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Introduction: Urbanization has led to a recent surge of interest in urban
biodiversity, and wildlife responses to urban environments have become a hot
topic in environmental sciences and biodiversity conservation. However,
adaptations to urbanization and the factors driving them are less understood.

Methodology: We studied possible morphological adaptations to urban
environments by comparing body size and condition of adult and post-fledging
juvenile Hooded Crows (Corvus cornix), a bird species that has recently colonised
cities in eastern Europe, between two urban and two rural populations, between
two different-sized cities and between locations within one city in Hungary.

Results: Adult crows from the rural cropland-woodland area were lighter and in
poorer condition than crows from the rural grassland area or those from the medium-
sized city. There were no differences in morphological traits of adults or juveniles
between the large and the medium-sized cities. The comparison of multiple trapping
locations within the city of Debrecen showed that juveniles in the Zoo area were
larger, heavier, and in better condition than individuals in the other locations and that
adults in the Zoo had longer wings and tarsi than adults in other locations. Our results
indicated that urbanized Hooded Crows showed some morphological changes to live
in urban environments, but we did not find large-scale, consistent differences between
urban and rural areas. However, we found significant variation within one city.

Discussion: Our results suggest that urban-rural environmental differences may
be mediated by local factors, of which the year-round availability of
anthropogenic food is fundamental. Such food is widely available in cities,
although its quality may be suboptimal for bird development. Our study
suggests that the variation in body size variables is probably more site-
dependent than gradient-dependent and shows that documenting wildlife
adaptations to urban environments requires multiple spatial scales ranging
from regional to local (within-city) scales.

KEYWORDS

adaptation, anthropogenic food, body condition, city, corvid, heat island, human-
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1 Introduction

Urbanization is an ever-increasing anthropogenic environmental
change, rapidly expanding at the expense of natural ecosystems (Sih
et al,, 2011; Gil and Brumm, 2014). Urbanization creates
environments that are unfavourable to most of the plant and
animal species that once occupied the areas where cities are now
present. These novel urban environments are characterized by high
levels of human disturbances, pollution, and landscape changes
(Shochat et al.,, 2006; Chamberlain et al., 2009). Urban
environments expose wildlife to novel challenges representing
selective constraints that are changing the composition of animal
communities, and the overall response of wildlife is a strong decrease
in biodiversity in cities (Adams, 2016; McDonald et al., 2020; Lepczyk
etal,, 2023). While many wild species avoid urban areas, some species
seem to be adapting to or even preferring such environments (Xu
et al., 2020; Spotswood et al., 2021; Lepczyk et al., 2023; Neate-Clegg
et al.,, 2023). Yet, recent research has shown that urban areas can also
provide essential ecological systems to support and protect
biodiversity (Spotswood et al., 2021; Lepczyk et al., 2023).
Nonetheless, numerous studies have indicated that urban areas
differ from rural ones in species composition and that urban areas
are mostly dominated by a few generalist species (Shochat et al., 2006;
Evans et al., 2009; Morelli et al., 2016; Evans et al., 2018). There are
many factors to which animals living in urban areas should adapt to,
including warmer microclimates, permanent anthropogenic food
supplies (Heiss et al., 2009; Baltensperger et al., 2013; Fidino et al.,
2021), novel hiding places, and decreased predation pressure
(Krausman et al., 2014; Eotvos et al., 2019). While the effects of
urbanization on community-level structure are well documented,
morphological adaptations to urbanization are still inadequately
understood. Moreover, the ultimate driving factors behind the
persistence of some species in cities are still debated, and their
assessment is considered a top priority in environmental studies
(Shochat et al., 2006; Lowry et al., 2013; Spotswood et al., 2021; Fidino
etal, 2021). Although some studies have analysed morphological and
physical differences (Evans et al., 2009; Meillere et al., 2015; Amiot
et al,, 2022), as well as phenotypic adaptations of animals living in
urban environments (Shochat, 2004; Bokony et al., 2012; Meillere
et al, 2017), it is not clear what precisely makes a successful urban
adapter or what changes result in urban populations of wild species.

Earlier studies have indicated that some species (e.g., house
sparrows Passer domesticus; magpies Pica spp., crows Corvus spp.;
and rooks Corvus frugilegus) do better in urban settings than others
(Zimaroyeva et al., 2016; Xu et al, 2020; Jokimiki et al., 2021;
Jokimiki et al., 2022). Especially resident, as opposed to migratory,
and omnivorous, as opposed to food-specialist, bird species thrive
in cities (Chace and Walsh, 2006; Benmazouz et al., 2021; Hahs
et al, 2023). These species might benefit, e.g., from the warmer
winter microclimate and a wide range of anthropogenic food
sources in cities (Withey and Marzluff, 2009; Seress and Liker,
2015). In particular, the ability to use anthropogenic food sources
may be fundamental for species to adapt to city life (Moller, 2009;
Lowry et al., 2013; Sol et al., 2013). As urban habitats provide more
anthropogenic food and widely different food types than natural
habitats (Shochat et al., 2006; Chamberlain et al., 2009), successful
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urban animals may need behavioural and/or morphological
adaptations to be able to use these resources (Shochat et al., 20065
Partecke, 2014). For instance, Shochat (2004) suggested that high
food availability and low mortality characterizing urban
environments might explain the changes observed in urban
individuals, especially in foraging behaviour, which may
subsequently influence bill morphology (Kulemeyer et al., 2009).
Additionally, easily accessible food in urban areas seems to
influence habitat choice because synanthropic birds such as
corvid species generally increase in number with increased food
availability (Preininger et al, 2019; Garcia-Arroyo et al., 2023).
However, the low quality of widely available food may have an
adverse impact on urban birds (Seress et al., 2020). For instance,
Shochat (2004) suggested that urban food resources might be
inadequate and lead to poor body condition in urban wildlife,
ultimately resulting in a decrease in the average body mass of
individuals. In addition to low-quality food resources, chemical
pollution and increased anthropogenic noise and light pollution can
also have detrimental effects on bird populations during different
phases of the life cycle (Chace and Walsh, 2006; Bonier, 2012; Gil
and Brumm, 2014).

Furthermore, urban environments can be warmer than rural
areas (Evans et al., 2009), and the body size of birds has been found
to decrease in response to a warmer climate (Yom-Tov et al., 2006),
and individuals of the same species living in colder environments
can be larger than conspecifics living in warmer conditions
(“Bergmann’s rule”; Meiri and Dayan, 2003; McCollin et al., 2015;
Lovei and Magura, 2022). Jarvinen et al. (1988) have noticed that
the same average decrease in House Sparrow size detected in a 700
km north-south gradient in Finland (smaller sparrows in the south)
can be detected even within an urbanization gradient (the capital
city of Finland, Helsinki), when one moves from the suburban areas
to the center of the city (smaller sparrows in the center of the city).
Also, some studies have reported morphological adaptations in
birds at a local scale (Hostetler, 2001;Husby et al., 2011; Teplitsky
et al., 2008; Brommer et al., 2014; Kaiser et al., 2016; Baldwin et al.,
2023). In addition, a recent study demonstrated that certain taxa,
such as birds, displayed smaller body size and smaller mobility in
more urbanized areas (Hahs et al., 2023).

Urbanization may also affect wing length and shape. For instance,
birds in warmer climates can have longer wings than birds of the same
species in colder climates (“Allen’s rule”; McCollin et al., 2015), and
sedentary birds have shorter and more pointed wings than migratory
ones (“Seebohm’s rule”; Fitzpatrick, 1998; Evans et al., 2009). Previous
studies found that urbanization may favour a resident way of life
(Pulliainen, 1963; Yeh and Price, 2004; Partecke et al., 2005; Hahs
et al,, 2023) or may even reduce migratory tendencies in some species
(e.g., Partecke et al.,, 2005; Moller et al., 2014; Bonnet-Lebrun et al.,
2020). Also, multiple anthropogenic effects (e.g., anthropogenic food, a
warmer microclimate, and less predation; Liker, 2020) may act in
synergy to accelerate morphological changes, e.g., in bill size and shape
and tarsus length, as reported in bird species such as the Blackbird
(Turdus merula) (Evans et al,, 2009) and the New Zealand Fantail
(Rhipidura fuliginosa) (Amiot et al., 2022).

However, because urbanized birds need to adapt to diverse
elements of their environment, it is often challenging to unravel the
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overall impact of urbanization on individuals. In fact, the results of
earlier studies related to morphological and behavioural adaptations
appear to vary substantially between areas and/or species (Evans
et al,, 2009; Seress and Liker, 2015; Sepp et al., 2018). Some
researchers have not detected intra-species differences in
morphological or body condition traits between different habitat
types (Sol et al,, 2013) or in indices of locomotory morphology
(Amiot et al., 2022). However, Caizergues et al. (2018) as well as
Liker et al. (2008) reported morphological differences
among habitats.

In general, results from a single broad-scale comparison study
between urban and rural areas may give information about which
species may occur in urban areas, but the results might change over
the years, giving a misleading picture of the situation (Chamberlain
et al, 2009). For instance, anthropogenic factors such as
temperature, pollution, food availability, and nest sites can be
driven by unique processes and thus influence birds in a scale-
dependent manner (Clergeau et al, 2006; Merckx et al, 2018).
Therefore, it may be appropriate to analyse the potential effect of
local urbanization on Hooded Crows since such bird species may
respond to similar biophysical features but within an entirely
different landscape (Jackson and Fahrig, 2015).

In our study, we used the Hooded Crow (Corvus cornix) as a
model species to study morphological variation at four different study
sites: two cities with different sizes and two rural sites. Because urban
areas might differ in temperature and food availability from rural
ones, these resources might also differ between large and small cities.
Urbanization creates different environments depending on the extent
to which human activities may influence wildlife at different levels
(Hostetler, 2001; McCaffrey and Mannan, 2012; Pennington and
Blair, 2011). Moreover, the complexity of the urban environment
calls for the study of the effects of various anthropogenic factors at a
local level (Melles et al., 2003; Fidino et al, 2021). Thus, a more
restricted investigation within one city might highlight the effect of
different environmental factors acting locally.

A recent review (Benmazouz et al., 2021) found that 23% of all
corvid species (n = 133) regularly occur in urban environments
globally and suggested that corvids, especially crows (Corvus spp.),
may thus be good model species in understanding the effects of
urbanization on animal behaviour and morphology, along with
other species such as Great Tits (Parus major), House Sparrows,
and Blackbirds (Turdus merula). Assuming that urban-induced
changes in environmental conditions, such as temperature and
food availability, will cause changes in the morphology of crows,
we predicted that due to the urban heat island phenomenon urban
crows would be smaller and less heavy than their rural conspecifics,
in correspondence with Bergmann’s rule. Due to the great
anthropogenic food availability in cities, we predicted that urban
crows would be larger than rural ones. However, if the quality of
urban food is low, then we can predict that urban crows would
smaller and worse condition than in crows living in less urbanized
environments (Shochat, 2004; Seress et al., 2020). Also, assuming
that urban crows will be more sedentary than rural ones (Yeh and
Price, 2004; Partecke et al., 2005; Bonnet-Lebrun et al., 2020) and
that migratory birds will have more pointed wings (Seebohm’s rule),
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we predicted that urban crows will have shorter wings than rural
ones. Contrary to Allen’s rule on longer wings in warmer climates,
we presume that sedentary Hooded Crows in Hungary are more
likely to conform to Seebohm’s rule of shorter wings than to Allen’s
rule of larger extremities, mostly because it is still uncertain whether
wing length conforms to Allen’s rule (McCollin et al., 2015). Finally,
by assuming higher availability of anthropogenic food sources in
urban than rural environments (Tryjanowski et al., 2015; Cereghetti
et al,, 2019), we predicted that morphological and body mass
differences exist between urban and rural areas or even within the
same city if food availability varies within the city.

In this study, we compared the morphology of Hooded Crows
between four distinct sites: two rural ones and two urban ones of
different sizes, as well as between multiple capture sites with
different infrastructure within a single city. Thus, if the food
factor is important, we predicted that crows from Budapest (a
larger city) would be larger than crows from Debrecen (a smaller
city). Moreover, over the last decades, the urbanization process of
the Hooded Crow population in Debrecen has been monitored, and
the Zoo area seemed to be the starting place of the urban
colonization by the Hooded Crow (Kover et al, 2015; Kover
et al,, 2019). Tt is highly possible that the great, continuous, and
predictable artificial food sources have attracted crows to settle there
first. However, urban environments are not homogeneous, and
(anthropogenic) food availability might differ a lot even within a
city border, highlighting the importance of the local-scale urban
studies (Melles et al, 2003). Additionally, several studies have
demonstrated morphological adaptations in urban birds at local
levels (Jarvinen et al., 1988; Husby et al., 2011; Teplitsky et al., 2008;
Brommer et al., 2014; Kaiser et al., 2016; Baldwin et al., 2023; Hahs
et al, 2023). The five trapping locations in the city of Debrecen
differ mainly in their built-up infrastructure, availability of
anthropogenic food and level of human presence (more details in
Study areas). We thus predicted that these small-scale differences
between urban locations may also explain some variation in body
size variables of adult and juvenile Hooded Crows. More
specifically, we expected higher values of body size measurements
in the case of the Zoo than in other areas because the availability of
anthropogenic food was highest in this location.

2 Materials and methods
2.1 Study areas

We collected morphological and body condition data from four
sites in Hungary, from two urban areas (Budapest and Debrecen)
and two rural areas (Szakoly and Balmazujvaros; Figure 1). In
addition, more detailed data were collected from five locations
within the city of Debrecen (Figure 1). In total, we sampled
individuals in eight trapping sites. These study areas and sites
were chosen because they hosted wildlife management programs
that included the trapping of Hooded Crows, which enabled us to
measure the body size of large numbers of individuals caught in the
traps by the wildlife managers.
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FIGURE 1

Trapping sites (orange diamonds), their 200-m-radius circular buffers (red circles, n = 5 in each of the four area) and potential anthropogenic food
sources (dark dots) in Budapest (urban), Debrecen (urban), Szakoly (rural) and BalmazUjvaros (rural). For geographic location of the four study areas
within Hungary, please see inset. Locations within Debrecen, AGR, Agricultural Campus of University of Debrecen; OST, Open Stage Theater; SPC,
Sports Centre; ZOO, Zoo. Colour codes, dark green: forest, light green: city park, olive green: grassland, grey: built-up area. Source of map:

OpenStreetMap project, openstreetmap.org.

Hungary has a typical continental climate with warm summers
and cold, snowy winters, with a long-term mean annual
temperature of 8-11°C. The city of Budapest (47°29’33”N; 19°
03’05”E) is the capital and most populous city of Hungary, with
1.706.851 inhabitants (3250.3 inhabitants/km?, Hungarian Central
Statistical Office, 2022b). Hooded Crows in Budapest were first
reported in the 1970s, and the settlement of the species has occurred

Frontiers in Ecology and Evolution

in the early 1980s (Tapfer, 1978; Tapfer, 1985, as cited in Kover
etal, 2015). In Budapest, all data were collected in the Zoo because
of the general importance of Zoos in the establishment and
colonization of crows in urban areas (Kover et al,, 2019) and
because there was an active trapping programme in the Zoo.

The city of Debrecen (47°52°99.7”N; 21°63°91.6”E) is an urban
area with 199,725 inhabitants (human population density 432.6
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inhabitants/km?, Hungarian Central Statistical office, 2022a), 195
km east of Budapest. The built-up core areas of the city are
surrounded mostly by the streets of the old agricultural town,
which are bordered by tree lines, urban parks, and residential
areas. From the north, the city of Debrecen is bordered by
Nagyerd6 or the Great Forest, the first nationally protected area
in Hungary (declared in 1939), whereas suburban residential areas,
gardens, and industrial sites cover the peripheries of the city.
Hooded Crows started to breed in Debrecen in the 1980s, and
between 2006 and 2013, their urban population more than doubled,
and exceeded 100 nesting pairs, with a density of more than 4 nests/
km? (Kover et al., 2015; Kover et al., 2019). We selected five
trapping locations in Debrecen in the northern part of the city
(Figure 1), where Hooded Crows first established as nesting species.
These five trapping locations differ mainly in the proportion of
built-up infrastructure, availability of anthropogenic food and level
of human presence (disturbance). The city Zoo (ZOO) has year-
round high availability of artificial food in the open-top animal
enclosures, animal food storage areas, and open garbage cans, and
seasonally varying human presence (Kover et al., 2019). The Sports
Centre (SPC) has a high human presence throughout the year,
mostly natural food availability (large open grassy athletic fields)
and no anthropogenic food (Kover et al.,, 2019). The agricultural
campus of the University of Debrecen at Boszormeényi Street (AGR)
has moderate human presence and food availability, with smaller
extents of open grassy areas. The OST location is a small grassy park
surrounded by a park forest, with high human presence and some
food availability in open-air restaurants and garbage cans. Finally,
the Botanical Garden of the University of Debrecen (BGR) is a
collection of native and non-native plants with intermediate
availability of anthropogenic food and low presence of humans.
Because we captured only four individuals at the BGR location, we
have excluded data from this location from all analyses presented.
Trapping locations at the Zoo and the SPC were c. 400 m from one
another, whereas the distance between any other pair of locations
was higher than 500 m (Figure 1). While we observed that some
adults can fly several km to feeding sites (garbage dump in the S part
of the city; P. Paladi, unpubl.data), adults are highly territorial
during breeding and stay on their territory with their young for
several weeks or months after the young leave the nest, to which
they often return within this period. Most of our data were collected
in the breeding period or soon after, but in all cases before Hooded
Crows started to aggregate and formed flocks before the winter (in
November). Thus, there was little chance that individuals moved
extensively between the trapping locations.

The rural areas were near Szakoly, a village 35 km north-east of
Debrecen (218 km from Budapest), and near Balmazujvaros, a town
25 km west of Debrecen (178 km from Budapest) (Figure 1).
Szakoly lies in the Nyirség sand hill area, historically rich in oak
and birch forests (Tober and Kiss, 2014), but now mostly covered by
black locust and poplar forests. The Szakoly area covers 41.44 km?
and has 2563 inhabitants (61.8 inhabitants/km?, Hungarian Central
Statistical office, 2022¢). The site of data collection was in the
hunting area outside the village (Figure 1). Balmazujvaros lies on
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loess and alkali soils near Hortobagy National Park and has an area
of 205.45 km? and a population of 16.954 people (82.5 inhabitants/
km?, Hungarian Central Statistical Office, 2022d). Balmazujvaros is
a typical rural town, with a central park surrounded by historic
buildings. Trapping was conducted inside Hortobagy National
Park, an area of vast grasslands interspersed with wetlands and
small patches of wooded areas (Figure 1).

2.2 Study species

The Hooded Crow is a large passerine commonly found
throughout northern, eastern, and south-eastern Europe and parts
of the Middle East (Keller, 2020). Depending on the part of its
range, the Hooded Crow is either a sedentary (Kover et al., 2015;
Szala et al,, 2020) or a partly migratory species (Suhonen and
Jokimalki, 2019). Generalist by nature and resident in Hungary, the
Hooded Crow is a typical scavenger feeding on a wide variety of
food such as grains, seeds, nuts, fruits, a variety of worms, mice,
insects, fish, turtles, frogs, clams, birds, bird eggs and nestlings,
carrion, litter, and garbage (Cornell Lab of Ornithology, 2015).
Traditionally a rural species of agricultural areas, the Hooded Crow
was first reported to nest in a city in Hungary in 1959 (Juhasz,
1983). In Hungary and several other parts of eastern Europe, the
increasing prevalence of Hooded Crows in urban areas is a reason
for human concern. Crows are considered nuisance because they
scatter garbage, disturb humans and pets with aggressive
vocalisations or attacks during the breeding season, and can
transmit diseases through faecal droppings (Vuorisalo et al., 2003;
Kover et al,, 2022). The Hooded Crow is a game or quarry species
and is frequently culled by hunting associations outside human
settlements. The Hooded Crow population in Hungary is estimated
at c. 50,000 pairs (Nagy, 2021). While most pairs breed in lowland
rural agricultural areas, crows have become abundant in larger cities
in Hungary (Nagy, 2021). There are no estimates on the size of the
breeding population in Budapest or in the two rural areas studied.
In Debrecen, the number of breeding pairs exceeded 150 pairs in
2018-2019 and is likely approaching 200 pairs currently (Kover L.,
unpubl. data).

According to our non-published observations of wing-tagged
birds in Debrecen, the median annual home range size of Hooded
Crows is 41 ha (interquartile range 14 to 84 ha, n = 21 birds).
Correspondingly, the closely related Carrion Crow has been
reported to have a home range of 22-29 ha (Nakamura, 1998),
and the House Crow has a home range of 0.2-22.3 ha (Lim and
Sodhi, 2009). According to Moller (1983), in Denmark, resident
Hooded Crows are year-long sedentary birds that stay in or near
their territory, similar to Hooded Crows residing in Debrecen.
Moller (1983) reported that these resident crows were commonly
found near their feeding grounds; they did not use energy to fly to
the feeding grounds as they knew the location of food sources.
Interestingly, several studies have demonstrated the increasing
abundance of crows in developed areas with easily accessible
anthropogenic food sources (Preininger et al., 2019; Garcia-
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Arroyo et al., 2023). It seems that these crows prefer to reside near
easily accessible food sources. Moreover, American Crow
populations were observed to increase in areas with more
anthropogenic resources, reduce their home range size, and use
less space for breeding in urban areas (Marzluff et al., 2001; Withey
and Marzluff, 2005; Marzluff and Neatherlin, 2006; Withey and
Marzluff, 2009). Also, in a recent study, Hahs et al. (2023)
demonstrated that wild birds displayed smaller mobility in more
urbanised areas and thus had reduced home ranges in areas where
they could exploit local resources.

2.3 Data collection on hooded crow
body size

We captured Hooded Crows by using ladder entrance traps
between April and November 2020 in all urban and rural areas
(Figure 1) (Kover et al, 2018). This period corresponds to the
nesting and chick-rearing and post-fledging periods of crows in
Hungary. In urban areas, trapping was carried out twice a week,
whereas in rural areas, trapping was conducted during two visits
(Balmazujvaros) or four visits (Szakoly) between April and June
2020. All birds were caught by IB and LK, with the assistance of a
corresponding person from the local wildlife management units in
rural areas. Traps had a fixed structure and were open continuously
during the trapping period. In Debrecen, traps were visited only
after sunset to avoid the recognition of the researchers by the crows,
which may influence data collection in other ongoing studies of
urban crows. In the three other study areas, this was not a concern
and traps were visited during the daytime. To minimize the
problem that our sample of captured crows was not a random
sample of the local populations and to minimize the chances that
trap-happy, trap-shy, weak, or less intelligent individuals are
caught, we repositioned the traps c. once a month by moving
them 10-30 m away within one trapping location to prevent birds
from getting used to the traps.

Once a bird was captured, we measured ten morphological traits.
Body mass (g) was measured using a Pesola spring balance, and the
fat reserve score was estimated on a scale of 1 to 3, as in standard
biometric measurements, by feeling the keel and the breast muscles
(Gregory and Robins, 1998; Roloff, 2003). We used a metal calliper to
measure body length (from tip of bill to tip of tail), wing length (from
carpal joint to wingtip), tarsus length, tail length, skull length (from
base of bill to back of skull), skull width, bill length (from tip to skull
along the culmen), and bill thickness (maximum vertical extent of the
bill) (accuracy + 0.1 mm). We determined the age of the crows
(juvenile vs. adult) by the colour of the inside of the upper mandible
(O’Donoghue et al., 1998). Crows that hatched and fledged in the
study year (2020) were considered juveniles in this study. Fledged
juveniles are not fed by the parents (except while still at the nest);
thus, juvenile crows do not rely on adults for food. To avoid inter-
observer bias in measurements, all morphological measurements
were taken by IB. In all study areas, individuals were disposed of
once captured as part of an ongoing wildlife population management
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program at that time. Thus, each individual was measured only once
and there was no pseudo-replication arising from repeated
measurements of the same individual.

2.4 Data on anthropogenic food sources
and temperature

To evaluate possible explanations for the morphological
differences observed, we also compared the availability of
anthropogenic food sources and the microclimate of the study
areas. To this end, we surveyed the immediate surroundings of the
traps for anthropogenic food sources in circular bufters of 200 m
radius (an area of 12.6 ha) around each urban and rural trap.
Observations of wing-tagged birds suggested that the median
annual home range size of Hooded Crows in Debrecen is 41 ha
(interquartile range 14 to 84 ha, n = 21 birds), but also that it shows
large variation because some crows nesting in the studied northern
locations occasionally fly 6-7 km to the garbage dump in the south-
western part of the city for feeding (P. Paladi, unpubl. data).
Interestingly, several studies have demonstrated the increasing
abundance of crows in developed areas with easily accessible
anthropogenic food sources (Preininger et al., 2019; Garcia-Arroyo
etal,, 2023), suggesting that crows prefer to nest near easily accessible
food sources. American Crows, for example, were observed to
increase in numbers in areas with more anthropogenic resources,
to reduce their home range size, and to use less space for breeding in
urban areas (Marzluff et al., 2001; Marzluff and Neatherlin, 2006;
Withey and Marzluff, 2009). In Debrecen, we had five traps with five
buffers around them. In Budapest and both rural areas, where we had
only one trap per site, we also surveyed four additional, randomly
selected 200-m-radius buffers to estimate the availability of
anthropogenic food sources, to obtain estimates from an equal
number of circles (n = 5) at each study area (Figure 1). We
mapped food availability by systematically walking the study areas
between September and October 2022 and recording the location of
potential food sources such as open-air restaurants, Zoo feeding
areas, trashcans, garbage piles, etc. (Garcia-Arroyo et al., 2023) using
a hand-held GPS unit in the study areas. There were no known places
of crow concentrations, such as landfills or garbage dumps, in the
studied areas. We then stored, processed, and visualized these data
using QGIS 2.6.3.1 (QGIS Development Team, 2022) and created
buffers of radius of 200 m around each trap location to characterise
the availability of anthropogenic food sources.

Temperature data were obtained from the Visual Crossing
online weather database (VisualCrossing Cooperation, 2022). We
extracted the annual average temperature of the last 10 years for the
urban study areas (Budapest, i.d.: E3429, 6 km from the nearest trap
site; and Debrecen, i.d.: 12882099999, 5 km from the nearest trap
site) and the weather station closest to the rural study areas (for
Szakoly, Nyiregyhaza station, i.d.: 12892099999, 29 km away from
the nearest trap site; and for Balmazijvaros, the Poroszl6 station,
i.d.: 12866099999, 53 km from the nearest trap site) (Visual
Crossing Corporation, 2022).
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2.5 Statistical analysis

We performed three sets of statistical analyses to test differences
in crow morphology. First, we analysed the body size differences of
adults between the two urban and the two rural populations
(Analysis 1). Only three juveniles were captured in the two rural
areas total, thus, the joint analysis of data from the four areas was
not performed for juveniles. Second, we analysed differences
between juveniles of the two cities of different sizes, i.e. between
Budapest (large) and Debrecen (medium-sized city) (Analysis 2).
Finally, we analysed differences in juvenile and adult body size
between four trapping locations within the Debrecen population
only (Analysis 3). In one location, we only captured adults, thus,
Analysis 3 is limited to three locations in the case of juveniles. Data
from juveniles and adults were analysed separately because juvenile
body size was expected to vary more than adult body size
throughout the study period.

In all analyses, the response variables were the ten original
variables (body mass, fat reserve score, body length, wing length,
tarsus length, tail length, skull length, skull width, bill length, and
bill thickness) plus body condition, estimated by the residuals from
a simple linear regression of body mass over tarsus length as in
previous studies (Chamberlain et al., 2009; Labocha and Hayes,
2012; Dulisz et al., 2021) (11 response variables total).

We analysed the differences in body size variables by building
general linear models using the Im’ function of the ‘stats’ package of
R (R Core Team, 2022) with the four areas (Analysis 1), the two
cities (Analysis 2), or the four (adults) or three (juveniles) locations
(Analysis 3) as main effects. Because this study involved body size
measurements taken between the months of April and November,
we controlled for possible seasonal differences by using the Julian
week of capture (week 1 as the first week of the year) as a covariate
in linear models. We first fit the models with the main effect, Julian
week, and their interaction. When the interaction term was not
significant (p < 0.05), we removed it from further analyses. When
the interaction was significant, we prepared interaction plots to
evaluate the main effect as a function of season (Julian week). For
post-hoc testing when the main effect was significant, we used the
‘emmeans’ function of the ‘emmeans’ package in R to calculate
adjusted means and their standard errors (S.E.) and report the t-
statistic and its associated p-value.

Before fitting linear models, we checked the assumption of
normality by the Shapiro-Wilk test and the assumption of
homoscedasticity by the Bartlett test. In cases where assumptions
were not met, we log-transformed the variables for the linear
models, these are indicated as log (variable name) in the tables.
Because not all measurements were available for all birds, sample
sizes may differ between statistical tests. Finally, because we
conducted several statistical tests on the same dataset, we
calculated and report p-values adjusted by the False Discovery
Rate method (Benjamini and Hochberg, 1995) in all tests of main
effects, obtained by using the ‘p.adjust’ function of the
‘stats’ package.

To compare data on mean annual temperature between the four
study areas, we used one-way analysis of variance and used contrast
values and associated p-values to infer significance. Furthermore,
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we compared the number of potential anthropogenic food sources
in 200-radius circles around trapping locations in Budapest and
Debrecen by using Wilcoxon rank sum test. All calculations and
statistical testing were conducted in R version 4.2.2 (R Core Team,
2022; RStudio Team, 2022).

3 Results

We captured and measured a total of 248 individuals of Hooded
Crows. Our sample size included 43 birds from rural areas
(Balmazujvaros: 2 juveniles, 26 adults; Szakoly: 1 vs. 14) and 205
birds from urban areas (Budapest: 28 vs. 10; Debrecen: 128 vs. 39).

3.1 Morphological differences in adult body
size between four study areas

The body mass and condition of the adult Hooded Crows
differed between the study areas (Figure 2). Crows in the rural
Szakoly area were lighter and in poorer body condition than rural
individuals from Balmaztjvaros (body mass, F3g4 = 4.079, p,gj =
0.049, contrast estimate: 50 * 15.3, tgy = 3.272, paq; = 0.008; body
condition, F3 g4 = 9.154, Pagj = 0.001, 60 * 13.3, tg4 = 4.558, pagj =
0.0001) or urban individuals from Debrecen (body mass, contrast:
41 + 14.5, tyy = 2.832, poqj = 0.029 body condition, 61 + 12.5, tg, =
4.895, pagj < 0.0001) (Figure 2). There were no differences in adult
body size between the two urban areas (adjusted p > 0.56).

3.2 Morphological differences in juvenile
body size between cities

In the comparison of juveniles from the large city (Budapest) to
those from a medium-sized city (Debrecen), we found that crows in
Budapest had better body condition and longer and thicker bills
than crows in Debrecen (adjusted means + S.E.s; body condition,
Budapest: 46.9 + 17.30 units, Debrecen: -4.1 + 4.20 units, F;s, =
6.891, pag; = 0.037; bill length, Budapest: 52.9 + 0.682 mm,
Debrecen: 50.9 + 0.29 mm, Fis4 = 22.247, p,g; = 0.0006; bill
thickness, Budapest: 19.9 + 0.48 mm, Debrecen: 18.1 + 0.12 mm,
Fis3 = 22.430, p,gj = 0.0006). The Julian week effect was significant
for body mass (slope B = -6.32 + 2.864, F;54 = 8.574, p = 0.004),
body condition (-4.74 + 2.397, F;s, = 9.640, p = 0.002), bill length
(-0.001 £ 0.003, F = 9.278, p = 0.003) and bill thickness (-0.11 *
0.067, F = 18.884, p < 0.0001). We also detected significant
interactions between Julian week of capture and four body size
variables, namely body mass (interaction coefficient estimate 9.60 +
2.995, F154 = 10.283, p = 0.002), body condition (7.53+ 2.504, F;5, =
9.032, p = 0.003), skull width (0.14 + 0.070, F,s5 = 4.005, p = 0.047)
and bill thickness (0.21 + 0.070, F, 53 = 9.346, p = 0.003) (Figure S1).
The interactions suggested increasing trends in these four body size
variables in Debrecen and decreasing trends in Budapest as the
season progressed (Figure S1). However, juveniles were caught on
average c. 8 weeks earlier in Debrecen than in Budapest, as we could
not catch crows in Budapest Zoo, which was closed in the early part
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Mean + S.E. values adjusted for seasonal differences of body mass (A) and body condition (B) of adult Hooded Crows in two rural (Balmazujvaros,
Szakoly) and two urban (Budapest, Debrecen) populations in Hungary. Statistics are in Table 1.

of the breeding season due to the COVID-19 pandemic (mean *
S.E. Julian week of capture, Debrecen: week 30.2 + 0.467, Budapest:
week 37.8 + 0.953, tgo = 9.292, p < 0.0001).

3.3 Morphological differences within the
city of Debrecen

Juvenile Hooded Crows differed between locations in body mass,
fat reserve score, body condition, body length, tarsus length, skull
width, and bill thickness (Figure 3; Table 1). Post-hoc tests showed
several significant differences between SPC and ZOO, with higher
values for ZOO than for SPC (body mass: contrast = 42.1 + 10.8 g, t;5;
= 3.904, p = 0.0005; fat reserve score: 0.2 + 0.07 units, t;5, = 2.672, p=
0.023; body condition: 28.3 + 10.0 units, t;; = 2.821, p = 0.015). In
addition, tarsus length was higher in AGR than in SPC (contrast: 2.4 +
0.99 mm, t;;9 = 2.466, p = 0.040) (Figure 3). The Julian week effect was
significant for body mass (slope + S.E: 22 + 090 g, F = 5.802, p =
0.018), body condition (2.0 + 0.84 units, F = 5.933, p = 0.016), bill
length (0.2 £ 0.06 mm, F = 10.527 p = 0.002) and bill thickness (0.005 +
0.001, F = 3.999, p = 0.0001), whereas the week*location interaction
was significant for tarsus length (F = 3.382, p = 0.037; Figure 3F). The
latter interaction showed that tarsus length increased in the ZOO and
SPC locations and decreased in the AGR location (Figure 3F).

Adult Hooded Crows differed in wing length and tarsus length
between locations in Debrecen, mainly because individuals caught
in the ZOO had longer wings than those caught in OST (contrast +
S.E. 2.3 £0.68 cm, t3p = 0.011) and longer tarsi than those caught in
AGR (6.2 £ 2.11, t3 = 2.939, p = 0.030) (Figure 4; Table 1).

3.4 Temperature and artificial food
abundance in study areas

Mean annual temperature between 2011 and 2021 differed

significantly between the study areas (Figure S2, one-way
ANOVA, F; 49 = 3.145, p = 0.040), mainly because Budapest, the
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largest city in Hungary, had a significantly higher mean annual
temperature than Szakoly, the smallest of the studied settlements
(contrast: 0.83 # 0.30, pyg; = 0.042). When the two urban and two
rural areas were pooled, the difference was also significant, with
urban areas being significantly warmer than rural areas (Welch
two-sample t-test, tyo 708 = 2.792, p = 0.008).

Potential anthropogenic food sources were most abundant in
200-m-radius circular buffers around trapping locations in
Budapest, followed by Debrecen, whereas they were completely
missing from the two rural study areas in Balmazuajvaros and
Szakoly (Figure 1). The mean number of such food sources was
12.6 + 11.95 in Budapest (n = 5), 3.6 + 3.78 in Debrecen (n = 5), and
0 in the two rural areas. Although the difference between Budapest
and Debrecen was not significant (Wilcoxon rank sum test, W =
19.5, p = 0.172), the mean number of food sources (area: 12.56 ha)
was thus three times higher (1.0 units/ha) in Budapest than in
Debrecen (0.3 units/ha).

In the city of Debrecen, nine anthropogenic food sources (food
service establishments) were found at the Zoo, five at the SPC, and
five near the AGR, however, all were outside of the 200-m buffer
zone around the trap location.

4 Discussion

4.1 Morphological differences across
spatial scales and age categories

Our study provided three key results. First, we found that adults
differed in body mass and body condition between the study areas
studied, mainly because individuals near Szakoly had lower body
mass and condition than individuals caught near Balmazuajvaros or
in Debrecen. These differences can be explained by three possible
reasons. First, the trapping location near Balmazajvaros was deep
inside Hortobagy National Park, an extensive grassland area, which
provided ample availability of natural food sources. In contrast, the
trapping location near Szakoly was surrounded by arable lands and
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FIGURE 3

Mean + S.E. values adjusted for seasonal differences of body size variables (A-E, G, H) of juvenile Hooded Crows captured in three locations within
the city of Debrecen (locations are in Figure 1) and the interaction in tarsus length between season and locations (F).

forests and with very little grassland, which provided few or poor
opportunities for feeding. Second, individuals were caught and
measured on average 3 weeks earlier in Szakoly (mean * S.D.
Julian week, 18 + 4.1 weeks) than in BalmazGjvaros (21 + 3.0) or
Debrecen (21 + 7.8); F, gg = 3.134, p = 0.048), and it is also possible
that body mass and condition were lower earlier than later in the
breeding season. The start of breeding is normally associated with
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high levels of stress and energetic demands, resulting in lower body
mass and condition since breeders tend to restrict their movements
away from their nest and thus have less time available for feeding
(Harding et al., 2011). Finally, it is also possible that Hooded Crows
in Szakoly, a wooded area with more predators than in grasslands,
minimised their fat reserves and body mass to increase their ability
to escape from predators. Body mass is a highly plastic trait, and
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TABLE 1 Results of linear models testing the effects of location and season (Julian week) on body size variables of Hooded Crows captured in three
locations (juveniles) or four locations (adults) in the city of Debrecen.

Age group Variable Effect F Adjusted p
Juveniles Body mass Location 14.224 0.001
Julian week 5.802 0.048
Log(Fat reserves) Location 4.026 0.031
Julian week 0.695 0.558
Body condition Location 8.559 0.002
Julian week 5.933 0.048
Log(Body length) Location 4.857 0.022
Julian week 1.966 0.262
Wing length Location 0.878 0.460
Julian week 3.096 0.178
Tarsus length Location 6.801 0.006
Julian week 3.382 0.787
Tail length Location 1914 0.209
Julian week 0.073 0.787
Skull length Location 1.009 0.450
Julian week 0.434 0.624
Skull width Location 4.870 0.020
Julian week 1.936 0.262
Bill length Location 0.200 0.819
Julian week 10.527 0.008
Bill thickness Location 6.600 0.006
Julian week 15.995 0.001
Adults Body mass Location 0.767 0.574
Julian week 0.139 0.859
Fat reserves Location 2918 0.198
Julian week 1.842 0.686
Body condition Location 0.435 0.730
Julian week 0.032 0.859
Body length Location 2.566 0.201
Julian week 0.163 0.859
Wing length Location 5.041 0.049
Julian week 0.288 0.859
Tarsus length Location 4.593 0.049
Julian week 1.001 0.859
Tail length Location 1.452 0.378
Julian week 4,991 0.363
Skull length Location 1.727 0.378
Julian week 0.225 0.859

(Continued)
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TABLE 1 Continued

10.3389/fevo.2023.1196075

Age group Variable Effect F Adjusted p
Skull width Location 1.357 0.378
Julian week 2.466 0.686
Bill length Location 1.252 0.378
Julian week 0.056 0.859
Bill thickness Location 1.534 0.378
Julian week 0.156 0.859

P values were adjusted by the FDR method. Significant differences are in Bold.

passerines readily accumulate fat reserves and can rapidly reduce it
(Brommer et al, 2015) e.g. in response to possible predation
pressure (MacLeod et al., 2006).

Second, we did not detect differences in juvenile body size
between the two urban areas, probably because our data were from
different parts of the post-fledging period. Despite the substantial
overlap in Julian weeks of capture between Budapest and Debrecen,
juvenile birds were caught on average 8 weeks later in Budapest
than in Debrecen. If the body size of juveniles still grows after
fledging, this temporal difference may explain why birds in
Budapest had larger bills and better body condition at the time of
capture. Similarly, we found no difference in adult body size
between the two cities or between the two cities and the rural
area near Balmazujvaros. In addition to the abundance of natural
food sources in the grasslands near Balmazujvaros (see above), the
absence of body mass differences between the Balmaz@jvaros rural
and the two urban areas could also be the result of a balanced trade-
off between food predictability and prediction risk (Amiot et al,
2022). This is consistent with the low predictability of food sources
in urban areas leading to reduced fat reserves (Cuthill et al., 20005
Shochat, 2004; Brodin, 2007), which would be counter-balanced by
the low levels of predation pressures and/or the sedentary way of life
observed in urban environments.
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FIGURE 4

Perhaps most interestingly, we found differences in body size
between trapping locations within the city of Debrecen. Juvenile
Hooded Crows captured in the Zoo location were generally larger,
i.e,, had higher body mass and better body condition, had more fat
reserves, were lengthier, and had wider skulls and bills than
juveniles caught elsewhere, especially in the SPC. Even more
interesting is that the Zoo and the SPC are close (< 500 m) to
each other (Figure 1, Figure S3). Because juvenile crows were
captured on average 4 weeks earlier in the SPC location (28 + 2.9
weeks) than the Zoo location (32 + 5.2), F = 0.313, p < 0.001),
differences in capture time might partly explain some
morhpological differences observed between these birds, since it is
possible that body size variables were lower earlier than later in the
season. Nonetheless, the Zoo has been the centre of Hooded Crow
colonisation in Debrecen (Kover et al., 2015), which implies that it
may provide better conditions for breeding and/or survival than
other areas. The primary attractant of Hooded Crows to the Zoo is
likely the year-round high availability of easily accessible food in
open-top enclosures of Zoo animals, food storage areas and garbage
cans near enclosures and open-air restaurants. Each of these are
regularly visited by crows several times a day (Kover et al., 2019).
Natural (grassland) food sources are limited as most of the Zoo area
is forested (Figure S3). In contrast, artificial, regularly mowed lawns
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Mean + S.E. values adjusted for seasonal differences of wing length (A) and tarsus length (B) of adult Hooded Crows captured in four locations within

the city of Debrecen (locations are in Figure 1).
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of sport fields in the SPC (Figure S3) represent natural food sources
and also attract crows, but likely provide less energy-rich food
compared to the Zoo.

Some of the differences found in juveniles, namely, in tarsus
length, could also be detected in adults, in that the Zoo birds had
longer tarsi and wings than birds from other locations within the
city. This result confirms that the Zoo probably has better or more
sources for feeding and/or that larger, more dominant birds occupy
the Zoo area rich in food sources. Because locomotion-related traits
such as tarsus and wing length usually have lower values for urban
than rural birds because urban birds move less (Liker et al., 2008;
Bokony et al., 2012; Meillére et al, 2015; Dulisz et al., 2016;
Caizergues et al.,, 2018), birds with longer tarsi and wings in the
Zoo are probably more dominant or of higher individual quality
than birds from other parts of the city. Such findings can be
explained by the founder effect, which implies that the observed
differences are mainly due to the morphological traits of the birds
that were the first to colonise the area (Evans et al., 2009). These
results also support the view that local conditions within a city may
also modify patterns in body size along the rural-urban gradient
(Evans et al., 2009; Seress and Liker, 2015; Sepp et al., 2018), likely
due to the local ecological variation involved (Teplitsky et al., 2008;
Husby et al., 2011; Brommer et al., 2014).

Earlier studies of the morphology of adult birds have reported
inconsistent responses to urbanization, ranging from negative
effects (Giraudeau et al,, 2014) through no effects (Bokony et al,
2012; Grunst et al., 2014; Meillere et al., 2017; Amiot et al., 2022) to
positive effects (Meillere et al., 2015). A recent comprehensive study
of six animal groups found that birds in general have smaller body
sizes in more urbanised areas than in less urbanised areas (Hahs
et al,, 2023). In addition, feeding strategy and body size were more
important traits in explaining success in urban environments than
reproductive traits, and omnivory was very frequent in the most
urbanised areas in birds (Hahs et al., 2023). Our results obtained in
the highly omnivorous Hooded Crows suggest that of the local
conditions, the availability of anthropogenic food sources emerges
in importance. Anthropogenic food sources often show an
aggregated pattern (e.g. Figure 1), which can lead to the
emergence of urban areas with stable and reliable food sources,
which may be worth defending in territories (e.g. by larger adults in
the breeding season, as suggested in this study) or may be worth
visiting in groups outside the breeding season (e.g. by flocks of up to
300 birds in the Zoo, as is regularly observed in the winter). These
“islands” of stable food sources can provide better conditions for
chick-rearing and allow better conditions for development,
resulting in larger fledglings. As such, these islands can be worth
defending by larger, more dominant adults. These mechanisms
could explain the local-scale patterns observed in our study, i.e.,
larger juveniles and adults in the Zoo area than in other locations
within the city.

However, greater food availability in cities does not necessarily
result in a larger body size or better body condition because most
reports have indicated that birds in cities are often smaller and/or in
worse body condition than their rural conspecifics (Evans et al,
2009; Meillere et al., 2015; Hahs et al., 2023), while others indicated
no morphological differences along the urban-rural gradient
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(Bokony et al., 2012; Meillére et al., 2017; Amiot et al., 2022). It is
plausible that not only the quantity, but also the quality of
anthropogenic food influences the body size and condition of the
birds. Compared to natural food, anthropogenic food is often low in
proteins and vitamins and rich in fats, carbohydrates, and salt
(Garcia-Arroyo et al., 2023), which may lead to lower breeding
success (Chamberlain et al., 2009; Meyrier et al., 2017; Caizergues
et al,, 2018) and slower young development (Peach et al., 2008;
Seress et al., 2012) in birds. In addition, the lack of certain nutrients
can impose direct costs on bird development. For example, vitamin
B12 is central to carbohydrate and fat metabolism and affects weight
gain, food intake, and feather development (Van Grouw, 2018).
Poor developmental conditions are often responsible for shorter
structural body sizes in birds (Peach et al., 2008; Seress et al., 2012).
Our results on shorter tarsi and structural size in juvenile Hooded
Crows from different trapping locations in Debrecen agree with this
mechanism and support the idea that the local environment may
slow down or limit bird development. In the closely related Carrion
Crow (Corvus corone), urban birds produced smaller fledglings, and
these differences could be linked experimentally to food availability
(Richner et al.,, 1989). Alternatively, smaller body sizes can also
reflect ongoing adaptations to novel environments at several levels
(Liker, 2020). For example, birds can change their food preferences
and feeding strategies (Shochat, 2004), but they can also exhibit
morphological changes (Badyaev et al.,, 2008; Bosse et al., 2017). The
quantity and quality of anthropogenic food available may therefore
be a driving factor in wild bird adaptation to novel environments.
The adaptation process is expected to accelerate if there is no gene
flow between urban and rural populations. Some earlier studies
have detected gene flow between urban and rural populations
(Bjorklund et al., 2010; Carlen and Munshi-South, 2021), whereas
others have not (Zhang et al., 2013; Tang et al., 2016; Markowski
etal, 2021). We have no molecular data to evaluate this possibility.
However, gene flow cannot be ruled out in Hooded Crows, where
the winter density of crows increases greatly in cities (Nagy, 2021),
suggesting an influx of individuals from nearby rural areas.
Because temperature is not likely to vary much at the local,
within-city scale (few hundred meters to few kilometers), our results
do not provide support for Bergmann’s rule. Our findings are in line
with previous studies that reported lower conformity to Bergmann’s
rule in passerines than in non-passerines (Meiri and Dayan, 2003).
Conformity to Bergmann’s rule can be difficult to detect due to
various biological and ecological factors (He et al., 2023). For
instance, individuals may adopt strategies other than increasing
body size to cope with colder environments. Additionally, variation
in body size may be mediated by the individuals’ unique
environment and biogeographic history (Mainwaring and Street,
2021). While global warming is generally expected to lead to smaller
body sizes, it may not be universal (Tian and Benton, 2020) because
individuals can change their activity or behaviour (Beever et al.,
2017) or their geographic ranges (Rushing et al., 2020) to adapt to
the changing climate. These results call for more extensive, wide-
scale studies when one tries to analyse possible morphological
changes in relation to Bergmann’s rule or to global warming.
Furthermore, we found no differences in wing length between
individuals from urban vs. rural areas, or between cities in either age
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group. Thus, we found no evidence supporting either Allen’s rule
(longer wings in colder environments) or Seebohm’s rule (shorter
wings in more sedentary lifestyle). However, it is also possible that
our findings may support both rules at the same time. For instance,
because Hooded Crows are year-long residents in urban areas, they
may display shorter wings, as per Seebohm’s rule. However, the
warmer climate in urban areas can induce longer wings in these
birds, as per Allen’s rule. Thus, the combined result of both
mechanisms, i.e., no variation in wing length between crows from
different areas, operating at the same time cannot be distinguished
from the absence of both mechanisms.

Additional explanations are also possible for the lack of large-
scale urban-rural differences in the morphology of Hooded Crows.
Based on their omnivorous feeding strategy, Hooded Crows are
more likely to show variation in body mass and body condition due
to their consumption of a wide variety of foods, which explains the
large variation in measurements of body mass (min - max values
for adults in this study: 300 — 530 g) and possibly of other variables.
It is also possible that the effect of anthropogenic food sources
availability on crow morphological traits is likely to differ with
development stages as well as with the availability and relative
quality of natural food. Finally, the en masse appearance of Hooded
Crows in cities in Hungary has started relatively recently (1980s and
1990s), and it is possible that the few decades since then have been
too short for morphological variation to arise.

We also note that we found more differences in morphological
traits of juveniles and fewer differences for adults. Adult body size
thus appears to be more stable than juvenile body size, which
probably varies because juveniles still grow after they leave the nest.
This was partially supported by positive relationships between
Julian week and several juvenile body size variables (Table 1).
These results also suggest that urban crows may be subject to
site-specific ecological pressures during their development, and that
such constraints seem to disappear during adulthood, as birds start
to move around.

Finally, we found that urban environments were warmer and
had a higher availability of anthropogenic food sources than rural
ones. Urban environments are generally warmer than rural areas
(Heiss et al., 2009; Baltensperger et al., 2013; Krausman et al., 2014),
mostly due to built-up areas, which effectively absorb heat (Terjung
and Louie, 1973; Oke and McCaughey, 1983; EU Science Hub,
2022). Higher temperatures have previously been associated with
variability in animal morphology (Brommer et al., 2015; Caizergues
et al,, 2018; Mainwaring and Street, 2021) and a series of trade-offs
affecting feeding, reproduction, nest site selection, offspring
provisioning, and migration (Van de Ven et al, 2019). Our
results, however, did not agree with these observations or with
Bergmann’s rule suggesting that individuals living in warmer
conditions would have a smaller body size than their conspecifics
living in colder conditions.

Taken together, our results suggest no universal differences in
body size of Hooded Crows between urban and rural areas.
However, our observations of local differences in juvenile and
adult body size at least partly indicated that the variation in body
size is probably more site-dependent than gradient-dependent.
Such dependence was previously reported in the European
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Blackbird (Turdus merula; Evans et al,, 2009). While there may
be substantial morphological variation between adjacent urban
(Zoo vs. other trapping locations) and rural crow populations
(e.g. Szakoly vs. other areas), such differentiation may not operate
across the full range of the species. Thus, site-specific, locally
condition-dependent variation in body size between Hooded
Crow populations may appear if the selective pressure acting on
crow morphology varies inconsistently between study sites.

4.2 Study limitations

First, we collected data for only one year, thus, we cannot
evaluate the robustness of our findings for longer time periods. We
restricted data collection to one year only to minimise the variance
in morphological traits attributable to between-year differences in
weather, food availability, and other possible factors. Second, we
had data from only three rural juveniles, which hindered us from
conducting an urban-rural comparison of juveniles. While we made
every attempt to increase the sample size of juvenile crows living in
rural areas, Hooded Crows are highly intelligent and were often too
difficult to catch with the traps used (Kover et al., 2018). While
adults in both urban and rural areas can be caught near their active
nests, they can hardly be caught outside the nesting period as they
are wary of traps. Third, we measured anthropogenic food
availability in our study areas rather than the use of
anthropogenic food by crows. Although direct monitoring of the
use food would have been highly informative, this was not possible
as our data were collected as part of ongoing crow management
programmes. Nonetheless, recent studies have provided evidence
on the use of anthropogenic food by crows (Cereghetti et al., 2019;
Garcia-Arroyo et al, 2023) and that anthropogenic food is
important for urban birds (Tryjanowski et al., 2015; Preininger
et al., 2019). Finally, we did not collect data during the winter
period, which is characterised by low food availability and is likely
to be a bottleneck in crow survival. Beginning in late November,
Hooded Crows from Debrecen usually aggregate and move together
in one or a few big flocks, which prevented us from allocating crows
to trapping locations within the city. We thus ended the trapping
effort in early November.

4.3 Conclusions

In conclusion, the comparison of the morphological traits of birds
from the four study areas (two rural and two urban areas) showed
that urban adult crows did not differ from their rural conspecifics.
Nonetheless, birds from Szakoly (one of the rural areas) were smaller
than birds from Balmazujvaros (the second rural area) and the city of
Debrecen. We did not detect any differences in the morphology of
crows, neither in adults nor in juveniles, between the two different-
sized cities. Finally, the local-scale comparison of crows from several
locations within the city of Debrecen showed that juveniles had
significantly larger body sizes and adults had longer wings and tarsi in
the Zoo area than in other locations. Taken together, these findings
suggest that divergences in morphological traits are more likely site-
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specific than gradient-specific and have likely resulted from rapid
local responses to spatially differing factors. Further studies involving
multiple scales and sites and factors other than food availability and
microclimate will be fruitful to explore inter-site variability in
morphology and to better understand the rapid responses of wild
birds” phenotypic traits to urbanization.
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