10.1111/j.2007.0908-8857.04030.
x)

86. Bonier F, Martin PR, Sheldon KS, Jensen JP, Foltz SL, Wingfield JC. 2007 Sex-specific consequences of life in the city. Behav. Ecol. 18, 121–129. (doi:10.1093/beheco/arl050)
87. Dominoni DM, Teo D, Branston CJ, Jakhar A, Albalawi BFA, Evans NP. 2021 Feather, but not plasma, glucocorticoid response to artificial light at night differs between urban and

forest blue tit nestlings. Integr. Comp. Biol. 61, 1111–1121. (doi:10.1093/icb/icab067)
88. Andersson MN, Wang HL, Nord A, Salmón P, Isaksson C. 2015 Composition of physiologically important fatty acids in great tits differs between urban and rural populations on a

seasonal basis. Front. Ecol. Evol. 3, 1–13. (doi:10.3389/fevo.2015.00093)
89. Heiss RS, Clark AB, McGowan KJ. 2009 Growth and nutritional state of American crow nestlings vary between urban and rural habitats. Ecol. Appl. 19, 829–839. (doi:10.1890/08-

0140.1)
90. Kaliński A, Bańbura M, Glądalski M, Markowski M, Skwarska J, Wawrzyniak J, Zieliński P, Cyżewska I, Bańbura J. 2015 Long-term variation in blood glucose concentration in nestling

great tits (Parus major). Avian Biol. Res. 8, 129–137. (doi:10.3184/175815515X14294426911072)
91. Rodewald AD, Shustack DP. 2008 Consumer resource matching in urbanizing landscapes: are synanthropic species over-matching. Ecology 89, 515–521. (doi:10.1890/07-0358.1)
92. Hõrak P, Surai PF, Ots I, Møller AP. 2004 Fat soluble antioxidants in brood-rearing great tits Parus major: relations to health and appearance. J. Avian Biol. 35, 63–70. (doi:10.1111/

j.0908-8857.2004.03167.x)
93. Cummings CR, Khan NY, Murray MM, Ellison T, Welch CN, Hernandez SM, Navara KJ. 2020 Foraging in urban environments increases Bactericidal capacity in plasma and decreases

corticosterone concentrations in white Ibises. Front. Ecol. Evol. 8, 1–11. (doi:10.3389/fevo.2020.575980)
94. Sykes BE, Hutton P, McGraw KJ. 2021 Sex-specific relationships between urbanization, parasitism, and plumage coloration in house finches. Curr. Zool. 67, 237–244. (doi:10.1093/

cz/zoaa060)
95. Espín S et al. 2020 Physiological effects of toxic elements on a wild nightjar species. Environ. Pollut. 263, 114568. (doi:10.1016/j.envpol.2020.114568)
96. McGraw KJ, Chou K, Bridge A, McGraw HC, McGraw PR, Simpson RK. 2020 Body condition and poxvirus infection predict circulating glucose levels in a colorful songbird that

Inhabits urban and rural environments. J. Exp. Zool. A Ecol. Integr. Physiol. 333, 561–568. (doi:10.1002/jez.2391)
97. Davies S, Noor S, Carpentier E, Deviche P. 2016 Innate immunity and testosterone rapidly respond to acute stress, but is corticosterone at the helm. J. Comp. Physiol. B. 186, 907–

918. (doi:10.1007/s00360-016-0996-y)
98. Vangestel C, Braeckman BP, Matheve H, Lens L. 2010 Constraints on home range behaviour affect nutritional condition in urban house sparrows passer domesticus. Biol. J. Linn. Soc.

101, 41–50. (doi:10.1111/j.1095-8312.2010.01493.x)
99. Hernández-Lara C, González-García F, Santiago-Alarcon D. 2017 Spatial and seasonal variation of avian malaria infections in five different land use types within a neotropical

montane forest matrix. Landsc. Urban Plan. 157, 151–160. (doi:10.1016/j.landurbplan.2016.05.025)
100. Phillips JN, Cooper WJ, Luther DA, Derryberry EP. 2020 Territory quality predicts avian vocal performance across an urban-rural gradient. Front. Ecol. Evol. 8, 1–13. (doi:10.3389/

fevo.2020.587120)
101. Santiago‐Alarcon D, Carbó‐Ramírez P, Macgregor‐Fors I, Chávez‐Zichinelli CA, Yeh PJ. 2020 The prevalence of avian haemosporidian parasites in an invasive bird is lower in urban

than in non-urban environments. IBIS. 162, 201–214. (doi:10.1111/ibi.12699)
102. Hernández-Lara C, Carbó-Ramírez P, Santiago-Alarcon D. 2020 Effects of land use change (rural-urban) on the diversity and epizootiological parameters of avian haemosporida in a

widespread neotropical bird. Acta Trop. 209, 105542. (doi:10.1016/j.actatropica.2020.105542)
103. Salmón P, Watson H, Nord A, Isaksson C. 2018 Effects of the urban environment on oxidative stress in early life: insights from a cross-fostering experiment. Integr. Comp. Biol. 58,

986–994. (doi:10.1093/icb/icy099)
104. Gryczynska A. 2018 Urban and forest-living blackbirds Turdus merula as hosts of Borreliella spp. infected ticks. Pol. J. Ecol. 66, 309–314. (doi:10.3161/15052249PJE2018.66.3.010)
105. Weaver MJ, Mcgraw KJ, Mousel MM. 2014 Avian anthrophobia? Stress response of house Finches across an urban gradient in the presence of humans. Integr. Comp. Biol. 54, E221.
106. Bailly J et al. 2016 Negative impact of urban habitat on immunity in the great tit Parus major. Oecologia 182, 1053–1062. (doi:10.1007/s00442-016-3730-2)
107. Minias P. 2016 Reproduction and survival in the city: which fitness components drive urban colonization in a reed-nesting waterbird Curr. Zool. 62, 79–87. (doi:10.1093/cz/

zow034)
108. Glądalski M, Bańbura M, Kaliński A, Markowski M, Skwarska J, Wawrzyniak J, Zieliński P, Bańbura J. 2016 Spatial variation in haemoglobin concentration of nestling blue tits

(Cyanistes caeruleus): a long-term perspective. J. Ornithol. 157, 591–598. (doi:10.1007/s10336-016-1325-7)
109. Kunca T, Smejkalova P, Cepicka I. 2015 Trichomonosis in Eurasian sparrowhawks in the Czech Republic. Folia Parasitol. 62, 1–5. (doi:10.14411/fp.2015.035)
110. Morrissey CA, Stanton DWG, Tyler CR, Pereira MG, Newton J, Durance I, Ormerod SJ. 2014 Developmental impairment in Eurasian dipper nestlings exposed to urban stream

pollutants. Environ. Toxicol. Chem. 33, 1315–1323. (doi:10.1002/etc.2555)
111. Schoech SJ, Bowman R, Bridge ES, Boughton RK. 2007 Baseline and acute levels of corticosterone in Florida scrub-Jays (Aphelocoma coerulescens): effects of food supplementation,

suburban habitat, and year. Gen. Comp. Endocrinol. 154, 150–160. (doi:10.1016/j.ygcen.2007.05.027)
112. Wemer L, Hegemann A, Isaksson C, Nebel C, Kleindorfer S, Gamauf A, Adrion M, Sumasgutner P. 2021 Reduced ectoparasite load, body mass and blood haemolysis in Eurasian

kestrels (Falco tinnunculus) along an urban-rural gradient. Sci. Nat. 108, 42. (doi:10.1007/s00114-021-01745-x)
113. Jiménez-Peñuela J, Ferraguti M, Martínez-de la Puente J, Soriguer RC, Figuerola J. 2021 Urbanization effects on temporal variations of avian haemosporidian infections. Environ.

Res. 199, 111234. (doi:10.1016/j.envres.2021.111234)
114. Merling de Chapa M et al. 2020 Phantom of the forest or successful citizen? Analysing how northern goshawks (Accipiter gentilis) cope with the urban environment. R. Soc. Open Sci.

7, 201356. (doi:10.1098/rsos.201356)
115. Bailly J, Faivre B, Bernard N, Sage M, Crini N, Driget V, Garnier S, Rieffel D, Scheifler R. 2017 Multi-element analysis of blood samples in a Passerine species: excesses and deficiencies

of trace elements in an urbanization study. Front. Ecol. Evol. 5. (doi:10.3389/fevo.2017.00006)

13

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 291: 20240617

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

24
 

http://dx.doi.org/10.1139/Z08-129
http://dx.doi.org/10.1139/Z08-129
http://dx.doi.org/10.1111/j.1365-2656.2008.01402.x
http://dx.doi.org/10.1111/j.1365-2656.2008.01402.x
http://dx.doi.org/10.1111/j.0908-8857.2008.04248.x
http://dx.doi.org/10.1675/1524-4695(2008)31[122:SMDAFC]2.0.CO;2
http://dx.doi.org/10.1111/j.2007.0908-8857.04030.x
http://dx.doi.org/10.1111/j.2007.0908-8857.04030.x
http://dx.doi.org/10.1093/beheco/arl050
http://dx.doi.org/10.1093/icb/icab067
http://dx.doi.org/10.3389/fevo.2015.00093
http://dx.doi.org/10.1890/08-0140.1
http://dx.doi.org/10.1890/08-0140.1
http://dx.doi.org/10.3184/175815515X14294426911072
http://dx.doi.org/10.1890/07-0358.1
http://dx.doi.org/10.1111/j.0908-8857.2004.03167.x
http://dx.doi.org/10.1111/j.0908-8857.2004.03167.x
http://dx.doi.org/10.3389/fevo.2020.575980
http://dx.doi.org/10.1093/cz/zoaa060
http://dx.doi.org/10.1093/cz/zoaa060
http://dx.doi.org/10.1016/j.envpol.2020.114568
http://dx.doi.org/10.1002/jez.2391
http://dx.doi.org/10.1007/s00360-016-0996-y
http://dx.doi.org/10.1111/j.1095-8312.2010.01493.x
http://dx.doi.org/10.1016/j.landurbplan.2016.05.025
http://dx.doi.org/10.3389/fevo.2020.587120
http://dx.doi.org/10.3389/fevo.2020.587120
http://dx.doi.org/10.1111/ibi.12699
http://dx.doi.org/10.1016/j.actatropica.2020.105542
http://dx.doi.org/10.1093/icb/icy099
http://dx.doi.org/10.3161/15052249PJE2018.66.3.010
http://dx.doi.org/10.1007/s00442-016-3730-2
http://dx.doi.org/10.1093/cz/zow034
http://dx.doi.org/10.1093/cz/zow034
http://dx.doi.org/10.1007/s10336-016-1325-7
http://dx.doi.org/10.14411/fp.2015.035
http://dx.doi.org/10.1002/etc.2555
http://dx.doi.org/10.1016/j.ygcen.2007.05.027
http://dx.doi.org/10.1007/s00114-021-01745-x
http://dx.doi.org/10.1016/j.envres.2021.111234
http://dx.doi.org/10.1098/rsos.201356
http://dx.doi.org/10.3389/fevo.2017.00006


116. Rouffaer LO et al. 2017 Effects of urbanization on host-pathogen interactions, using Yersinia in house sparrows as a model. PLoS One 12, e0189509. (doi:10.1371/journal.pone.
0189509)

117. Davies S, Behbahaninia H, Giraudeau M, Meddle SL, Waites K, Deviche P. 2015 Advanced seasonal reproductive development in a male urban bird is reflected in earlier plasma
luteinizing hormone rise but not energetic status. Gen. Comp. Endocrinol. 224, 1–10. (doi:10.1016/j.ygcen.2015.05.005)

118. Bichet C, Sorci G, Robert A, Julliard R, Lendvai AZ, Chastel O, Garnier S, Loiseau C. 2014 Epidemiology of Plasmodium relictum infection in the house sparrow. J. Parasitol. 100, 59–
65. (doi:10.1645/12-24.1)

119. Randall NJ, Blitvich BJ, Blanchong JA. 2013 Association between agricultural land use and West Nile virus antibody prevalence in Iowa birds. J. Wildl. Dis. 49, 869–878. (doi:10.
7589/2012-10-263)

120. Verhagen JH et al. 2012 Avian influenza A virus in wild birds in highly urbanized areas. PLoS One 7, e38256. (doi:10.1371/journal.pone.0038256)
121. Schoech SJ, Bowman R. 2003 Does differential access to protein influence differences in timing of breeding of Florida scrub-Jays (Aphelocoma coerulescens) in suburban and

wildland habitats. AUK 120, 1114. (doi:10.1642/0004-8038(2003)120[1114:DDATPI]2.0.CO;2)
122. Jiménez-Peñuela J, Ferraguti M, Martínez-de la Puente J, Soriguer R, Figuerola J. 2019 Urbanization and blood parasite infections affect the body condition of wild birds. Sci. Total

Environ. 651, 3015–3022. (doi:10.1016/j.scitotenv.2018.10.203)
123. Suri J, Sumasgutner P, Hellard É, Koeslag A, Amar A. 2017 Stability in prey abundance may buffer black sparrowhawks accipiter melanoleucus from health impacts of urbanization.

IBIS. 159, 38–54. (doi:10.1111/ibi.12422)
124. Evans KL, Gaston KJ, Sharp SP, McGowan A, Simeoni M, Hatchwell BJ. 2009 Effects of urbanisation on disease prevalence and age structure in blackbird Turdus merula populations.

OIKOS 118, 774–782. (doi:10.1111/j.1600-0706.2008.17226.x)
125. Jones TM, Rodewald AD, Shustack DP. 2010 Variation in plumage coloration of northern cardinals in urbanizing landscapes. Wilson J. Ornithol. 122, 326–333. (doi:10.1676/09-082.

1)
126. Mcclure HE. 1989 Epizootic lesions of house Finches in Ventura County, California. J. Field Ornithol. 60, 421–430. http://www.jstor.org/stable/4513465
127. Russ A, Rüger A, Klenke R. 2015 Seize the night: European blackbirds (Turdus merula) extend their foraging activity under artificial illumination. J. Ornithol. 156, 123–131. (doi:10.

1007/s10336-014-1105-1)
128. Charmantier A, Demeyrier V, Lambrechts M, Perret S, Grégoire A. 2017 Urbanization is associated with divergence in pace-of-life in great tits. Front. Ecol. Evol. 5, 1–13. (doi:10.

3389/fevo.2017.00053)
129. Abolins-Abols M, Hope SF, Ketterson ED. 2016 Effect of acute stressor on reproductive behavior differs between urban and rural birds. Ecol. Evol. 6, 6546–6555. (doi:10.1002/ece3.

2347)
130. Ribeiro PVA, Gonçalves VF, de Magalhães Tolentino VC, Baesse CQ, Pires LP, Paniago LPM, de Melo C. 2022 Effects of urbanisation and pollution on the heterophil/lymphocyte ratio

in birds from Brazilian Cerrado. Environ. Sci. Pollut. Res. Int. 29, 40204–40212. (doi:10.1007/s11356-022-19037-w)
131. Zhang S, Lei F, Liu S, Li D, Chen C, Wang P. 2011 Variation in baseline corticosterone levels of tree sparrow (Passer montanus) populations along an urban gradient in Beijing, China.

J. Ornithol. 152, 801–806. (doi:10.1007/s10336-011-0663-8)
132. Seewagen CL, Glennon M, Smith SB. 2015 Does exurban housing development affect the physiological condition of forest-breeding songbirds? A case study of ovenbirds (Seiurus

aurocapillus) in the largest protected area in the contiguous United States. Physiol. Biochem. Zool. 88, 416–424. (doi:10.1086/681025)
133. Strasser EH, Heath JA. 2011 Effects of developmental conditions on nestling American kestrel (Falco sparverius) corticosterone concentrations. Gen. Comp. Endocrinol. 173, 164–

170. (doi:10.1016/j.ygcen.2011.05.010)
134. Calegaro-marques C, Amato SB. 2010 Helminths of introduced house sparrows (Passer domesticus) in Brazil: does population age affect parasite richness? Iheringia. Ser. Zool. 100,

73–78. (doi:10.1590/S0073-47212010000100010)
135. Plaza PI, Lambertucci SA. 2018 More massive but potentially less healthy: black vultures feeding in rubbish dumps differed in clinical and biochemical parameters with wild feeding

birds. PeerJ 6, e4645. (doi:10.7717/peerj.4645)
136. Davies S, Sewall KB. 2016 Agonistic urban birds: elevated territorial aggression of urban song sparrows is individually consistent within a breeding period. Biol. Lett. 12, 20160315.

(doi:10.1098/rsbl.2016.0315)
137. Tinajero R, Chapa-Vargas L, Ham-Dueñas JG, Santiago-Alarcon D. 2019 Haemosporidian infection of the American kestrel in the Southern Chihuahua desert, Mexico: relationship

with land use. J. Ornithol. 160, 699–710. (doi:10.1007/s10336-019-01640-3)
138. Sándor K, Seress G, Sinkovics C, Péter Á, Liker A. 2022 Differences in feather structure between urban and forest great tits: constraint or adaptation. J. Avian Biol. 2022, 1–11. (doi:

10.1111/jav.02922)
139. Skwarska J, Bańbura M, Glądalski M, Kaliński A, Markowski M, Wawrzyniak J, Zieliński P, Bańbura J. 2019 Sex-related spatial variation in the heterophil-to-lymphocyte ratio of

breeding great tits Parus major. Acta. Ornitol. 54, 133. (doi:10.3161/00016454AO2019.54.1.011)
140. Weaver M, Gao S, McGraw KJ. 2018 Circulating corticosterone levels vary during exposure to anthropogenic stimuli and show weak correlation with behavior across an urban

gradient in house finches (Haemorhous mexicanus). Gen. Comp. Endocrinol. 266, 52–59. (doi:10.1016/j.ygcen.2018.04.017)
141. Sullivan SMP, Corra JW, Hayes JT. 2021 Urbanization mediates the effects of water quality and climate on a model aerial insectivorous bird. Ecol. Monogr. 91, 2. (doi:10.1002/ecm.

1442)
142. Gregoire A, Faivre B, Heeb P, Cezilly F. 2002 A comparison of infestation patterns by Ixodes ticks in urban and rural populations of the common blackbird Turdus merula. IBIS. 144,

640–645. (doi:10.1046/j.1474-919X.2002.00102.x)
143. Christie KF, Poulson RL, Seixas JS, Hernandez SM. 2021 Avian influenza virus status and maternal antibodies in nestling white ibis (Eudocimus albus). Microorganisms 9, 12. (doi:10.

3390/microorganisms9122468)
144. Murray MH, Lankau EW, Kidd AD, Welch CN, Ellison T, Adams HC, Lipp EK, Hernandez SM. 2020 Gut microbiome shifts with urbanization and potentially facilitates a zoonotic

pathogen in a wading bird. PLoS One 15, e0220926. (doi:10.1371/journal.pone.0220926)
145. Pikus E, Włodarczyk R, Jedlikowski J, Minias P. 2021 Urbanization processes drive divergence at the major histocompatibility complex in a common waterbird. PeerJ 9, e12264. (doi:

10.7717/peerj.12264)
146. Corra J, Sullivan SMP. 2021 Temperature and land use influence tree swallow individual health. Conserv. Physiol. 9, coab084. (doi:10.1093/conphys/coab084)
147. Sitko J, Zaleśny G. 2014 The effect of urbanization on helminth communities in the Eurasian blackbird (Turdus merula L.) from the Eastern part of the Czech Republic. J. Helminthol.

88, 97–104. (doi:10.1017/S0022149X12000818)
148. Hamer SA, Lehrer E, Magle SB. 2012 Wild birds as sentinels for multiple zoonotic pathogens along an urban to rural gradient in greater Chicago, Illinois. Zoonoses Public Health 59,

355–364. (doi:10.1111/j.1863-2378.2012.01462.x)

14

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 291: 20240617

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

24
 

http://dx.doi.org/10.1371/journal.pone.0189509
http://dx.doi.org/10.1371/journal.pone.0189509
http://dx.doi.org/10.1016/j.ygcen.2015.05.005
http://dx.doi.org/10.1645/12-24.1
http://dx.doi.org/10.7589/2012-10-263
http://dx.doi.org/10.7589/2012-10-263
http://dx.doi.org/10.1371/journal.pone.0038256
http://dx.doi.org/10.1642/0004-8038(2003)120[1114:DDATPI]2.0.CO;2
http://dx.doi.org/10.1016/j.scitotenv.2018.10.203
http://dx.doi.org/10.1111/ibi.12422
http://dx.doi.org/10.1111/j.1600-0706.2008.17226.x
http://dx.doi.org/10.1676/09-082.1
http://dx.doi.org/10.1676/09-082.1
http://www.jstor.org/stable/4513465
http://dx.doi.org/10.1007/s10336-014-1105-1
http://dx.doi.org/10.1007/s10336-014-1105-1
http://dx.doi.org/10.3389/fevo.2017.00053
http://dx.doi.org/10.3389/fevo.2017.00053
http://dx.doi.org/10.1002/ece3.2347
http://dx.doi.org/10.1002/ece3.2347
http://dx.doi.org/10.1007/s11356-022-19037-w
http://dx.doi.org/10.1007/s10336-011-0663-8
http://dx.doi.org/10.1086/681025
http://dx.doi.org/10.1016/j.ygcen.2011.05.010
http://dx.doi.org/10.1590/S0073-47212010000100010
http://dx.doi.org/10.7717/peerj.4645
http://dx.doi.org/10.1098/rsbl.2016.0315
http://dx.doi.org/10.1007/s10336-019-01640-3
http://dx.doi.org/10.1111/jav.02922
http://dx.doi.org/10.3161/00016454AO2019.54.1.011
http://dx.doi.org/10.1016/j.ygcen.2018.04.017
http://dx.doi.org/10.1002/ecm.1442
http://dx.doi.org/10.1002/ecm.1442
http://dx.doi.org/10.1046/j.1474-919X.2002.00102.x
http://dx.doi.org/10.3390/microorganisms9122468
http://dx.doi.org/10.3390/microorganisms9122468
http://dx.doi.org/10.1371/journal.pone.0220926
http://dx.doi.org/10.7717/peerj.12264
http://dx.doi.org/10.1093/conphys/coab084
http://dx.doi.org/10.1017/S0022149X12000818
http://dx.doi.org/10.1111/j.1863-2378.2012.01462.x


149. Senar JC et al. 2017 Urban great tits (Parus major) show higher distress calling and pecking rates than rural birds across Europe. Front. Ecol. Evol. 5, 1–10. (doi:10.3389/fevo.2017.
00163)

150. Magallanes Argany S, García-Longoria L, Muriel J, de Lope F, Marzal A. 2020 Variation of uropygial gland volume and malaria infection between urban-rural environment in the
house sparrow. Ecosistemas 29, 2. (doi:10.7818/ECOS.1977)

151. Minias P, Jedlikowski J, Włodarczyk R. 2018 Development of urban behaviour is associated with time since urbanization in a reed-nesting waterbird. Urban Ecosyst. 21, 1021–1028.
(doi:10.1007/s11252-018-0781-7)

152. Strubbe D, Salleh Hudin N, Teyssier A, Vantieghem P, Aerts J, Lens L. 2020 Phenotypic signatures of urbanization are scale-dependent: a multi-trait study on a classic urban
exploiter. Landsc. Urban Plan. 197, 103767. (doi:10.1016/j.landurbplan.2020.103767)

153. Pick JL, Nakagawa S, Noble DWA. 2018 Reproducible, flexible and high-throughput data extraction from primary literature. The metaDigitise R package. Methods Ecol. Evol. 10,
426–431. (doi:10.1111/2041-210X.13118)

154. R Core Team. 2023 R: A Language and environment for statistical computing. R Foundation for Statistical Computing. Vienna, Austria. See https://www.R-project.org/.
155. Brydges CR. 2019 Effect size guidelines, sample size calculations, and statistical power in gerontology. Innov. Aging. 3, igz036. (doi:10.1093/geroni/igz036)
156. Viechtbauer W. 2010 Conducting meta-analyses in R with the metafor. J. Stat. Softw. 36, 1–48. (doi:10.18637/jss.v036.i03)
157. Michonneau F, Brown JW, Winter DJ. 2016 Rotl: an R package to interact with the open tree of life data. Methods Ecol. Evol. 7, 1476–1481. (doi:10.1111/2041-210X.12593)
158. Tobias JA et al. 2022 AVONET: morphological, ecological and geographical data for all birds. Ecol. Lett. 25, 581–597. (doi:10.1111/ele.13898)
159. Tacutu R et al. 2018 Human ageing genomic resources: new and updated databases. Nucleic Acids Res. 46, D1083–D1090. (doi:10.1093/nar/gkx1042)
160. Defourny P, Lamarche C, Flasse C, Brockmann C, Boettcher M, Kirches G. 2019 Product user guide and specification ICDR Land1115 cover 2016 to 2019. In Copernicus climate change

service, pp. 1–38. See 2018/C3S_312b_Lot5_VITO/SC1.
161. Nakagawa S, Lagisz M, O’Dea RE, Pottier P, Rutkowska J, Senior AM, Yang Y, Noble DWA. 2023 orchaRd 2.0: an R package for visualising meta-analyses with orchard plots. Methods

Ecol. Evol. 14, 2003–2010. (doi:10.1111/2041-210X.14152)
162. Nakagawa S, Lagisz M, Jennions MD, Koricheva J, Noble DWA, Parker TH, Sánchez‐Tójar A, Yang Y, O’Dea RE. 2022 Methods for testing publication bias in ecological and

evolutionary meta-analyses. Methods Ecol. Evol. 13, 4–21. (doi:10.1111/2041-210X.13724)
163. Koricheva J, Kulinskaya E. 2019 Temporal instability of evidence base: a threat to policy making Trends Ecol. Evol. 34, 895–902. (doi:10.1016/j.tree.2019.05.006)
164. Nowak DJ, Walton JT, Dwyer JF, Kaya LG, Myeong S. 2005 The increasing influence of urban environments on US forest management. J. For. 103, 377–382. (doi:10.1093/jof/103.8.

377)
165. Potgieter LJ, Gaertner M, O’Farrell PJ, Richardson DM. 2019 Perceptions of impact: invasive alien plants in the urban environment. J. Environ. Manage. 229, 76–87. (doi:10.1016/j.

jenvman.2018.05.080)
166. Melliger RL, Braschler B, Rusterholz HP, Baur B. 2018 Diverse effects of degree of urbanisation and forest size on species richness and functional diversity of plants, and ground

surface-active ants and spiders. PLoS One 13, e0199245. (doi:10.1371/journal.pone.0199245)
167. Wang L, Lyons J, Kanehl P, Bannerman R. 2001 Impacts of urbanization on stream habitat and fish across multiple spatial scales. Environ. Manage. 28, 255–266. (doi:10.1007/

s0026702409)
168. Sidemo‐Holm W, Ekroos J, Reina García S, Söderström B, Hedblom M. 2022 Urbanization causes biotic homogenization of woodland bird communities at multiple spatial scales.

Glob. Chang. Biol. 28, 6152–6164. (doi:10.1111/gcb.16350)
169. Senzaki M et al. 2020 Sensory pollutants alter bird phenology and fitness across a continent. Nature 587, 605–609. (doi:10.1038/s41586-020-2903-7)
170. Sanders D, Frago E, Kehoe R, Patterson C, Gaston KJ. 2021 A meta-analysis of biological impacts of artificial light at night. Nat. Ecol. Evol. 5, 74–81. (doi:10.1038/s41559-020-

01322-x)
171. Brennan RN, Boychuck S, Washkwich AJ, John-Alder H, Fonseca DM. 2023 Tick abundance and diversity are substantially lower in thinned vs. Unthinned forests in the New Jersey

Pinelands national reserve, USA. Ticks Tick Borne Dis. 14, 102106. (doi:10.1016/j.ttbdis.2022.102106)
172. Delgado-V. CA, French K. 2012 Parasite-bird interactions in urban areas: current evidence and emerging questions. Landsc. Urban Plan. 105, 5–14. (doi:10.1016/j.landurbplan.

2011.12.019)
173. Villa SM, Campbell HE, Bush SE, Clayton DH. 2016 Does antiparasite behavior improve with experience? an experimental test of the priming hypothesis. Behav. Ecol. 27, 1167–

1171. (doi:10.1093/beheco/arw032)
174. Lakatos T, Chamberlain DE, Garamszegi LZ, Batáry P. 2022 No place for ground-dwellers in cities: a meta-analysis on bird functional traits. Glob. Ecol. Conserv. 38, e02217. (doi:10.

1016/j.gecco.2022.e02217)
175. Patankar S, Jambhekar R, Suryawanshi KR, Nagendra H. 2021 Which traits influence bird survival in the city? A review. Land (Basel) 10, 92. (doi:10.3390/land10020092)
176. Nunn CL, Altizer SM, Sechrest W, Cunningham AA. 2005 Latitudinal gradients of parasite species richness in primates. Divers. Distrib. 11, 249–256. (doi:10.1111/j.1366-9516.2005.

00160.x)
177. Simonis MC, Hartzler LK, Turner GG, Scafini MR, Johnson JS, Rúa MA. 2023 Long-term exposure to an invasive fungal pathogen decreases eptesicus fuscus body mass with

increasing latitude. Ecosphere 14, 1–16. (doi:10.1002/ecs2.4426)
178. Kaliñski A, Bańbura M, Glądalski M, Markowski M, Skwarska J, Wawrzyniak J, Zieliński P, Cyżewska I, Bańbura J. 2016 Relationship between blood haemoglobin and glucose

concentrations in adult great tits (Parus major) and blue tits (Cyanistes caeruleus). Avian Biol. Res. 9, 152–158. (doi:10.3184/175815516X14627920824583)
179. Wist B, Stolter C, Dausmann KH. 2022 Sugar addicted in the city: impact of urbanisation on food choice and diet composition of the Eurasian red squirrel (Sciurus vulgaris). J. Urban

Ecol. 8, 1. (doi:10.1093/jue/juac012)
180. Yadav A, Kumar R, Tiwari J, Vaish V, Malik S, Rani S. 2022 Effect of artificial light at night on sleep and metabolism in weaver birds. Environ. Sci. Pollut. Res. Int. 29, 80422–80435.

(doi:10.1007/s11356-022-20875-x)
181. Ouyang JQ, de Jong M, van Grunsven RHA, Matson KD, Haussmann MF, Meerlo P, Visser ME, Spoelstra K. 2017 Restless roosts: light pollution affects behavior, sleep, and physiology

in a free-living songbird. Glob. Chang. Biol. 23, 4987–4994. (doi:10.1111/gcb.13756)
182. Dominoni D, Quetting M, Partecke J. 2013 Artificial light at night advances avian reproductive physiology. Proc. R. Soc. B 280, 20123017. (doi:10.1098/rspb.2012.3017)
183. Braun EJ, Sweazea KL. 2008 Glucose regulation in birds. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 151, 1–9. (doi:10.1016/j.cbpb.2008.05.007)
184. Sinkovics C, Seress G, Pipoly I, Vincze E, Liker A. 2021 Great tits feed their nestlings with more but smaller prey items and fewer caterpillars in cities than in forests. Sci. Rep. 11,

24161. (doi:10.1038/s41598-021-03504-4)
185. Grames EM, Montgomery GA, Youngflesh C, Tingley MW, Elphick CS. 2023 The effect of insect food availability on songbird reproductive success and chick body condition: evidence

from a systematic review and meta-analysis. Ecol. Lett. 26, 658–673. (doi:10.1111/ele.14178)

15

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 291: 20240617

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

24
 

http://dx.doi.org/10.3389/fevo.2017.00163
http://dx.doi.org/10.3389/fevo.2017.00163
http://dx.doi.org/10.7818/ECOS.1977
http://dx.doi.org/10.1007/s11252-018-0781-7
http://dx.doi.org/10.1016/j.landurbplan.2020.103767
http://dx.doi.org/10.1111/2041-210X.13118
https://www.R-project.org/
http://dx.doi.org/10.1093/geroni/igz036
http://dx.doi.org/10.18637/jss.v036.i03
http://dx.doi.org/10.1111/2041-210X.12593
http://dx.doi.org/10.1111/ele.13898
http://dx.doi.org/10.1093/nar/gkx1042
http://dx.doi.org/10.1111/2041-210X.14152
http://dx.doi.org/10.1111/2041-210X.13724
http://dx.doi.org/10.1016/j.tree.2019.05.006
http://dx.doi.org/10.1093/jof/103.8.377
http://dx.doi.org/10.1093/jof/103.8.377
http://dx.doi.org/10.1016/j.jenvman.2018.05.080
http://dx.doi.org/10.1016/j.jenvman.2018.05.080
http://dx.doi.org/10.1371/journal.pone.0199245
http://dx.doi.org/10.1007/s0026702409
http://dx.doi.org/10.1007/s0026702409
http://dx.doi.org/10.1111/gcb.16350
http://dx.doi.org/10.1038/s41586-020-2903-7
http://dx.doi.org/10.1038/s41559-020-01322-x
http://dx.doi.org/10.1038/s41559-020-01322-x
http://dx.doi.org/10.1016/j.ttbdis.2022.102106
http://dx.doi.org/10.1016/j.landurbplan.2011.12.019
http://dx.doi.org/10.1016/j.landurbplan.2011.12.019
http://dx.doi.org/10.1093/beheco/arw032
http://dx.doi.org/10.1016/j.gecco.2022.e02217
http://dx.doi.org/10.1016/j.gecco.2022.e02217
http://dx.doi.org/10.3390/land10020092
http://dx.doi.org/10.1111/j.1366-9516.2005.00160.x
http://dx.doi.org/10.1111/j.1366-9516.2005.00160.x
http://dx.doi.org/10.1002/ecs2.4426
http://dx.doi.org/10.3184/175815516X14627920824583
http://dx.doi.org/10.1093/jue/juac012
http://dx.doi.org/10.1007/s11356-022-20875-x
http://dx.doi.org/10.1111/gcb.13756
http://dx.doi.org/10.1098/rspb.2012.3017
http://dx.doi.org/10.1016/j.cbpb.2008.05.007
http://dx.doi.org/10.1038/s41598-021-03504-4
http://dx.doi.org/10.1111/ele.14178


186. Van de Pol M, Bruinzeel LW, Heg D, Van der Jeugd HP, Verhulst S. 2006 A silver spoon for a golden future: long-term effects of natal origin on fitness prospects of oystercatchers
(Haematopus ostralegus). J. Anim. Ecol. 75, 616–626. (doi:10.1111/j.1365-2656.2006.01079.x)

187. Metcalfe NB, Monaghan P. 2001 Compensation for a bad start: grow now, pay later. Trends Ecol. Evol. 16, 254–260. (doi:10.1016/S0169-5347(01)02124-3)
188. Marques P, Zandonà E, Mazzoni R, El-Sabaawi R. 2021 Individual variation in feeding morphology, not diet, can facilitate the success of generalist species in urban ecosystems. Ecol.

Evol. 11, 18342–18356. (doi:10.1002/ece3.8425)
189. Mennechez G, Clergeau P. 2006 Effect of urbanisation on habitat generalists: starlings not so flexible. Acta. Oecol. 30, 182–191. (doi:10.1016/j.actao.2006.03.002)
190. Seress G, Sándor K, Evans KL, Liker A. 2020 Food availability limits avian reproduction in the city: an experimental study on great tits Parus major. J. Anim. Ecol. 89, 1570–1580. (doi:

10.1111/1365-2656.13211)
191. Stracey CM, Robinson SK. 2012 Are urban habitats ecological traps for a native songbird? Season-long productivity, apparent survival, and site fidelity in urban and rural habitats. J.

Avian Biol. 43, 50–60. (doi:10.1111/j.1600-048X.2011.05520.x)
192. Balogh AL, Ryder TB, Marra PP. 2011 Population demography of gray catbirds in the suburban matrix: sources, sinks and domestic cats. J. Ornithol. 152, 717–726. (doi:10.1007/

s10336-011-0648-7)
193. Reid R, Capilla-Lasheras P, Haddou Y, Boonekamp J, Dominoni DM. 2024 Data form: The impact of urbanization on health depends on the health metric, life stage and level of

urbanization: a global meta-analysis on avian species. Zenodo. (doi:10.5281/zenodo.11208807)
194. Reid R, Capilla-Lasheras P, Haddou Y, Boonekamp J, Dominoni DM. 2024 Supplementary material from: The impact of urbanisation on health depends on the health metric, life

stage and level of urbanisation: A global meta-analysis on avian species. Figshare. (doi:10.6084/m9.figshare.c.7325955.v1)

16

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 291: 20240617

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

24
 

http://dx.doi.org/10.1111/j.1365-2656.2006.01079.x
http://dx.doi.org/10.1016/S0169-5347(01)02124-3
http://dx.doi.org/10.1002/ece3.8425
http://dx.doi.org/10.1016/j.actao.2006.03.002
http://dx.doi.org/10.1111/1365-2656.13211
http://dx.doi.org/10.1111/j.1600-048X.2011.05520.x
http://dx.doi.org/10.1007/s10336-011-0648-7
http://dx.doi.org/10.1007/s10336-011-0648-7
http://dx.doi.org/10.5281/zenodo.11208807
http://dx.doi.org/10.6084/m9.figshare.c.7325955.v1

	The impact of urbanization on health depends on the health metric, life stage and level of urbanization: a global meta-analysis on avian species
	1. Introduction
	2. Methods
	(a) Literature search
	(b) Inclusion criteria
	(c) Data extraction
	(d) Phylogeny
	(e) Additional variables
	(f) Urban score
	(g) Data analysis

	3. Results
	(a) Does urbanization impact avian health?
	(b) Is the relationship between urbanization and bird health impacted by species traits, latitude or life stage?
	(c) Decomposing the relationship between life stage, urbanization and health
	(d) Publication bias

	4. Discussion
	5. Conclusions


