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Abstract

Although urbanization poses one of the largest threats for biodiversity, only few studies have so far examined its impact
in large Central European cities. Our study aimed at investigating the effects of urbanization on bird diversity using two
methods to describe the urban environment. The first measure used the degree of sealing, portion of traffic infrastructure,
number of floors of the tallest building at a site scale (100-m radius), and the distance from the city center, while the sec-
ond one relied on land-cover data at a local scale (1000-m radius). We conducted bird surveys at 761 sites across Hamburg.
Bird diversity was assessed as species richness, abundance, and Shannon index. Additionally, evenness was calculated.
Both urbanization measures represented a rural-to-urban gradient and were negatively correlated with bird diversity as
well as evenness. At the site scale, the degree of sealing had the strongest negative effect on bird diversity followed by the
portion of traffic infrastructure and the tallest building. At the local scale, artificial surfaces proved to have the strongest
negative effect, while agricultural areas and forests were positively associated with bird diversity. In general, models using
the site scale for measuring urbanization showed higher associations with diversity. The results emphasize the importance
of unsealed areas in the urban environment and of natural habitats in the periphery for bird diversity in Central European
cities with millions of human inhabitants. Considering this for future city planning can help to preserve biodiversity in the
urban environment, increase bird diversity in development areas, and thus improve living conditions for people.

Keywords Urban ecology - Urban gradient - Land-cover classes - Bird diversity - Germany

Introduction

An increasing portion of people live in cities (United Nations
2018) which favors urban sprawl as well as densification
(Patacchini et al. 2009; Haaland & van den Bosch 2015),
and results in urbanization being one of the fastest grow-
ing land uses worldwide (United Nations 2019). In contrast,
along with climate change, urbanization poses one of the
largest threats for biodiversity and wildlife as it is consid-
ered one of the main factors for habitat loss and degradation
(Grimm et al. 2008; Isaksson 2018).
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In order to examine the impact of urbanization on biodi-
versity, this study uses bird diversity as a bioindicator, since
birds are highly mobile animals and are, therefore, able to
quickly adapt to changing environment. This makes them
ideal for studying fast changing ecological conditions as, for
example, in urban environments (Concepcion et al. 2015).
Additionally, in comparison to other vertebrates, birds can
easily be monitored facilitating a dense survey of a large
area.

Previous studies reported different responses in different
species: Whereas some bird species thrive in the urban envi-
ronment, more specialized species are not able to adapt to
these conditions (McKinney 2002; Leveau 2013). Among
the thriving species are generalists, which have adapted to
the urban environment and exploit characteristics exclusive
to such habitats (Carbd-Ramirez and Zuria 2011; Le Viol
et al. 2012). These characteristics include for example the
urban heat island, which can favor invasive species and elon-
gate the breeding season for all bird species enabling more
breeding attempts per season (Isaksson 2018; Reynolds et
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al. 2019). However, many species are specialized on certain
habitat features due to their feeding and nesting traits and
lack the ability to survive without them (Evans et al. 2011;
Di Pietro et al. 2021). Especially species depending on, for
example, closed tree canopies, wetlands, meadows, or other
types of cultural landscapes belong to the urban avoiders,
which are rarely found within the urban core and vanish from
habitats in which urbanization increases (McKinney 2002).
As a consequence, urbanization leads to a biotic homogeni-
zation of bird communities which are usually composed of
few species and often differ immensely from those in a local
natural environment (Blair 2001; McKinney 2006; Morelli
et al. 2016). However, even well-adapted species often suf-
fer from fewer offspring per breeding attempt in cities in
comparison to rural areas caused by a lower quality of avail-
able food sources and higher levels of disturbance (Pollock
et al. 2017; Reynolds et al. 2019). These factors also nega-
tively affect the number and body mass of offspring in urban
bird communities (Liker et al. 2008; Saccavino et al. 2018).
Therefore, numerous previous studies investigated and
identified drivers of bird diversity in urban environments
(Clergeau et al. 2006; McKinney 2008; Aronson et al. 2014).
Studies reported bird diversity being inversely correlated
with impervious surfaces and building density, respectively
(Chace and Walsh 2006; Beninde et al. 2015), while the por-
tion of green areas (Jokimiki 1999; Tzortzakaki et al. 2018),
water bodies (Ferenc et al. 2014b), agricultural areas, espe-
cially pastures (Soderstrom et al. 2001), and woody vegeta-
tion (Sandstrom et al. 2006; Ferenc et al. 2016) increase bird
diversity. Additionally, the importance of the size of such
habitats is frequently emphasized as there is a species-area
relationship in the urban environment resulting in a higher
bird diversity in larger habitat patches (Ferenc et al. 2014a).
Further on, increasing number of people and traffic are asso-
ciated with increasing levels of urbanization, resulting in
more anthropogenic disturbances and higher levels of stress
on birds (Kekkonen 2017). The disturbances include noise,
light, and chemical pollution and have been reported to
negatively affect birds (Grimm et al. 2008; Isaksson 2018).
As these patterns have been studied, especially, in tem-
perate zones across the world (e.g. Aronson et al. 2014) and
most parts of Europe focusing on its western and northern
parts (e.g. Clergeau et al. 2006; Evans et al. 2009), general
patterns can be expected to return in Hamburg. However,
in Central Europe there are only few comparable studies
for investigating bird diversity on a rural-to-urban gradi-
ent or the role of land-cover classes within large cities (e.g.
Meffert and Dziock 2013; Planillo et al. 2021) and none
for Hamburg and NW Germany in general. Yet, to further
understand the effects of urbanization and in respect to
additional structural changes in the future such as the tran-
sition to more sustainable energy and traffic, gaining more
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knowledge of the impacts and drivers of urbanization on
bird diversity in large cities will make adequate manage-
ment actions possible and improve city planning.

Therefore, this study attempts to identify quantitative
predictors for bird diversity across Hamburg. However, the
explanatory power of these predictors strongly depends on
the applied scale. Studies at site scale are able to identify
environmental conditions which influence species’ access to
important resources and nesting sites as well as their expo-
sure to anthropogenic disturbances (McKinney 2008) and
represent the high heterogeneity of urban areas (Savard et
al. 2000). Using local and larger scales portrays overall dis-
tribution patterns in (urban) ecosystems as for example the
influence of land use (McKinney 2008). In this respect, the
study applies both methods to quantify urbanization. One at
a site scale using three variables within a 100-m radius (i.e.
degree of sealing, portion of traffic infrastructure, and the
number of floors of the highest buildings) which represent
the urbanization of a sampling site and can indicate envi-
ronmental conditions. The site scale approach also includes
the distance from the city center as a fourth variable, since
it has been successfully used in several previous studies and
indicates anthropogenic disturbances as well (Leveau and
Leveau 2016; Callaghan et al. 2018; Yang et al. 2020). The
second method uses a local scale with land-cover classes
for a 1000-m radius around sampling sites to predict the
influence of land use on birds. Additionally, covariables (i.e.
weather data, location in form of latitude and longitude as
well as the time of day and year) were included in the mod-
els to assess their influence on bird diversity.

We hypothesized that 1) bird diversity, abundance and
evenness are influenced by both site scale (urbanization
characteristics) and local scale (land-cover classes). At site
scale, diversity parameters and evenness decrease with 2a)
higher degrees of sealing, 2b) an increasing portion of traffic
infrastructure, and 2c) the number of floors of the highest
building, while we expected 2d) an increase in bird diver-
sity and eveness with an increasing distance from the city
center. At local scale, we hypothesized that 3a) artificial
surfaces have a negative impact on bird diversity, whereas
3b) agricultural areas, 3¢) forests and seminatural areas, and
3d) water bodies and wetlands positively influence diversity
parameters and evenness.

Methods
Study area
The study was conducted in Hamburg (53° 33’ N, 59° 36’ E),

which is the second largest city in Germany with 1.9 million
inhabitants (Statistik Nord 2021). The climate is temperate
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with maritime influences, an average temperature of 9.4 °C,
and average precipitation levels of 796 mm (DWD 2021).
Hamburg covers an area of 755 km? which consists of a
large urban core as well as agricultural areas and forests
which are mostly situated in the south (Fig. 1). The city is
well vegetated and has numerous urban green spaces. The
quarter Neuwerk (7.6 km?) which lies 100 km NW of the
city in the North Sea was excluded from the study.

Site selection

To account for the diversity of the city, sites were distrib-
uted over the entire area of Hamburg by overlaying a 1-km?
grid using QGIS (version 3.18.1, QGIS Development Team
2021) and counting once in every grid cell when accessible
by public roads. Sites were chosen as close to the center
of each grid cell as possible to avoid being unconsciously
influenced when randomly assigning sampling sites and
improve their even distribution. In areas with buildings,

Fig. 1 Map of Hamburg (Ger-
many) with sampling sites and :
borders of districts as used for ¢ A

crossroads were preferably picked for counting to assure at
least three axis of sight and thereby improve comparability
to more rural areas where the view is not obstructed by any
buildings. Sites were at least 500 m away from each other
to avoid duplicate counts (Gregory 2004). In total, 761 sites
were visited. They were identified remotely in advance and
located by GPS. To account for other variables influencing
bird activity such as weather, time of day and year etc., the
following system was developed to assure that no additional
variables could be associated with the degree of urbaniza-
tion and therefore influence the results: Every counting day
was restricted to one administrative district Which were
counted in the same sequence for the entire study period.
The counting order of the districts allowed for a high dis-
tance between sites on succeeding days. As there are seven
districts and two adjacent districts (Eimsbiittel and Ham-
burg-Nord) were seen as one unit because of their compara-
bly smaller size, one “counting cycle” consisted of six days.
To control for time of day differences in bird detectability

this study. The districts Ham- —
burg-Nord and Eimsbiittel were

combinded. The upper left panel o i

shows the geographic location
of the study area. Irregularities
in the distribution pattern of

sampling sites are due to inac-
cessible areas (e.g. airports,
agricultural areas, water bodies,
the port). Background map from
OpenStreetMap

Hamburg with Sites T

® Sampling Sites

] Districts
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counts in subsequent cycles were performed on alternating
urbanization gradients: In the first cycle, sites started in a
highly urban zone and moved to a less urban area through-
out the day, whereas the second one was performed on a
rural-to-urban gradient.

Bird survey

Each site was visited ones. On site a point count was per-
formed, during which all birds seen or heard within a 50 m
radius and for a fixed 10-min period were recorded (Bibby et
al. 2000), since this time interval is considered a good com-
promise to detect higher species numbers and avoid double
counts (Ralph et al. 1995). The 50 m radius was chosen to
increase comparability between different sites since auditive
detection is limited close to noise sources such as streets.
Additionally, differences in visual detectability are reduced
when counting in a small radius resulting in a better com-
parability between open sites such as farmlands and build-
ings and forests. All counts were carried out by A.H. on 34
days during breeding season (April 12th to June 17th 2021)
and over the entire day, however, primarily starting in the
early morning. Days with strong winds and high amounts
of rain were avoided to minimize the impact of unfavorable
weather conditions.

Additional data collection

Additional data were collected on site including the number
of floors of the highest building in a 100-meter buffer zone
as well as weather data. Weather data were collected using
two methods. Before counting, wind speed and temperature
were copied from the website of the Deutscher Wetterdienst
(DWD; German Meteorological Service) for the weather
station Hamburg Airport which is updated hourly (DWD
2021). In addition, rain intensity and cloud coverage were
classified on site into four and three categories, respectively.

Data analysis

All analyses and statistical tests were performed in R 4.1.0
(R Core Team 2021). All plots were constructed using the R
package ggplot2 (Wickham 2016) and all tables were cre-
ated using the package sjPlot (Liidecke 2021). Maps were
created in QGIS (version 3.18.1, QGIS Development Team
2021). p<0.05 was considered as significant and |r| > 0.7
was regarded as a strong correlation.

Weather data

A principal component analysis (PCA) was chosen to
minimize the effects of multicollinearity and reduce the
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Table 1 Loadings and summary for the first two principal components
for the PCA of weather variables

PCIW PC2W
Temperature 0.58 -0.58
Windspeed -0.20 -0.83
Rainfall -0.64 -0.28
Cloud coverage -0.81 0.03
Standard deviation 1.20 1.05
Proportion of variance 0.36 0.27
Cumulative proportion 0.36 0.64

Table 2 Loading and summary for the first principal component
(PCUrb) for the PCA of urbanization variables

PCUrb
Sealing -0.81
Floors of highest building -0.88
Distance from city center 0.73
Traffic proportion -0.15
Standard deviation 1.51
Proportion of variance 0.57

number of variables. Since the first principal component
only explained 36% of the variance, the first two principal
components (PC1W, PC2W) were kept for further analysis
as they together explained 64% of the variance (Table 1).

Degree of urbanization

In this approach to describe urbanization, building coverage
and the portion of traffic infrastructure at a site scale of a
100-m radius were calculated using the raster package (Hij-
mans 2021) and sealing data (BUKEA 2017) or land-cover
data (EEA 2018), respectively, as these are key indicators
for urbanization (Bowman and Marzluft 2001; Liker et al.
2008; Szulkin et al. 2020). The number of floors of the high-
est building was chosen as an additional variable as building
height constitutes a proxy for urbanization and can easily be
determined on site (Schéfer et al. 2017; Szulkin et al. 2020).
Additionally, the distance from the city center (Hamburg’s
geographical center; Leveau and Leveau 2016) was consid-
ered in the study. Since these variables are not independent
from one another and therefore correlate, a PCA was con-
ducted to create one urbanization measurement combining
the four variables (Elle 2005). The first principal component
(PCUrb) explained 56% of the variance and was further on
used as a measure for urbanization (Table 2).

Land-cover types

For the second method to describe urbanization, land-cover
data provided by the Urban Atlas Map (EEA 2018) was ras-
terized in QGIS and imported into R to extract the percentage
of land-cover types for each site at a local scale with 1000-m
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buffer zones. Land-cover types were also calculated within
Hamburg’s administrative borders to assure the efficiency
of site selection in representing Hamburg. Land-cover types
were sorted into their five main classes (artificial surfaces,
agricultural areas, forests and seminatural areas, water bod-
ies, and wetlands), whereas the last two were treated as one,
since wetlands covered less than 0.2% of the study area and
both habitat types attract a similar avifauna. Due to intercor-
relations, a PCA was conducted for the main classes. The
first principal component explained 51% of the variance and
was used as the second measure for urbanization (Table 3).

Bird diversity assessment

Bird diversity was assessed in terms of species richness
(number of species, nSp), bird abundance (number of indi-
viduals, nInd), and Shannon index for each site. Additionally,
evenness was calculated for each site. The three diversity
parameters were tested for spatial autocorrelation using the
Mantel Test and Moran’s I. Statistical significances for both
were calculated using Monte Carlo simulations with 999
randomizations. To examine the impact of urbanization on
threatened species their occurrence was measured for each
site by evaluating either their presence or absence.

Effect of urbanization on the avifauna

A log-transformation was implemented on the number of
individuals (nIndlog) to down-weight the influence of
extreme values. The Shannon index and evenness were
square-transformed (ShannonSquare, EvennessSquare) to
correct left-skewed data distribution. A generalized linear
model (GLM) with a Poisson error was carried out for the
count data nSp and GLMs with a normal distribution of
error were performed on ShannonSquare, EvennessSquare
as well as on nIndlog to determine the effects of urbanization
on bird diversity and abundance. Additionally, the effect of
urbanization on threatened species (Red List for Hamburg’s
breeding birds; Mitschke 2018) was tested by carrying out
GLM:s with a binominal error. Due to a high correlation, the
effects of the two urbanization measures were calculated in
separate models. To test for general patterns and verify that
the dataset follows common patterns the time of day, date,

Table 3 Loading and summary for the first principal component
(PCLC) for the PCA of land-cover classes

PCLC
Agricultural areas 0.91
Artificial surfaces -1.00
Forest and seminatural areas 0.37
Water bodies and wetlands 0.16
Standard deviation 1.42
Proportion of variance 0.51

longitude, and latitude of sites as well as weather variables
(PC1W, PC1W) were used as covariables.

Results
Bird survey

Between 1 and 20 bird species were found at each site (aver-
age 8.9 species). In total 11,753 individuals representing
119 species (including three hybrids) were recorded in this
study. The most common species was the Common Wood
Pigeon (Columba palumbus, 71.4% of sampling sites), fol-
lowed by the Great Tit (Parus major) which was found on
58.5% of sampling sites and the Common Chiffchaff (Phyl-
loscopus collybita) with a frequency of 54.1%. Among the
recorded breeding species, 13 are classified as threatened
in Germany (Red List categories 3: vulnerable (n=7),
2: endangered (n=35), 1: critically endangered (n=1), 0:
extinct (n=0); Griineberg et al. 2015) and 20 breeding bird
species are threatened in Hamburg (Red List categories 3:
vulnerable (n=28), 2: endangered (n=7), 1: critically endan-
gered (n=4), 0: extinct (n=1); Mitschke 2018; Appendix
1). Species richness, abundance, diversity, and evenness.

There was a significant increase in the number of individ-
uals and species as well as the Shannon index and evenness
from the center to the outskirts of the city: both urbanization
measures had a highly significant effect on all three diver-
sity measures (Table 4). All variables included in the GLMs
had a significant effect on the number of individuals. The
only highly significant covariable in all models was the time
of the point count, although, weather parameters and the
degree of longitude and latitude reached significant impor-
tance in some models (Tables 5 and 6). In neither of the two
tests for spatial autocorrelation any significant values could
be detected.

Site selection system

The system which was developed for site selection showed
to be highly efficient. As it could have been expected, an
increasing time of day significantly reduced the recorded
bird diversity as well as the detected species and individ-
uals. However, neither the time of day nor the other bird
activity determining factors included in the analysis (date
and weather) correlate with any of the two urbanization
measurements (Table 4). This shows that due to the devel-
oped system differences in the diversity measurements can
be explained by differences in urbanization rather than any
of the covariables.
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Table 4 Correlation coefficients r from a Pearson correlation between all covariables included in the GLMs, diversity parameters and evenness
as well as urbanization measures (upper half), as well as between the four original urbanization variables used in the PCA for PCUrb (Build-
ing: the number of floors of the highest building, Distance: distance from the city center, Sealing: degree of sealing, Traffic: portion of traffic
infrastructure),diversity parameters, evenness and urbanization measures (lower half)

Date Time Latitude Longitude PCIW PC2W
nSp -0.031 -0.232 -0.070 0.152 -0.110 0.232
ShannonSquare -0.038 -0.201 0.026 0.079 -0.066 0.199
nlndlog -0.139 -0.152 -0.150 0.173 -0.149 0.208
EvennessSquare -0.034 -0.178 0.076 0.039 -0.042 0.172
PCLC 0.049 0.049 -0.323 0.171 0.064 0.060
PCUrb -0.011 0.066 -0.151 0.122 0.048 0.005

Building Distance Sealing Traffic PCLC PCUrb
nSp -0.361 0.265 -0.529 -0.347 0.330 0.505
ShannonSquare -0.367 0.269 -0.507 -0.351 0.275 0.501
nIndlog -0.189 0.183 -0.373 -0.251 0.239 0.334
EvennessSquare -0.350 0.252 -0.461 -0.314 0.287 0.454
PCLC -0.503 0.715 -0.654 -0.260 0.726
PCUrb -0.795 0.728 -0.887 -0.565 0.726

Effect of urbanization on bird diversity, evenness
and threatened species

GLMs showed a highly significant increase for all three
diversity parameters as well as a higher evenness when
PCUrb increased. The degree of sealing, number of floors of
the highest building, and the portion of traffic infrastructure
were negatively correlated with PCUrb (r =-0.89, r =-0.80,
r =-0.57, respectively) while the distance from the city cen-
ter was positively correlated (r=0.73; Table 4). Therefore,
low values of PCUrb can be interpreted as a high degree of
urbanization meaning that an increasing urbanization sig-
nificantly decreases bird diversity and abundance (Fig. 2).
The GLM for the occurrence of a threatened species showed
a highly significant link between the appearance of a threat-
ened species and PCUrb. With increasing values of PCUrb
(and thereby a decreasing degree of urbanization) the odds
of recording a threatened species increases (Table 7). Pear-
son correlations between the variables used for the PCA for
PCUrb and the diversity parameters identified the degree
of sealing as the most important predictor followed by the
number of floors of the highest building, the portion of
traffic infrastructure, and the distance from the city center
(Table 4).

Effect of landcover classes on bird diversity,
evenness and threatened species

Calculating the land-cover classes on a local scale around
each site showed that site selection was highly efficient in
representing land-cover distribution in Hamburg (r=0.999,
p<0.001). The most frequent land cover was artificial sur-
faces covering 62.6% of the buffer zones of sampling sites,
followed by agricultural areas with 24.6%, forests and sem-
inatural areas with 7.2%, and water bodies and wetlands
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with 5.6%. Models revealed a highly significant increase for
all three diversity parameters as well as a higher evenness
when PCLC increased. High values of PCLC represent a
high portion of agricultural areas as well as forests and sem-
inatural areas, while low values represent artificial surfaces
(Table 3). Thereby, PCLC describes an urbanization gradi-
ent and shows that an increasing urbanization significantly
decreases bird diversity and abundance. The GLM for the
occurrence of a threatened species showed a significant link
between the appearance of a threatened species and PCLC.
With increasing values of PCLC (and thereby a decreasing
degree of urbanization) the odds of recording a threatened
species increases (Table 7). Pearson correlations identified
artificial surfaces as the most influential land-cover class for
all diversity parameters followed by agricultural areas and
forests and seminatural areas. Water bodies and wetlands
only had an effect on bird abundance (Table 8).

Discussion

The study examined the influence of the urban environ-
ment on bird diversity and highlights the negative impact of
urbanization not only on species richness and diversity but
also on bird abundance. We found both site scale (site urban-
ization characteristics) and local scale (land-cover classes)
to influence all three diversity measures. Confirming our
hypotheses, the degree of sealing, portion of traffic infra-
structure, number of floors of the highest building as well
as the percentage of artificial surfaces had a negative impact
on bird diversity, while it was positively influenced by the
distance from the city center, agricultural areas as well as
forests and seminatural areas. Contrary to our hypothesis,
models showed that water bodies and wetlands had neither
influence on bird diversity nor species richness. While there
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Table 5 Results of the final GLMs for the diversity parameters: Shannon index (ShannonSquare), number of individuals (nIndlog), and the number of species (nSp) as well as evenness (Eve-

nessSquare) with the urbanization measure PCUrb and covariables. Significant p-values are represented by bold font

EvennessSquare

Estimates

ShannonSquare

nSp
Estimates

nindlog

CI

Incidence
Rate

Estimates

Predictors

Ratios
1.16

0.52

<0.001
<0.001

55 0.48-0.62
0.577

0.

<0.001
<0.001

0.436

0.52-0.65

0.58

<0.001
<0.001
0.580
0.555

1.14-1.18
0.41-0.67

<0.001
<0.001
<0.001

0.014

0.13 0.11-0.16

PCUrb

-2.91--1.01

-1.96
0.00
-1.20
1.15
-0.05
0.10
760

-3.17--1.36
-0.01-0.00
-1.63 --0.17

-1.13-1.21

-2.27
0.00

-1.08 —-0.39
-0.01 —-0.00

0.07-0.63

-0.73
0.00
0.35

Time of day

Date

-0.01-0.00
-1.97--0.44

-0.07-2.38

1.00-1.00
0.78-1.14

1.00
0.94
0.66
0.96
1.03
761

0.002
0.064

0.017

-0.90
0.04

Longitude
Latitude
PC1W
PC2W

0.944
0.035

0.007

0.49-0.89

<0.001
<0.001

0.043

-1.77--0.88

-0.09 —-0.03

-1.33
-0.06

0.

0.290
0.103

-0.13-0.04
-0.02-0.21

-0.17 —-0.01

0.00-0.22

-0.09

0.11

761

<0.001
0.058

0.94-0.98

0.044

1.00-1.06

0.00-0.09

04

761

Observations

RZ

0.267

0.318

0.496

0.245

are some contradictions to existing research, the results
mainly confirm findings of previous studies (Clergeau et al.
1998; Chace and Walsh 2006; McKinney 2008; Aronson et
al. 2014; Beninde et al. 2015) for Hamburg.

Effect of urbanization and land usage on bird
diversity and evenness

Overall, an increase in both urbanization measurements
as well as all original urbanization variables which were
included in these measurements had a negative effect on
bird diversity. In particular, the findings identified the degree
of sealing as the most impactful of the original variables
on diversity measurements and evenness. Its highly nega-
tive effect on bird diversity is consistent with several pre-
vious studies (McKinney 2008; Meffert and Dziock 2013;
Carvajal-Castro et al. 2019). With an increasing portion
of impervious surfaces, birds lose habitable area (Morelli
2021). Species depending on green spaces and tree cover-
age for breeding suffer from fewer nesting sites (Chace and
Walsh 2006; Evans et al. 2009) and areas for foraging are
reduced which impacts for example invertebrate abundance
(McDonnell and Hahs 2008; Planillo et al. 2021). Along-
side a quantitative reduction in habitable areas their quality
will decrease as well in urban areas (McKinney 2008). Size
as well as structural diversity decreases in green spaces in
the urban environment while anthropogenic disturbances
increase (Fontana et al. 2011; Paker et al. 2014; Miihlbauer
et al. 2021). The increase in anthropogenic disturbances
can, among other things, be seen in a higher level of dis-
turbances caused by traffic. Higher portions of traffic infra-
structure decrease species richness and abundance caused
by increasing noise and pollution levels (Grimm et al. 2008;
Isaksson 2018; Amaya-Espinel 2019). Furthermore, build-
ing height had a negative impact on bird diversity. Higher
buildings usually provide fewer resources in their proxim-
ity compared to smaller, detached buildings which are sur-
rounded by a greater cover of vegetation (Leveau 2013) and
are often associated with higher pedestrian and car traffic
(Leveau and Leveau 2016). These factors are known to
negatively affect bird diversity (Fernandez-Juricic 2001;
Miihlbauer et al. 2021). Additionally, both traffic and high
buildings have been reported as major anthropogenic threat
through collisions that kill and injure a high number of birds
every year (Erritzoe et al. 2003; Loss et al. 2014; Van Doren
et al. 2021). The negative impact of sealing, traffic infra-
structure and building height is represented as well by the
influence on the different types of land use. Accordingly, an
increasing portion of artificial surfaces had a highly nega-
tive effect on all diversity measurements. In contrast, land-
cover types indicating unsealed and seminatural areas such
as agricultural areas and forests had a positive effect on bird
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Table 6 Results of the final GLMs for the diversity parameters: Shannon index (ShannonSquare), number of individuals (nIndlog), and the number of species (nSp) as well as evenness (Eve-

nessSquare) with the urbanization measure PCLC and covariables. Significant p-values are represented by bold font

@ Springer

EvennessSquare

Estimates

ShannonSquare

nSp
Estimates

nlndlog

CI

CI

Incidence
Rate

Estimates

Predictors

Ratios

<0.001
0.007
0.305

0.26-0.42

0.34

<0.001
0.001

0.28-0.43

0.36
-1.71
0.00
0.51
1.33

<0.001
<0.001

1.09 1.07-1.11
0.28

0.60

<0.001
0.001

0.05-0.10

0.07
-0.61

0.00
0.67

PCLC

-2.46 —-0.40
-0.01-0.00
-0.68-0.93
1.03-3.75
-0.12-0.06

-0.03-0.22

-1.43
0.00
0.12
2.39
-0.03
0.09
760

-2.71--0.70
-0.01-0.00
-0.27-1.30

0.46-0.77

-0.96 —-0.25
-0.01 —-0.00

0.39-0.95

Time of day

Date

0.203

1.00-1.00

1.11-1.63

0.63-1.17

1.00
1.35
0.86
0.96

<0.001
<0.001
<0.001

0.001

0.766

0.202
0.051

0.002
0.328

Longitude
Latitude
PC1W
PC2W

0.001

0.00-2.66

-1.54 —-0.59

-0.09 —-0.02

-1.06
-0.06

0.

0.522

0.121

-0.16-0.02
-0.01-0.24

-0.07
0.11
761

0.001

0.94-0.98

0.139

0.071

1.00-1.06 0.047

1.03
761

0.00-0.09 0.050

04

761

Observations

RZ

0.134

0.163

0.320

0.177

diversity. This is due to an increase in the quantity as well
as the quality of habitats and additionally lower disturbance
levels (Leveau and Leveau 2016). Both agricultural areas as
well as forest constitute foraging and breeding grounds to
a variety of species including more specialized ones which
increases the overall bird diversity (Sandstrom et al. 2006;
Ferenc et al. 2016). Naturally, these landcover types were
found mostly in the periphery, especially the southeast of
Hamburg, explaining the significance of longitude and lati-
tude in some models. This is also shown by the correlation
of longitude and latitude with both urbanization measure-
ments (Table 4). Sealed surfaces and artificial areas, on
the other hand,were characteristic to the urban core. This
explains the positive effect of an increasing distance to the
city center which has been found in other studies as well
(Leveau and Leveau 2016).

These effects also explain the increasing odds for the
occurrence of a threatened species with decreasing urban-
ization. High degrees of the site scale urbanization measure-
ment (PCUrb) have a negative effect on threatened species
showing that, especially, these species profit from green
areas and seminatural landscapes. Since many of these spe-
cies are specialized on certain habitats, both agricultural
areas and forest with a high structural diversity constitute
important breeding and foraging grounds.

While the effects of the previous urbanization variables
have been found in several other cities as well. Interestingly,
the usually positive effect of water bodies on species rich-
ness and diversity in urban environments (Melles et al. 2003;
Ferenc et al. 2014b) could not be confirmed for Hamburg.
This is due to a distinctive yet highly interesting characteris-
tic of the city of Hamburg; the river Elbe and its usage. The
Elbe accounts for a considerable portion of the city’s water
bodies, however, it does not provide much habitable areas
in its immediate surroundings. The appearance of the river
is strongly determined by anthropogenic influences which
increases towards Hamburg’s center. This includes the port,
which is the third biggest in Europe and reaches the highest
urbanization values on the site scale. Consequently, the port
has also been the area with the overall lowest species counts
(Fig. 3). Still, the map (Fig. 3) shows high numbers of spe-
cies for sampling sites close to some water bodies such as
the Outer Alster Lake (a lake in the city center). These find-
ings indicate that there might be a positive effect of water
bodies for bird diversity and species richness in Hamburg
which, however, is counterbalanced by the negative influ-
ence of the large port along the river Elbe. Furthermore,
overall bird abundance is positively affected by the portion
of water bodies indicating its importance for some species
(Ferenc et al. 2014b).
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Fig.2 Map of Hamburg (Ger-
many) with sampling sites and

district borders as used for this ;
study. The number of species @ [ Districts
(nSp) is displayed by point size Number of Species
of the sampling site. The urban- 20
ization gradient is represented = @ 15
by PCUrb, which was inversed . \ 10
and scaled to values between g 5
0 and 100% for illustrative \ Degree of Urbanity
purposes. Background map from ® 100
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Table 7 Results of the GLMs for the occurrence of a threatened species for both urbanization measurements (PCUrb, PCLC). Significant p-values
are represented by bold font

Occurence of a threatened species (PCUrb)  Occurence of a threatened species (PCLC)

Predictors Odds Ratios CI P Odds Ratios CI P
PCUrb 1.33 1.18-1.51 <0.001

PCLC 1.15 1.03-1.29 0.015
Time of day 0.68 0.14-3.19 0.624 0.90 0.19-4.19 0.891
Date 1.00 0.99-1.01 0.942 1.00 0.99-1.01 0.962
Longitude 18.49 5.13-68.62 <0.001 34.99 10.06-126.07 <0.001
Latitude 0.00 0.00-0.02 <0.001 0.00 0.00-0.03 <0.001
PC1W 0.84 0.73-0.97 0.018 0.85 0.74-0.98 0.028
PC2W 0.86 0.71-1.04 0.132 0.87 0.72-1.05 0.147
Observations 761 761

R? Tjur 0.127 0.107

Table 8 Correlation coefficients from Pearson correlations for the

diversity parameters as well as evenness and land-cover classes Evaluation of site selection system
Agri-  Artificial Forestand =~ Water
cul- surfaces seminatural bodies,

The system which was developed for site selection showed

tural tland . . . .

;ZZS areas wetands to be highly efficient. Neither the time of day nor the other
ShannonSquare 0217 -0.256 0.208 0077 bird activity determining factors included in the analysis
nSp 0302  -0.333 0.143 0.025 (date and weather) correlate with any of the two urbaniza-
nIndlog 0261 -0.260 <0.000 0.110 tion measurements. This shows that due to the developed
EvennessSquare 0.162 -0.208 0.235 -0.118 system differences in the diversity measurements can be

explained by differences in urbanization rather than any of
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Fig. 3 Regression plots representing the relationship between the
diversity parameters Shannon index (ShannonSquare), number of
species (nSp), bird abundance (nIndlog) as well as evenness (Even-
nessSquare) and the two urbanization measures PCUrb and PCLC.

the covariables. Therefore, adapting this site selection sys-
tem in other cities for similar studies can help to reduce the
impact of confounding variables and improve comparabil-
ity between studies. Additionally, this approach enables per-
forming counts over the entire day and thereby allows large
sampling sizes within a short period of time.

Evaluation of model and scale differences

Both methods for measuring urbanization proved to be
effective in providing a virtual rural-to-urban gradient and
differentiating between habitat characteristics. However,
the urbanization measure at site scale showed to be supe-
rior in comparison to defining the degree of urbanization by
land-cover classes at a local scale. The association between
diversity parameters as well as evenness and PCUrb showed
to be higher and the first principal component captured more
of the variance of the original variables. Additionally, the
models using PCUrb instead of PCLC had a higher fit, as
they explained a higher proportion of variance. While the
number of species could be explained well with the cho-
sen variables, models with either measure for urbanization
had relatively low R2-values for nIndlog indicating that this
diversity parameter has dependencies which have not been
considered in this study.

A reason for model differences and partly low fits might
be the solely quantitative measurement for both urbanization

@ Springer
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Low values of PCUrb and PCLC represent high degrees of urbaniza-
tion or a high portion of artificial surfaces, respectively. This figure
serves an illustrative purpose only, since Results and Discussion are
based on results obtained from GLMs

measures whereas qualitative differences within the cho-
sen variables have not been investigated. Several studies
reported that the structure of green spaces (Fontana et al.
2011; Miihlbauer et al. 2021), woody vegetation (Jokiméki
1999; Sandstrom et al. 2006), and agricultural areas (Fischer
et al. 2011; Ekroos et al. 2019) have a strong influence on
bird diversity and abundance. This can also explain the dif-
ferences in the number of species within highly urban areas.
Hamburg’s urban core is highly sealed, however, differ-
ences in the quality of tree coverage are apparent and can
often be associated with age of the surrounding buildings.
In comparison, development areas usually miss these older
vegetation structures and therefore often show a lower bird
diversity (Clergeau 1998). Future studies should therefore
focus on these factors to confirm their effects for Ham-
burg and to further understand predictors for bird diversity.
Another aspect that was not included in the study is the
influence of human activity during point counts, which was
reported to have an impact on bird diversity (Fernandez-
Juricic 2000; Tomasevic & Marzluff 2017).

Another reason for the overall better performance of the
models with PCUrb might be the chosen radius. Although
birds are highly mobile animals, resources are needed
in close proximity to their nesting sites (Miihlbauer et
al. 2021). This is shown by all diversity parameters hav-
ing strong responses to the chosen variables for urbaniza-
tion at site scale, since they can predict availability of such
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resources to a certain degree. Especially, the degree of seal-
ing which was the most influential environmental variable
influences bird diversity since unsealed areas are important
breeding and foraging grounds. Therefore, this variable
should be included in future studies if such data is avail-
able. The additionally used variables (building height and
proportion of traffic infrastructure) support explaining more
of the variance of the urban environment as they define the
character of the sealed surfaces in the studies radius further.
However, adding more variables to the principal component
analysis which can characterize the urban environment in
more detail might further improve the explained variance
of the urbanization measurement and thereby the perfor-
mance of the models. Still, in addition to the variables at
site scale the surrounding matrix in a larger area does impact
some species (Jokiméki 1999; Meffert and Dziock 2013)
and especially land-cover classes such as agricultural areas
attract more mobile species from higher distances (Schifferli
2000). The portion of artificial surfaces, on the other hand,
can explain the overall disturbances levels bird are exposed
to and can indicate anthropogenic impact in the overall area.
Therefore, using land usage can predict bird diversity on a
larger scale. Additionally, it could be used to examine more
local factors, however, for lower scaled analyses more sub-
divided data of land uses should be employed. Neverthe-
less, the results support the suggestion of other studies that
differing scales using different variables should be included
in further studies to account for the wide variety of factors
which influence bird diversity.

Conclusion and implications

This study provides evidence how increasing levels of
urbanization negatively impact bird diversity as well as
evenness in Hamburg. Other studies have shown that this
result applies to other European cities and is therefore rel-
evant from a city development perspective. Increasing
portions of the population living in cities and thereby the
increasing requirement for buildings and traffic infrastruc-
ture will lead to further densification and urban sprawl. As
it is illusive to stop these processes, they have to be consid-
ered in future urban planning. Our research suggests that
incorporating unsealed areas in new projects and preserv-
ing habitable areas in the urban environment will increase
or maintain bird diversity, respectively. While future stud-
ies for Hamburg will have to examine how these are best
structured, their importance is indisputable. Furthermore,
green spaces provide a possibility for humans to experience
nature and wildlife, which has been shown to have positive
effects on human health (Fuller et al. 2007; Methorst et al.
2021). Additionally, the study has emphasized the impor-
tance of Hamburg’s periphery for bird diversity as they

provide habitats to numerous species which cannot be found
in the urban core. This pattern is especially distinctive when
it comes to endangered breeding bird species from which
many depend on green areas and seminatural landscape in
the periphery. In contrast, future development projects will
destroy large areas of those habitats resulting in predictions
of severe population declines for some species in the next
decade (Mitschke 2018).

Appendix 1

List of bird species observed in Hamburg (including three
hybrids), conservation status for Germany (Griineberg et al.
2015) and Hamburg (Mitschke 2018), occupancy in respect
to the number of sampling sites at which the species occurred
and the percentage of sampling sites occupied. Taxonomy
follows the IOC World Bird List (version 11.2; Gill et al.
2021). Conservation Status according to their breeding sta-
tus: * = least concern, V=near threatened, 3 = vulnerable,
2 =endangered, 1 =critically endangered, 0 = extinct, empty
cells=not classified as native breeding birds (includes inva-
sive species, hybrids and passage migrants).
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