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ABSTRACT

Habitat changes associated with urbanization have major and complex effects on wildlife. In birds, urban populations often have
lower reproductive success but are able to maintain similar or higher densities than non-urban populations. One explanation
proposed for this paradox is that higher survival of birds in cities may compensate for lower reproduction. We use a 9-year dataset
and Cormack-Jolly-Seber models to compare annual variation in apparent survival probabilities of adult great tits (Parus major)
at two forests and two urban sites located in Hungary. Our analyses tested the effects of sex, age, year, population density on
apparent survival, after correcting for the probability of detection. Apparent survival of great tits varied between 0.122 and 0.736,
with study site and year having the greatest influence. Unexpectedly, urbanization did not have a consistent effect: the sites with
the lowest and highest estimates of survival were both urban habitats. Survival probabilities at the two forest sites were similar
to each other but were ~0.15 lower than survival in the best urban site and ~0.1. higher than survival in the worst urban site.
Survival probabilities exhibited marked inter-annual variation in all sites, although temporal patterns were not consistent among
sites suggesting the variation was not driven by inter-annual variation in regional scale factors. Survival probabilities decreased
with bird age at both urban sites in most years, but such patterns were not detected at forest sites. Our results demonstrate that
the impacts of aging on avian survival rates can diverge between urban and forest habitats, and that the demographic factors
regulating urban populations can vary between locations. Age-specific variation should be taken into account in urban ecology
and further exploration of the factors driving the heterogeneity will help inform conservation of biodiversity along rural-urban
gradients.

Andras Liker and Gébor Seress are joint last authors of this study.
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1 | Introduction

The conversion of natural and semi-natural habitats into human
settlements is one of the key drivers of habitat loss and threats to
global biodiversity (Beninde et al. 2015; Sol et al. 2017). Urban
areas have grown rapidly as more people become city-dwellers; a
majority (55%) of the global human population resided in urban
areas in 2018, and the proportion is projected to reach 68%
by 2050 (United Nations 2018). The expansion of urban areas
has complex and often negative effects on wildlife populations
(Aronson et al. 2014; Ibafiez-Alamo et al. 2016), and the impacts
will likely increase in the near future.

Urban-adapted species are commensal on human activities
and reach higher densities in highly urbanised locations than
taxa that require natural habitats (Blair 1996; Grade et al. 2022;
Stracey and Robinson 2012). Species richness and population
density are commonly used metrics to characterise the overall
impact of urbanisation on local wildlife communities (Aronson
et al. 2014; Batary et al. 2018), but quantifying demographic re-
sponses provides a more direct understanding of how urbanisa-
tion affects the viability of populations (Evans 2010). A better
understanding of demographic responses across the rural-urban
gradient is therefore crucial if we are to preserve biodiversity in
urban habitats (Banks 2004; Crawford et al. 2018). It remains
unclear, however, whether populations of species that have high
densities in urban settings are self-sustaining from local repro-
duction or are instead maintained by immigration (Beninde
et al. 2015; Chamberlain et al. 2009).

Ecological conditions can vary across the rural-urban gradi-
ent with variation in food resources, disease exposure, pre-
dation risk, and the climatic environment. Many species with
high urban population densities experience reduced reproduc-
tive success in urban environments, primarily attributed to
the decreased availability of natural food resources (Branston
et al. 2021; Rodewald and Gehrt 2014; Vaugoyeau et al. 2016).
When compared to more natural habitats, natural food re-
sources are more limited during the breeding season for urban
songbirds that rely on arthropods to feed nestlings (Seress
et al. 2018; Sinkovics et al. 2021). Food limitation may also in-
crease the workload (Jarrett et al. 2020) and hence can reduce
the survival of parent birds due to investment in provisioning
of nestlings. On the other hand, supplemental feeding from bird
feeders, garden plants, and other anthropogenic sources may
provide extra and reliable food sources that may reduce the risk
of starvation and increase survival for resident birds that are ca-
pable of exploiting alternative food resources (Robb et al. 2008;
Tryjanowski et al. 2018).

In addition to the consequences of food limitation, alteration
of other biotic interactions can significantly impact mortality
rates in urban populations, particularly concerning exposure to
parasites, pathogens, and predators. Previous studies have sug-
gested that animal populations can exhibit a higher prevalence
of disease in urban settings (Bradley and Altizer 2007), where
bird feeders may act as hotspots for disease transmission (but
see Fratczak et al. 2021). However, urbanisation may not in-
crease exposure to parasites, and exposure to tick-transmitted
diseases and avian malaria infections tends to be lower in
urban areas (Bichet et al. 2020; Evans et al. 2009). Similarly,

predation rates may also vary across the rural-urban gradient.
Domestic cats can reach high densities (Loss and Marra 2017;
van Heezik et al. 2010), but the diversity and density of specialist
avian predators can sometimes be reduced in urban landscapes
(Rodewald and Gehrt 2014; Loss et al. 2015). It is currently un-
certain how the combined effect of these changes influences the
overall predation risk in urban areas, especially for adult birds
(Morozov 2022).

The survival probability of birds is also affected by at least two
abiotic factors that vary significantly along the urban-rural
continuum (Loss et al. 2015; Wilby and Perry 2006). The urban
heat island effect is caused by the absorption and retention of
heat by concrete buildings and infrastructure (Debbage and
Shepherd 2015; Deilami et al. 2018). The resulting milder winter
climate in temperate region cities relative to surrounding less
urbanised landscapes may increase the overwinter survival of
urban birds. On the other hand, heat island effects also amplify
the intensity of summer heat waves, which have been linked
to increased avian mortality (Bourne et al. 2022; Conradie
et al. 2019; Pipoly et al. 2020; Sloane et al. 2022). Birds are also
vulnerable to increased mortality in urban environments due to
collisions with vehicles and anthropogenic structures such as
building windows, power lines, and telecommunication towers
(Loss et al. 2015).

Despite a large body of research that has explored how ur-
banisation influences particular selection pressures affecting
mortality, our understanding of the cumulative impacts of the
diverse drivers and thus how urbanisation shapes avian sur-
vival rates remains limited. The few studies that have been
conducted reveal conflicting patterns, with some suggesting
that urbanisation increases survival (Eden 2021; Horak and
Lebreton 1998; Judrez et al. 2022; Phillips et al. 2018; Stracey
and Robinson 2012), while others have reported negative effects
(Caizergues et al. 2022; Pharr et al. 2023) or non-linear relation-
ships with peak survival at intermediate levels of urbanisation
(Evans et al. 2015). The variation partly stems from the differ-
ences in how individual species respond to urbanisation, with
notable differences even between ecologically similar species
(Evans et al. 2015; Marzluff 2017). Furthermore, the environ-
mental and ecological factors driving survival rates may signifi-
cantly vary among years, but long-term studies of urban impacts
on annual survival are rare (Murgui and Hedblom 2017; Ouyang
et al. 2018; Whittaker and Marzluff 2009). Accurate assessments
of how survival probability changes with urbanisation also re-
quire adequate spatial and temporal replication, as highlighted
in recent theoretical reviews (Streby et al. 2014; Sepp et al. 2018;
Ouyang et al. 2018).

In this long-term study, we use a temporally and spatially repli-
cated mark-recapture dataset for great tits Parus major, a small-
bodied species of woodland songbird that occupies a range of
different habitats along the rural-urban gradient (Del Hoyo and
Elliott 2007). Great tit population densities are, however, lower in
towns than in broadleaved forests (https://www.bto.org/under
standing-birds/birdfacts/great-tit), peak at intermediate housing
densities (Tratalos et al. 2007) and are thus an urban-adapter
species (Blair 1996; Kark et al. 2007). Our objectives were to use
mark-recapture data from two urban and two forest populations
of great tits in Hungary to test the impacts of urbanisation on
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avian survival rates and to examine whether the impacts of ur-
banisation are consistent among different urban environments
in central Europe.

2 | Methods
2.1 | Study Sites

We monitored great tits breeding in nest boxes at two urban
and two forest study sites in Hungary (Appendix Figure S1).
One urban study site was the city of Veszprém (47°05'17.29” N,
17°54'29.66" E, elevation: 266m, human population 2017:
56,927; size of the city: 126.9 km?; population density: 448.59/
km?; source: https://www.nepesseg.com). We placed nest
boxes in public green spaces, including university campuses,
public parks, a cemetery, and the surroundings of a bus sta-
tion. The nest sites are surrounded by built-up areas and
roads with heavy vehicular traffic and experience intense
human disturbance. The most common native tree species are
Norway maple (Acer platanoides) and European ash (Fraxinus
excelsior), but other non-native species are common, includ-
ing horse chestnut (Aesculus hippocastanum) and London
plane (Platanus sp.). A second urban study site was the town
of Balatonfiired (46°57/30” N, 17°53’34” E, elevation: 104 m,
human population in 2017: 13,888; size of the city: 46.5km?,
population desity: 298.66/km?; source: https://www.nepes
seg.com). Here, nest boxes were located in a central city park
(ca. 9ha) surrounded by residential buildings and roads with
heavy traffic. Human disturbance was also high at this site be-
cause the park is a popular place for jogging, dog walking, and
other recreational activities, and frequently hosts cultural and
community events. Small-leaved lime (Tilia cordata), Norway
maple, and sessile oak (Quercus petraea) were the most com-
mon native tree species mixed with black pine (Pinus nigra)
as the dominant non-native species. Older trees with mature
canopies are abundant at both study sites, and caterpillar bio-
mass at Balatonfiired and Veszprém was similar during the
project years (Seress et al. 2018). Balatonfiired has a somewhat
warmer climate than Veszprém or the two forest study sites
(Nagy and Domokos 2019). The two urban study sites were
located c. 15km from each other.

The two forest study sites are located 2-3km away from the
nearest human settlements. One forest site was a mature
woodland near the village of Szentgél (47°06’39” N, 17°41'17"
E, elevation: 460m), dominated by native European beech
(Fagus sylvatica) and hornbeam (Carpinus betulus) with neg-
ligible non-native trees. Compared to the city sites, human
activity is relatively low here (Seress et al. 2021). The site is
managed with selective logging and hunting in the autumn
and winter. The second forest site of Vilma-puszta was close to
Veszprém (47°05'06.7” N, 17°51'51.4" E, elevation: 297 m) and
is a protected site that is part of the Natura 2000 network. The
most common trees are the native downy oak (Quercus cerris)
and South European flowering ash (Fraxinus ornus) mixed
with small amounts of non-native black pine (Pinus nigra).
The site has low levels of human disturbance, without paved
roads, only one nearby farm, and no logging activity, but the
site is occasionally visited by hikers and hunters. The two for-
est sites are located 15km from each other. The Szentgdl and

Vilma-puszta sites both represent common types of forests in
Hungary (Borhidi 2003).

2.2 | Field Methods

During the 9-year study period of 2013-2021, we monitored a
total of 100 to 235 great tit nesting attempts per year, depend-
ing on variation in breeding densities. Overall, between 293 and
353 nest boxes were available each year at the four study sites
during the study period. The number of nest boxes varied a little
over the years because a few nest boxes were removed or relo-
cated to new places, or disappeared. Our monitoring work in
Balatonfiired was completed in 2019 due to logistical constraints
upon accessing the study site during years of the Covid-19 global
pandemic.

During the breeding season, from March to early July, we
checked nest boxes every 3 or 4days to monitor active nests
and the development of the young. The average daily tem-
perature (mean=+SD) during the breeding season in our
study sites was: Veszprém: 15.36°C +1.85°C; Balatonfiired:
16.46°C+1.19°C; Szentgdl: 13.46°C+1.51C; Vilma-puszta:
14.86°C £1.47°C. Breeding great tits were captured at their
nests and received a unique combination of a metal ring
and three plastic colour rings. Nestlings were marked with a
uniquely numbered metal ring 14-16 days after hatching and
were later colour-ringed if recaptured as first-time breeders.
Parent birds were identified during the repeated nest checks
and from video recordings. All nest boxes were equipped with
a small, non-transparent plastic box that conceals a small
video camera. During the chick-rearing period, the camera
system enabled us to resight and reliably identify over 80%
of breeding individuals each year without the need to re-
capture or handle birds (Seress et al. 2017). Additionally, we
conducted occasional mist-netting to increase the number of
colour-ringed birds in these populations. In our analyses, we
excluded nonbreeding birds that were first captured in win-
ter but were never observed during the breeding season. At
first capture, we determined the sex and age class of tits based
on their plumage characteristics and wing moult (Svensson
et al. 2009). Males and females can be separated by the in-
tensity and width of the black band on the chest and belly.
We used moult limits in the coverts and flight feathers to dis-
tinguish two age classes: first-year breeders (FY, hatched in
the previous breeding season, EURING age code 5) and birds
breeding after their first year (AFY, hatched at least 1year be-
fore the previous breeding season, EURING age code 6). We
refer to both age classes as adults in the rest of the manuscript.
Breeding individuals regularly switched between nest boxes
within all of our four study sites; however, we never detected
any dispersal movements of breeding individuals moving
among the four study sites in the city or forest.

2.3 | Statistical Analysis

We estimated annual apparent survival (¢) and re-sighting
probabilities (p) of adult great tits using Cormack-Jolly-
Seber models in Program MARK version 10.0 (White and
Burnham 1999). We used data from colour-ringed adult birds

30f 13

ASUAOIT SUOWIWOY) dANEAI) d[qedridde ayy Aq pausoAoS are sa[dnIe Y osn Jo sanI 10§ AIeiqr auruQ K[IAL UO (SUONIPUOI-PUB-SULIA) /W0 KA[IM" ATRIqI[ouI[uo//:sdNt) SuonIpuo)) pue swa ], Ay 29§ ‘[S707/S0/61] uo Areiqry aurjuQ L[IA 1521 Aq 01 1L°€299/2001 0 1/10p/wiod’ Ka[im* Kreiqrjaut[uo//:sdny woiy papeo[umo( ‘S ‘S70T ‘8SLLSHOT



to create encounter histories for each individual bird. We com-
bined ringing data with re-sighting data from video record-
ings during the chick-rearing period and coded individuals as
detected (1) or not detected (0) for each year of the study. The
sampling period when data on detections of birds in the popu-
lations were collected corresponded to the 4-month breeding
season, with annual survival including overwinter survival to
the next year.

We analysed the live encounter data using two sets of CJS mod-
els. In the first set of models (‘combined models’), we analysed
the four study sites together. In the second set of analyses (‘site-
specific models’), we modelled apparent survival separately for
each of the four study sites. Using this combined approach, our
two goals were: (1) to determine if there were any site effects on
apparent survival; and (2) to obtain a more detailed picture of
how sex, age and other factors affected apparent survival at each
of the four sites.

In the combined models, we modelled apparent survival from
the four study sites in the 7-year period between 2013 and
2019 when all sites were monitored simultaneously. We cap-
tured and marked a total of 907 adult tits during this study
period; 340 (37.5%) of the birds were re-sighted or recaptured
in at least one subsequent year. In the combined model set, we
tested if apparent survival (¢) and re-sighting probability (p)
were (i) constant, (ii) site-dependent among Veszprém (city),
Balatonfiired (city), Szentgal (forest), or Vilma-puszta (forest),
(iii) time-dependent (with sequential time-periods defined as
the period spanning from one breeding season to the next),
(iv) sex-dependent (male or female), or (v) dependent on the
site-specific breeding density (calculated separately for each
year and site from the number of breeding pairs using nest
boxes per the size of the study site (km?). The number of nest
boxes per site per year available for great tits varied from 36
to 110 at the four sites (Appendix Table S1). We also created
several combinations of these five main effects with and with-
out interactions, generating a total of 62 candidate models (see
complete model list in the Appendix Table S2). In our analysis,
the goal was to assess the effect of study site on apparent sur-
vival whilst taking into account variation among years, and
sex and density-dependent effects. We were unable to include
the relative age of birds in the combined models because the
inclusion of age dependence would result in model overfitting
due to a high number of parameters resulting from the high
number of factor-level combinations.

In the site-specific models for each of the four sites, we mod-
elled apparent survival for an extended 9-year period between
2013 and 2021 at Veszprém, Szentgdl, and Vilma-puszta, and
between 2013 and 2019 at Balatonfiired, thereby maximising
the number of observations available from the sites where
the study continued after 2019. Evaluating sites separately
allowed the inclusion of age-class in the analyses because a
lower number of parameters had to be estimated for the site-
specific than the combined models, thereby reducing prob-
lems arising from model overfitting. The number of birds,
and the number of birds that were re-sighted in at least one
subsequent year, were as follows: Veszprém (urban): n=354
(175, 49.4%); Balatonfiired (urban): n =153 (46, 30%); Szentgal
(forest): n=346 (138, 49.9%); Vilma-puszta (forest): n=186

(69, 37.1%). In the site-specific analyses, we evaluated alter-
native models where apparent survival (¢) might be (i) con-
stant, (ii) age-dependent, (iii) time period-dependent, or (iv)
sex-dependent (or any combination of these effects). In the
age-dependent model, the apparent survival of FY individuals
after first marking (¢1) was treated separately from later tran-
sitions. The second age-class included the subsequent years
after FY birds had matured into the AFY age class, which were
pooled with apparent survival rates of birds first marked as
AFY individuals (¢2). If survival or site fidelity improve with
age and experience, we expected that AFY birds would have
higher apparent survival than FY birds. We considered candi-
date models where re-sighting probability (p) was (i) constant,
(ii) time-dependent, or (iii) sex-dependent (or any combina-
tion of these effects). In this set of analyses, we constructed 56
models in total for each site (see the model list in the Appendix
Tables S3-S6). Parameter counts differed among sites because
a shorter time series was available for Balatonfiired.

We tested for overdispersion in our data as a first step for each
analysis. We fit a global model that allowed apparent survival
to vary as a function of site/age category, sex, and time-period
(plus the breeding density in the combined model part) and the
re-sighting probability to vary as a function of sex and time. We
tested the fit of the global model for overdispersion in the data
by estimating the variance-inflation factor (¢) using Fletcher's
c-hat procedure (Cooch and White 2022) in Program MARK
(Fletcher's ¢ =0.943). We compared candidate models using the
Akaike information criterion corrected for small sample sizes
(AICo). In the special case where the number of parameters in
two models differed by one, we inspected confidence intervals
for the slope coefficient to confirm that the extra parameter was
informative (Arnold 2010). We also conducted model averaging
across all models to obtain overall weighted estimates for ap-
parent survival (¢) and used model averaged values to illustrate
our results.

3 | Results
3.1 | Combined Models for all Four Study Sites

The combined analyses included all four study sites, and three
models were supported where two models had AAICc val-
ues <2 relative to the one model with the lowest AICc value
(Appendix Table S2). Effects of study site and year on apparent
survival were supported by all three of these models (Table 1).
The effect of sex was supported by one model with slightly
higher apparent survival estimates for males than females,
whereas none of these models supported an effect of breeding
density on apparent survival (Table 1). The two urban study
sites showed the greatest difference, with great tits having
the highest apparent survival in Veszprém but the lowest in
Balatonfiired (Figure 1). The probability of apparent survival
at the two forest sites was intermediate to the two urban sites
in all years (Figure 1). We also found evidence for large fluc-
tuations in apparent survival among years. From 2017 to 2018,
the best-fit models estimated an apparent survival probability
of ~0.30, which is half of the values estimated for the period
with the highest apparent survival, 2016-2017. The probabil-
ity of resighting was either constant (for model 1 and model
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TABLE1 | Supported models from the combined set of models resulting from model selection of Cormack-Jolly-Seber capture-recapture analyses
of data on breeding populations of adult great tits, at two urban sites (Veszprém, Balatonfiired) and two forest sites (Szentgal, Vilma-puszta) between
2013 and 2019 (¢: Apparent, annual survival probability; p: Re-sight ABLEing probability).

AICc Model Nr. of
Model AICc AAICc  weight  likelihood  parameters Deviance  Fletcher's ¢
1) ¢ (site + time), p () 1874.516 0.000 0.331 1.000 10 294.045 1.049
2) @ (site + sex + time), p (.) 1875.113 0.596 0.240 0.742 11 292.604 1.044
3) @ (site + time), p (sex) 1876.490 1.973 0.123 0.372 11 293.981 1.048

Note: The supported models (AAICc < 2) from the 62 Cormack-Jolly-Seber models containing the possible combinations of parameters are shown in order of AICc.
Statistics given for each model include the Akaike information criterion corrected for small sample size (AICc), relative support for each model (the AICc weight),
number of parameters, likelihood and deviance (deviance: —2logL() for a given model with parameters 8). A complete list of considered Cormack-Jolly-Seber capture-

recapture models is reported in Appendix Table S2.
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FIGURE 1 | Model-averaged estimates from the combined models of annual apparent survival estimates (¢) for adult great tits in two urban
(Veszprém, Balatonfiired; grey colors) and two forest sites (Szentgal, Vilmapuszta; green colors) between 2013 and 2019. Sites are ordered from high-
est to lowest survival estimates. The points and squares represent estimates of apparent annual survival (¢) and the whiskers represent standard
error. The filled points show the survival probabilities for females, and the empty squares show the survival probabilities for males.

2: p=0.814£0.025) or slightly higher in females than males
(model 3: females, p=0.820+0.035; males, p=0.808 +0.033;
Table 1).

3.2 | Site-Specific Models
3.2.1 | Veszprém (Urban)

Three models received similar support and had AAICc <2
(Appendix Table S3). All three models showed that apparent
survival differs between the FY and AFY age categories. The
survival of FY individuals (¢1) varied among years and was un-
expectedly higher than the apparent survival of AFY birds (¢2),

which was constant throughout the study period (Figure 2A and
Table 2). One of the top models also showed sex dependence in
apparent survival, indicating a slightly better apparent survival
for males. The re-sighting probability was either constant (for
model 1 and model 2: p=0.888 +0.025) or slightly sex-dependent
(model 3: males, p=0.905+0.032; females, p=0.869 £ 0.039).

3.3 | Balatonfiired (Urban)

Two competing models had AAICc <2 (Appendix Table S4).
Apparent survival differed between the FY and AFY age catego-
ries in both models, with FY birds again tending to have higher
survival than AFY birds in most years (Figure 2B). Model 1
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TABLE2 | Supported models resulting from model selection of Cormack-Jolly-Seber capture-recapture analyses for data on breeding populations
of adult great tits at our four study sites: Veszprém (city), Balatonfiired (city), Szentgal (forest) and Vilma-puszta (forest).

AICc Model No. of Fletcher's
Study site Model AICc AAICc weight likelihood parameters Deviance [V
Veszprém (D) 1 (time), 935.029 0.000 0.278 1.000 10 173.368 0.960
(urban) ®2();p()
2) 1 935.768 0.738 0.192 0.691 11 172.029 0.959
(sex+time),
P2 ()sp ()
(3) @1 (time), 936.596 1.566 0.127 0.456 11 172.858 0.949
92 (); p (sex)
Balatonfiired @) o1 (), ©2 242.270 0.000 0.467 1.000 10 51.477 0.995
(urban) (sex*time); p (1)
(2) ¢l (sex), 2 244.047  1.776 0.192 0.441 6 62.095 0.980
(); p (time)
Szentgal Mo 754.027 0.000 0.265 1.000 15 144.034 1.000
(forest) (sex + time);
p (time)
(2) @ (time); 754351  0.323 0.225 0.850 14 146.486 1.002
p (time)
()¢ 754.682 0.654 0.191 0.720 17 140.405 0.996
(sex+time); p
(sex+time)
Vilma-puszta Mel)sp 391.352 0.000 0.250 1.000 7 126.029 1.011
(forest) (sex+time)
@e(sp 391.780 0.428 0.201 0.803 6 128.571 1.026
(time)
(3) @ (sex); p 393.293 1.941 0.094 0.378 8 125.839 1.012

(sex + time)

Note: Parameters included ¢: Apparent, annual survival probability; p: Re-sighting probability. The supported models (AAICc < 2) from the 56 Cormack-Jolly-Seber
models containing the possible combinations of parameters are shown in order of AICc. Statistics given for each model include the Akaike information criterion
corrected for small sample size (AICc), relative support for each model (the AICc weight), number of parameters, likelihood and deviance (deviance: —2logL(®) for a
given model with parameters 8). The complete list of considered Cormack-Jolly-Seber capture-recapture models is reported in Appendix Tables S3-S6. The apparent
annual survival of FY individuals in their first year (¢ 1) was considered to differ from birds first marked as AFY individuals combined with subsequent years when

FY birds matured into the AFY age class (¢ 2).

indicated constant apparent survival for ¢1 with time and sex ef-
fects on @2 (slightly higher apparent survival estimates for males
than females; Figure 2B and Table 2). However, model 2 showed
sex-dependent apparent survival for ¢l and constant apparent
survival for ¢2 (Table 2). The re-sighting probability was con-
stant in the first model (p=0.837+0.084), but time-dependent
in the second model (Table 2).

3.3.1 | Szentgal (Forest)

Three competing models had similar support with AAICc
<2 (Appendix Table S5). Unlike the two urban sites, the best-
fit models did not include an age effect on apparent survival
(Table 2). Two out of three models indicated a weak effect of sex,
with slightly higher apparent survival estimates for males than
females. All three models included evidence for inter-annual
variation in apparent survival (Figure 2C). Re-sighting proba-
bility was time-dependent in one model and time-and slightly
sex-dependent in the other two models (Table 2).

3.3.2 | Vilma-Puszta (Forest)

Three competing models had AAICc <2 (Appendix Table S6).
Similar to the other forest site, the top models did not include an
age effect on apparent survival (Table 2). Two out of the three
supported models show constant apparent survival during the
study period, whereas the third one indicated a sex effect with
slightly higher apparent survival probability for males than fe-
males (Figure 2D and Table 2). The re-sighting probability was
time-dependent in all three models, with two of these also hav-
ing a sex effect (Table 2).

4 | Discussion

We used live encounter data of breeding birds attending nests
to estimate apparent annual survival of adult great tits at two
urban and two rural sites across multiple years. Our long-term
field study and analyses yielded three major findings. First,
we did not find consistent differences in the apparent survival
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FIGURE2 | Model-averaged estimates from the site-specific models of annual apparent survival estimates (¢) for adult great tits in (A) Veszprém
(city), (B) Balatonfiired (city), (C) Szentgal (forest) and (D) Vilma-puszta (forest). The last transition from Szentgal is removed from the figure (because
both the ¢ and p have time dependence, and the last transition is nonidentifiable here). The symbols indicate the estimates of ¢: the red filled points

represent female survival and the blue hollow squares represent male survival; whiskers represent standard error. FY: first-year breeder =hatched in

the previous calendar year (¢ 1); AFY: having at least one breeding season before the current one =hatched at least two years prior (¢2).

estimates of great tits between urban and forest sites. Instead,
both the set of combined models with all four study sites to-
gether and the site-specific models confirmed that urban sites
had both the highest (Veszprém) and the lowest (Balatonfiired)
estimates of apparent survival. Specifically, in Veszprém, the av-
erage annual survival was roughly ~0.57, while in Balatonfiired
it was ~0.4. The two forest sites had intermediate annual appar-
ent survival compared to the two cities (with ~0.47 in Szentgal
and ~0.45 in Vilma-puszta). The apparent survival of great
tits in Hungary was similar to previous estimates reported for
populations in France, where the urban birds survival was
0.44-0.45, and in the forest site it was 0.41-0.62 (Caizergues
et al. 2022), and somewhat higher than in Estonian popula-
tions, where the average annual survival ranged between 0.34
and 0.47 in urban sites and 0.26-0.38 in rural sites (Horak
and Lebreton 1998). Our finding illustrates the heterogeneity
of urban areas, contrasting with the prevailing viewpoint that
towns and cities are homogeneous environments (Bartos Smith
et al. 2016). Moreover, the site differences clearly demonstrate
a need for urban ecology research to assess patterns at multiple
sites (Kinnunen et al. 2022). Second, our results also highlighted
considerable inter-annual variation in apparent survival proba-
bilities in our study populations. Variation in demographic rates
underscores the importance of assessing urbanisation impacts
over multiple years. Last, our site-specific analyses also revealed
evidence for reduced survival rates among older birds (FY ver-
sus AFY) in urban environments but not in forests. Survival
rates typically improve with age, so unexpected declines suggest
an unexpected mechanism may be acting on great tits. Declines
are compatible with theoretical models of how urbanisation
influences actuarial senescence (Watson et al. 2015) although
empirical tests on long-lived raptors have failed to support this

hypothesis (Sumasgutner et al. 2019). In combination, our find-
ings suggest that the processes determining apparent survival
probabilities vary across urban and more natural habitats in a
complex manner.

4.1 | Limitations of the Study

Like all studies using mark-recapture methods in open pop-
ulations, it is difficult to distinguish losses to mortality from
permanent emigration from the study areas. To mitigate the
potential biases stemming from natal dispersal, we excluded
hatch-year birds from our dataset because natal dispersal of ju-
veniles away from their site of birth to their first breeding site is
quite common in songbirds (Konczey et al. 1997; Whittaker and
Marzluff 2013). On the contrary, breeding adults typically exhibit
strong site fidelity and reoccupy their territory from the previous
years' range (Harvey et al. 1979). Great tit breeding dispersal
typically only occurs over small distances (Harvey et al. 1979),
and we consider that such events are unlikely to bias our con-
clusions regarding between-site variation in survival rates for
several reasons. First, our combined models did not indicate a
site-effect in the birds' re-sighting probability, and we had no
evidence for site differences in breeding propensity. Second, our
previous results showed no significant difference in the nest box
fidelity of breeding females between years across the four study
sites (Bukor 2017). Third, due to habitat fragmentation, the
urban study site at Veszprém comprises three separate habitat
patches (the sizes of the patches 0.216, 0.06 and 0.055km?; the
two smaller patch were ~600 and ~450m from the larger patch
and ~1250m apart as the crow flies), contrasting with the single
and more evenly shaped urban park in Balatonfiired, with an
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area size of 0.159km? (Appendix Figure S1). Therefore, given
the differences in site configuration, a dispersing bird is more
likely to permanently emigrate from Veszprém than from the
Balatonfiired study site. Nevertheless, we found higher appar-
ent survival rates at Veszprém, suggesting that the differing es-
timates of apparent annual survival for the two cities are not
unduly influenced by emigration from our study area. Last, both
survival and site fidelity are expected to increase with age, but
apparent survival actually decreased among older tits at urban
but not forest sites.

Our combined models indicated that the birds' re-sighting prob-
ability was constant in two of three supported models, while
slightly higher for females in the third one (p> 0.8 in all of these
models). A marginal difference in detectability between sexes is
probably explained by our data collection protocol. Specifically,
during nest checks, the likelihood of finding one of the parent
birds on the nest—and thus identifying it by its colour rings—
is likely to be higher for females because they are the sex that
is more likely to remain on the nest during the incubation or
brooding period (Vincze et al. 2021). Additionally, when captur-
ing birds at their nest, we preferentially targeted females over
males in situations where we had to choose which parent to
capture because we focused on females for some of our other
study objectives. Nevertheless, the overall high re-sighting
probabilities are consistent with our intensive nest monitoring
programme and the use of the camera system for identifying in-
dividual birds, confirming that we could successfully identify
the majority of adults breeding in the nest boxes.

4.2 | Differences Among Sites and Habitats

Our results provided no evidence that survival rates of songbirds
were consistently higher in urban environments, which was in
contrast with previous studies in other passerine species (Evans
et al. 2015; Juarez et al. 2022). Several factors may explain higher
spatial heterogeneity among urban sites. First, the availability of
insect larvae and other important natural food sources is mark-
edly lower in cities compared to forests, with less pronounced
peaks in abundance throughout the breeding season (Marciniak
et al. 2007; Nadolski et al. 2021; Seress et al. 2018). Adult birds
may compensate for lower availability and less predictable natu-
ral food sources in urban areas by exploiting anthropogenic food
sources (Sinkovics et al. 2021, 2023). However, the availability
of alternative food sources, such as bird feeders, trash bins,
and pet or domestic animal food, depends on local conditions
and is likely to vary widely between urban areas (Tryjanowski
et al. 2015). For instance, in the winter of 2021-2022, the mean
density of active bird feeders in the Veszprém study site was
126.3 feeders/km? (Bukor et al. 2024). We do not have compara-
ble data for Balatonfiired, but supplemental feeding is likely to
be lower since most of the site was a summer holiday area char-
acterised by parkland with a lower density of people and fewer
inhabited houses. Therefore, while some urban locations may
offer abundant anthropogenic food sources potentially increas-
ing the annual survival of birds compared to natural habitats
(Sepp et al. 2018), supplementary resources may be scarcer in
other urban areas. In the latter case, birds may either maintain
lower body reserves with less fat, increasing the risk of star-
vation under adverse weather conditions, or may be forced to

move more searching for food, increasing the risk of predation-
related mortality (Baker et al. 2005; Loss et al. 2015; van Heezik
et al. 2010).

Second, cities may also differ in predator densities, which
could have a strong impact on adult survival rates. Several
raptors known for hunting small birds, such as the Eurasian
sparrowhawk (Accipiter nisus), the Eurasian goshawk (A. gen-
tilis), and the common kestrel (Falco tinnunculus) have success-
fully colonised European cities (De Merling Chapa et al. 2020;
Millsap 2018; Thornton et al. 2017). Additionally, domestic
predators like feral cats can be abundant in urban areas (Loss
et al. 2015; Loss and Marra 2017) posing a significant threat to
adult birds (Baker et al. 2005; Bonnington et al. 2013). Since the
characteristics of local predator communities could differ be-
tween our study sites, predation pressure may also be involved
in generating the heterogeneity of apparent survival rates we
found between the two cities involved in our study.

Third, microclimatic conditions can also influence the sur-
vival rate differences among urban bird populations. For ex-
ample, the urban heat island effect, which is more pronounced
in larger cities (Climate Central 2021), acts as a buffer against
the effects of cold weather conditions, potentially enhancing
winter survival in more urbanised areas. Previous research has
found that milder winters contribute to higher adult survival
rates in several passerine species (Dybala et al. 2013; Salewski
et al. 2013). However, differences in microclimate are probably
not applicable to our study sites, because Balatonfiired had the
lowest apparent survival estimates but was actually the warm-
est site among our study locations. On the other hand, urban
heat island effects can intensify the effects of extreme tem-
perature events, such as summer heat waves, thereby increas-
ing heat stress in more urbanised areas (Pipoly et al. 2020; Xie
et al. 2017). Previous studies have shown that the escalation of
summer heat waves can increase adult mortality rates in both
desert and temperate species (Gardner et al. 2017; McKechnie
et al. 2021; Lv et al. 2023), but the degree of impact varies signifi-
cantly among species (Robinson et al. 2007; Gullett et al. 2014).
According to this finding, the increased mortality due to heat
stress in Balatonfiired, relative to the other study sites, could
partially account for the consistently lowest survival rates we
found at this site (Figure 1).

4.3 | Differences Between Age Groups

Our site-specific models revealed that age class significantly in-
fluenced apparent survival at both urban sites, but the pattern
was absent in the forest sites. Unexpectedly, FY (younger) birds
had consistently higher apparent survival than AFY (older)
birds in urban habitats. One explanation could be that urban
stressors (e.g., exposure to toxins) might accelerate aging and
their additive effects could reduce the survival chances of older
age classes. Indeed, several studies confirmed the bioaccumula-
tion of various metallic trace elements in parid species breeding
in industrial or highly urbanised areas (Chatelain et al. 2021;
Costa et al. 2013).

An alternative explanation for the difference between age
classes is that it could indicate a higher cost of reproduction in
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urban environments if older birds have greater investment in re-
production than first-time breeders. Previous research indicates
that increased parental investment can detrimentally affect
subsequent survival. For example, the survival rate of female
great tits increased when their seasonally second clutches were
experimentally removed (Verhulst 1998). The cost of reproduc-
tion hypothesis may be particularly relevant for great tits, as
studies have found that the survival rate of female willow tits
(Poecile montanus) declined significantly after reaching 5years
of age, while such an effect was not present in males (Orell and
Belda 2002). Recent studies also revealed that great tits experi-
enced a reduction in telomere length between winter and the
subsequent reproductive season in the urban but not in the for-
est habitat (Saulnier et al. 2022), despite urban birds' generally
better tolerance for stressful conditions (Costantini et al. 2014;
Walthers and Barber 2020). The findings suggest that the demo-
graphic costs associated with breeding may emerge in later life
stages, highlighting the intricate balance between reproductive
investment and survival in birds that might also be affected by
breeding habitat type.

Similar to our results, a study on four blue tit populations in
the Mediterranean region found a consistently higher survival
for first-year versus older birds in forested areas (Bastianelli
et al. 2021). In contrast, a recent study in France reported no
significant difference between first-year and adult great tits' sur-
vival probabilities at an urban site but reported the highest sur-
vival for yearling birds in forest habitats (Caizergues et al. 2022).
The comparison of these two studies to ours is not straightfor-
ward, however, due to the different age-categorisation applied,
and because in previous studies yearling birds' survival esti-
mates might have been confounded by natal dispersal among
yearling birds.

4.4 | Differences Between the Sexes

An effect of sex was supported in some of the models for each
study site, and also in our combined models, indicating slightly
higher apparent survival for males than females both in our for-
est and urban sites. Our findings are consistent with several pre-
vious studies on great tits (Clobert et al. 1988; Forero et al. 2001;
Masoero et al. 2016; Callery et al. 2022;), although some mark-
recapture studies reported no significant difference between
sexes (Caizergues et al. 2022), or even slightly higher apparent
survival in females (Horak and Lebreton 1998).

In birds, the adult sex ratio tends to be biased towards the ho-
mogametic sex (males) due to the higher mortality rate of the het-
erogametic sex (females; Pipoly et al. 2015; Székely et al. 2014).
Sex differences are often explained by the higher reproductive
costs faced by females, including egg-laying and more inten-
sive brood care, which could reduce their survival probability
(Romano et al. 2022; Verhulst 1998). Despite a general pattern of
sex differences, our results suggesting higher reproductive costs
for females relative to males in both habitat types were unex-
pected. Females may also be more vulnerable to being trapped
by predators in the nest cavity. Here, nest predation was more
common at our forest study sites, especially during second
broods (mainly due to the edible dormouse Glis glis; our unpub-
lished data), and such events often also result in the death of the

female parent. Therefore, while the mechanisms leading to the
slight sex-specific differences in apparent survival may differ be-
tween our urban and forest study sites, our findings suggest that
the combined effects of these factors ultimately balance out be-
tween habitats. The net difference resulted in the slightly higher
survival prospects for males, a pattern that has been observed in
many previous studies.

4.5 | Annual Variation in Apparent Survival

According to our models, apparent survival of adults varied
widely among years, ranging between 0.25 and 0.66 in the
combined models. Our new estimates are consistent with what
former studies have reported for other populations of great tits,
where researchers estimated annual survival of adult birds to be
between 0.20 and 0.60 in Dutch woodland populations (Perdeck
et al. 2000) and between 0.12 and 0.68 in a British nationwide
study (Robinson et al. 2007). In the site-specific model sets, a
high year-to-year variation in apparent survival was present
in the supported models in Veszprém (urban), Balatonfiired
(urban), and Szentgal (forest), but not in Vilma-puszta (forest).
However, the relatively low annual sample sizes we were able to
use for Vilma-puszta can hinder the detection of a presumably
low (lower that the other three site) annual variance.

Adult survival could vary among years due to long-term popu-
lation trends (Siriwardena et al. 1998) that might be associated
with the variation of the population's density. However, this
explanation seems less likely in our case since the models con-
sistently failed to support the effect of breeding density on an-
nual survival. Large year-to-year fluctuations in survival are a
common phenomenon in small-bodied species of cavity-nesting
birds that may be more sensitive to environmental effects (Healy
et al. 2014). Annual changes in the survival of adult birds are
highly influenced by complex environmental factors, like dis-
ease (Jiménez-Pefiuela et al. 2019; Lawson et al. 2012), prevail-
ing weather conditions (Dybala et al. 2013; Lv et al. 2023) and
fluctuations in natural food supply (Callery et al. 2022; Graotan
et al. 2009). Unfortunately, we do not have additional data for
these environmental variables throughout the study period to
evaluate whether they were involved in generating the annual
fluctuations we detected.

4.6 | Conclusions

In this study, we found unexpected patterns of variation in ap-
parent survival among urban bird populations: lower survival
in one urban location compared to forested areas, and higher in
the other urban site. Our results indicate substantial variabil-
ity in avian survival rates across different urban environments,
even among nearby sites. Therefore, our study highlights a com-
mon limitation in research design that compares only a single
pair of urban and rural study sites. Had our analysis been re-
stricted to a single urban location, we could have inaccurately
inferred that urbanisation either enhances or diminishes the
survival prospects of great tits relative to forested habitats. Our
study thus emphasises the critical need for future research to in-
clude multiple urban and rural settings (Ouyang et al. 2018), as
various local socioeconomic factors could influence the factors
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governing the annual survival rates of urban birds (Kinnunen
et al. 2022). Last, the observed habitat-related age effect on sur-
vival underscores the possible impact of urbanisation on avian
senescence processes—an important implication that requires
further research to be explored. In conclusion, our result sug-
gests that different factors influence the apparent survival of
adult birds in urban than in natural habitats, and it will be a
challenge for upcoming studies to identify the key factors and
their effects on survival probabilities.
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