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Introduction: Landscape changes resulting from urbanization have profound

impacts on biodiversity, threatening the habitat of resident species. Birds are

valuable research subjects because of their diversity, wide distribution, and

particular sensitivity to environmental changes. Therefore, exploring the

relationships between winter birds and environmental variables is essential for

designing and managing green spaces during winter. However, the responses of

the winter bird communities to environmental variables in cold regions

remain unclear.

Methods: In this study, we investigated the winter bird community in the riparian

zone of the Hun River in Shenyang. We selected 11 environmental variables of the

riparian zone and conducted a principal component analysis to extract seven

new components that represent environmental changes. Subsequently, we

performed correlation and redundancy analyses on bird diversity indicators and

environmental variables.

Results: The results revealed that bird richness, Simpson’s diversity index and

Shannon diversity index, was greater in the urban expansion area than in the

urban core area. However, abundance was lower in the urban expansion area.

Disturbance and built-up components were significantly associated with overall

bird diversity, while disturbance, riparian, open vegetation, and suburban

vegetation components were significantly linked to the diversity of resident

and migratory birds. Birds in the urban expansion area exhibited greater

sensitivity to environmental variables compared to those in the urban core area.

Discussion: This study recommend focusing on seasonal influence on birds’

resource use and urbanization level and bird species composition in

riparian zones.
KEYWORDS

cold region city, riparian zones, bird diversity, environmental variables,
urbanization gradient
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1 Introduction

With increased urbanization, the landscape surrounding urban

areas has changed significantly compared to previous conditions,

resulting in habitat loss, which poses a serious threat to urban

biodiversity (Ortega-Alvarez and MacGregor-Fors, 2009; Semeraro

et al., 2021; Hooper et al., 2012). A decline in biodiversity

diminishes the stability of urban ecosystems and threatens the

health of the human living environment. As a vital component of

urban ecosystems, bird diversity serves as an important indicator of

the health of urban ecosystems (Herrando et al., 2012; Patankar

et al., 2021; Mariano-Neto and Santos, 2023). Urban riparian zones

play a crucial role in safeguarding these ecosystems due to their high

productivity. For birds, riparian zones offer abundant resources and

serve as essential habitats and migration corridors (Gregory et al.,

2021; Pennington et al., 2008; Nagy et al., 2017). However, there is a

lack of effective design and management strategies for winter bird

habitats in cold-region urban riparian zones. Given that riparian

zones are critical habitats for birds during winter, the

environmental quality of these areas is vital for supporting urban

bird diversity.

Scholars have engaged in extensive discussions regarding the

relationships between urban birds and environmental variables,

confirming a correlation between environmental variables and bird

diversity (Zhang and Huang, 2018; Adler and Jedicke, 2022;

Brennan and Schnell, 2005; Andersen et al., 2023). While most

previous studies focused on urban parks, some research has

expanded sampling sites to include suburban and rural areas,

exploring the differences in the relationships between bird

diversity and environmental factors across urban and rural

settings (Yang et al., 2020; Zhu et al., 2023). For research

methods, scholars commonly use biological surveys, including the

line transect method and the point count method, to collect avian

data and quantify bird diversity through diversity indices such as

species richness, abundance, and Shannon diversity (Suri et al.,

2017; Basile et al., 2021; de Albuquerque et al., 2021; Clergeau et al.,

1998). Research has demonstrated that changes in land use and the

intensity of human activity along urban-rural gradients significantly

influence variations in bird diversity. Natural areas typically exhibit

the highest levels of species diversity. As urbanization increases,

species richness within communities tends to decline. However,

studies have shown that suburban areas often harbor greater bird

diversity than central urban and rural regions (McKinney, 2008,

McKinney, 2002; Marzluff, 2001; Grünwald et al., 2024). Similarly,

within urban centers, larger areas or the interiors of well-connected

green spaces tend to support higher bird diversity (Collins et al.,

2021; Chin et al., 2022); Fernández-Juricic, 2000). In contrast,

regions that provide superior living conditions compared to their

surroundings, such as higher vegetation coverage (NDVI) or a

greater variety of vegetation types, generally support a wider array

of bird species (Crooks et al., 2004). Within habitats, vegetation and

water are the primary factors influencing bird diversity (Leveau

et al., 2020; Keten et al., 2020; Zhang Y. et al., 2022). The richer and

more structurally complex the plant species in a habitat, the greater

the diversity of birds (Andrade et al., 2018; Zhang et al., 2022; Basile

et al., 2021). Additionally, larger watersheds also promote an
Frontiers in Ecology and Evolution 02
increase in wetland bird diversity (Huang et al., 2015). Human

disturbance, like noise, night lights and human activities in green

spaces, negatively impacts bird populations, and these effects are

often more pronounced than those of other factors such as food

resource and plants cover (Li et al., 2018; Schlesinger et al., 2008;

Guo et al., 2019).

Although some existing studies have revealed the relationships

between winter birds and environmental variables, few researchers

have attempted to investigate the responses of winter birds to

changes in environmental variables within cold urban riparian

zones (Brawn et al., 2001; Jokimäki and Suhonen, 1998; Doherty

and Grubb, 2000; Mason et al., 2006; Turcotte and Desrochers,

2005). Do the conclusions drawn from other regions apply to cold

regions? Shenyang is a crucial node in the East Asia-Australia

migratory route for birds in Northeast Asia, with many species

traveling annually to the rivers on the plains to overwinter. The Hun

River is unique; it flows through the urbanized area of Shenyang,

connecting the hills in the southeast with the Liao River plain in the

west, thereby providing corridors for birds to migrate between

lowland and hilly woodlands (Liu et al., 2011; Wang et al., 2019).

The natural habitats within the riparian zone of the Hun River have

deteriorated due to urbanization in the past. Although much of the

riparian green space has been restored in recent years, degradation

continues in suburban areas. The significant changes in the

landscape of the riparian zone create favorable conditions for

studying the responses of winter birds to environmental variables.

Therefore, in this study, we surveyed the bird communities and

environmental variables of the Hun River riparian zone in

Shenyang during the winter months from December 2023 to

January of the following year. We explored the relationships

between bird diversity and environmental variables through

correlation analysis and redundancy analysis. Our aim is to

investigate the following:

The composition and diversity of winter bird communities in

the riparian zone of the Hun River in Shenyang.

Is there a difference between the responses of winter bird

communities to environmental variables and those of bird

communities in other seasons?

Is there a difference in the relationship between bird diversity

and environmental variables at varying levels of urbanization?
2 Materials and methods

2.1 Study area

Shenyang (41°48′09″N, 123°25′41″E) is situated in the southern

region of Northeast China and covers an area of 12,900 km². The

city experiences a temperate continental monsoon climate

characterized by a prolonged cold season, typically lasting from

November of one year to March of the following year, with an

average temperature of approximately -4°C and a minimum

temperature that can drop as low as -26°C. The Hun River flows

south of Shenyang, with a length of about 32 km within the

urbanized area (Wang et al., 2013). The riparian zone of the Hun

River serves as one of the key ecological corridors in Shenyang,
frontiersin.org

https://doi.org/10.3389/fevo.2024.1479231
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Wu et al. 10.3389/fevo.2024.1479231
encompassing a total area of approximately 23.2 km² and varying in

width from 420 m to 1500 m. Its expansive width and continuous

green spaces create an ideal habitat for birds.

The extent of the riparian zone along the Hun River is currently

not well defined. For the purposes of this research, the boundary of

the riparian zone is defined as the land area within 1,500 meters

from the riverbank (Wang and Lyu, 2001). In urban areas, the

riparian zone includes developed settlements and parks, while in

suburban areas, the primary components consist of construction

sites, new settlements, planted forests, and cultivated

lands (Figure 1).
2.2 Data collection

2.2.1 Bird surveys
Line transects for bird surveys were set within the research area,

aligned with the direction of river flow and allocated according to

varying degrees of urbanization. We ensured that the transects were

distributed on both sides of the Hun River and remained as parallel

as possible to the riverbank. Each line transect measured 1 km in

length, with a minimum interval of 200 m between each transect to

maintain uniformity in the survey (Bibby, 2000). Due to the

irregular width of the riparian zone, bird composition and

environmental variables varied across different locations

(Figure 2). To comprehensively cover all habitats within the

riparian zone of the Hun River, we arrange transects at various

distances from the riverbank and utilized the proximity tool in

ArcMap 10.2 to calculate the distances between the sample lines and

the riverbanks for calibration purposes (Supplementary Table A1).

Ultimately, a total of 24 bird survey line transects were

obtained (Figure 1).

The bird field surveys were conducted from December 2023 to

January 2024, with each survey encompassing all the sample line
Frontiers in Ecology and Evolution 03
transects and completed within two days. Surveys were conducted

once a month and repeated twice during this study. Sunny, windless

weekdays were selected, and field surveys were carried out within

four hours after sunrise. During each survey, a group of two

observers, equipped with binoculars, walked along the sample line

transects in the same direction at a constant speed of 1.5 to 2 km/h.

They recorded the names and numbers of birds observed within a

distance of 150 m on either side of the sample line, using

illustrations to distinguish between resident and migratory birds

during the counting process. To minimize errors, birds that flew

over the line transect without stopping and those appearing in the

same direction as the travel path were not counted. Additionally, all

observations were recorded by the same observer.

2.2.2 Environmental variables
Vegetation, food availability, and disturbance intensity are three

types of variables commonly used to predict bird diversity. Natural

vegetation is a crucial land cover for birds, as it offers food, shelter,

and breeding sites. Notably, different types of vegetation—such as

trees, shrubs, and open grasslands—attract various bird species. In

addition to natural vegetation, cultivated lands and wetlands serve

as significant food sources for birds. Furthermore, some species that

have adapted to urban environments can find food on highly

urbanized surfaces. The impact of disturbance on bird

populations should not be overlooked, as some studies indicate

that human disturbance can affect birds even more significantly

than other environmental variables (Yang et al., 2015; PIrihandi and

Nurvianto, 2022; Cristaldi et al., 2017). We categorized the

environmental variables of this study into 3 dimensions based on

existing research: vegetation cover, food source richness, and

disturbance level (Schlesinger et al., 2008; Melles et al., 2003).

Numerous studies have attempted to demonstrate that

environmental factors affect biodiversity differently across various

scales and have confirmed the influence of scale effects. Given that
FIGURE 1

Land cover of the riparian zone of the Hun River in the study area and the distribution of line transects. Traditionally, the area between (A) S. Shengli
St. and (B) Zhuke St. has been defined as the urban core area, while the areas between (A) and (C) W. 3rd Ring Rd. and between (B) and (D) E. 3rd
Ring Rd. are defined as the urban expansion area.
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environmental variables may impact bird diversity to varying

degrees at different scales, we measured several environmental

variables at 2 distinct scales (Melles et al., 2003). We used the

buffer tool in ArcMap 10.2 to generate buffers with distances of 150

m and 500 m for each line transect, corresponding to the habitat
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scale and landscape scale, respectively (Hostetler and Holling,

2000). We identified 11 environmental variables, as shown in

Table 1. The methods used to obtain each environmental

variables are described below.

7 environmental variables related to vegetation cover and food

richness were obtained in this study by quantifying land cover. We

utilized high-resolution image data from March 2024, downloaded

from Google Earth Pro version 7.3.6.9750. Remote sensing images

within the study area were processed through operations such as

rectification and mosaic cropping in ArcMap 10.2. According to the

Classification of Land Use Status (GBT 21010-2017) and the

classification standards adopted in related studies, the land cover

within the study area was categorized into 6 types: cropland (C),

forest (F), shrubland (S), grassland (G), water area (W, including

both natural and artificial water) and impervious surface (I). Due to

the challenges in accurately depicting the extent of unfrozen water

on a map, we did not further differentiate frozen water areas. Land

cover identification was conducted through visual interpretation in

ArcGIS 10.2 (Pennington et al., 2008). We then referenced street

maps and conducted field surveys to refine the interpretation results

and produce a raster image of the land cover for the study area

(Figure 1). To provide a more precise description of the vegetation

cover in the riparian zone, we calculated the NDVI values within the

study area using ArcMap 10.2 and generated raster images. We then

computed the average NDVI value for each transect to represent the

overall vegetation cover across the transects (Figure 3). We utilized

the two buffer scales generated above to crop the land cover and

NDVI layers, resulting in two sets of environmental variable

samples for 24 transects.

For the disturbance level, we selected 4 variables: average

building height (BH), building density (BD), visitor flow rate

(Vf), and average distance of transects from the riverbank (Dw).

The building height and area data were obtained from

OpenStreetMap (https://www.openstreetmap.org/) and

subsequently cropped (Figure 3). For the environmental variables

mentioned above, we cropped the land cover maps using each buffer
TABLE 1 Environmental variables selected in this research.

Aspects Name
Buffer
(m)*

Vegetation cover Area of forest (F) 150/500

Area of
shrubland (S)

150/500

Area of
grassland (G)

150/500

Normalized
difference
vegetation
index (NDVI)

500

Food richness Area of
cropland (C)

150/500

Area of
impervious
surface (I)

150/500

Area of water
area (W)

150/500

Disturbance level Building
density (BD)

500

Building average
height (BH)

500

Visitors flow
rate (Vf)

150

Distance to
riverbank (DW)

150
*The numbers represent the scale and buffer of that measured environmental variables: 150
for the Habitat scale and 500 for the Landscape scale.
FIGURE 2

Habitat characteristics at different urbanization gradients (1-3) and distances from riverbanks (A–C).
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layer to obtain data files for 24 line transects at two different scales

and extracted the data using spatial statistical tools. The human flow

rate was determined through field surveys. During the bird surveys,

an observer recorded the number of visitors passing through each

line transect over a period of 10 to 15 minutes.
2.2.3 Urbanization levels
Researchers accept that there is a corresponding change in bird

abundance and diversity along the gradient of urbanization,

transitioning from rural areas to urban centers. The level of

urbanization can be evaluated through various indicators, with

the percentage of impervious surfaces serving as a critical

measure of land cover, reflecting the extent of human impact on

the environment. Additionally, many researchers have employed

the distance from the city center as a metric for the urbanization

rate at the sample site (PIrihandi and Nurvianto, 2022; Batáry et al.,

2018). In this study, we used the impervious surface area and the

distance from the city center to classify the urbanization gradient of

24 transects (Dıáz-Pacheco and Garcıá-Palomares, 2014). The

center of the city was established at the intersection of Qingnian

Street and Daxi Road (41°47′23″N, 123°25′36″E). We added this

central point to ArcMap 10.2. The 24 transects were converted into

points, and the distances between these points and the city center

were calculated using the point distance tool. We used the natural

transect classification method, which used the impervious area at

the landscape scale and the distance from the city center to classify

the urbanization level of each transect. Since our study area

encompasses only the urban core and the surrounding emerging

sprawl, there is insufficient environmental variation to warrant

dividing our sample into successive gradients of urbanization.

Therefore, we opted to categorize our sample into two

urbanization gradients: the urban core area (UCA) and the urban

expansion area (UEA). This approach also effectively describes the

environmental changes within the study area (Clergeau et al., 2001;

Lin et al., 2011). The classification results are presented in Figure 4

and Supplementary Table A1. 14 transects in urban expansion area,

which are located in suburban regions at the city’s periphery. The
Frontiers in Ecology and Evolution
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landscape along this gradient is characterized by extensive

monoculture plantation forests or cultivated land, with a low

number of human visitors during the winter months. In contrast,

10 transects in the urban core area, primarily concentrated in the

city center. The landscape along this gradient is marked by a high

proportion of impermeable surfaces, a more homogeneous

environment, and a greater number of visitors in winter.
2.3 Data processing and analysis

2.3.1 Biodiversity metrics calculation
We used 4 biodiversity metrics: bird richness (BR), bird

abundance (BA), Simpson’s diversity index (BSI), and Shannon

diversity index of bird communities (BSH) to assess bird diversity

across 24 transects. Statistical calculations for these metrics were

performed using Excel 2019 and Past 4.13 (Crooks et al., 2004). The

equations for each bird diversity metrics are as follows:

For bird richness

BR=S

Where S is the number of bird species recorded on

each transect.

For bird abundance

BA=n1+n2+…ni

where ni is the number of individuals of bird i recorded on

each transect.

The Simpson diversity index was used.

BSI=1−o
i

ni(ni−1)
n(n−1)

where ni is the number of individuals of bird i recorded on each

transact and n is the total number of all birds’ individuals.

The Shannon-Winner diversity index was used.

BSH=−o
i

ni
n
ln

ni
n

FIGURE 3

NDVI and building heights within the research area.
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where: ni is the number of individuals of bird i recorded on each

transact and n is the total number of all birds’ individuals.

2.3.2 Data analysis
All data analyses in this study were conducted using SPSS

26.(IBM SPSS Version 26, IBM Corp., Armonk, NY, USA).

Before examining the relationships between bird diversity and the

environmental variables, we performed Pearson correlation

analyses on each pair of the 17 environmental variables to assess

potential multicollinearity. The results indicated that several

environmental variables were highly correlated with one another

(Table 2). Consequently, we addressed the issue of multicollinearity

through principal component analysis (PCA). To prevent any

influence on the subsequent discussion of scale effects, PCA was

conducted exclusively on variables measured at the same scale.

7 landscape-scale variables (F-L, S-L, G-L, C-L, I-L, BH, BD) and 6

habitat-scale variables (F-H, S-H, C-H, I-H, W-H, DW) were included

in both sets of PCAs, whileW-L, NDVI, and G-H were excluded. Since

the variable Vf did not exhibit a strong correlation with any other

variable, we included it as a separate component in the subsequent

analyses. Prior to conducting the PCA, we standardized all variables

involved. We selected components with eigenvalues greater than 1 to

characterize the original environmental variables. Each component was

interpreted based on its variable loadings, with the variable having the

highest score for each component carrying greater weight in defining

its characteristics. Finally, we utilized the newly synthesized

components from the PCA as independent variables in subsequent

analyses to reduce the influence of multiple factors while preserving

trends in the original environmental variables (Kaiser, 1960).

To determine how components representative of environmental

variables affect winter bird communities, we introduced 7

environmental components as explanatory variables into

CANOCO 5.0 for redundancy analysis (RDA). This approach

allowed us to further investigate the significance and explanatory
Frontiers in Ecology and Evolution 06
power of various environmental variables on bird diversity metrics

(Hammer and Harper, 2001). We conducted RDA on 24 transects.

To assess whether the effects of environmental components on

winter bird communities varied across urbanization classes, we

divided each transect into two separate groups for RDA based on

the urbanization class in which it was located (UCA and UEA).

Because some birds migrate during the winter, the composition

of winter bird communities changes significantly compared to that

of bird communities in other seasons. To further evaluate the

response of birds with different biological characteristics to

changes in environmental variables, we used residence type to

categorize species within the winter bird communities.

Supplementary Table A2 presents the residence types of all the

birds we recorded. We determined the richness of resident birds

(BR-Res), the abundance of resident birds (BA_Res), the richness of

migratory birds (BR_Mig), and the abundance of migratory birds

(BA_Mig). We repeated the data analysis steps outlined above for

each biodiversity metric (Leps ̌ and Šmilauer, 2003).
3 Results

3.1 Bird diversity of the Hun River riparian
zone in winter

A total of 2,310 birds representing 30 species from 7 orders and 17

families were recorded during the field survey (Supplementary Table

A2). In the bird community of the Hun River riparian zone,

Passeriformes was the taxon with the highest number of species (16

species), followed by Piciformes (5 species) and Anseriformes (4

species). The Tree Sparrow (Passer montanus) had the largest

number of individuals (n = 915, relative abundance = 45.68%) and

was the dominant species in the community. The recorded birds

included both resident and migratory species. There were 19 species
FIGURE 4

Urbanization gradient division of 24 transects. In this figure, all transacts are represented by points. Blue points represent transacts in the urban
expansion area, while red points represent transacts in the urban core area.
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TABLE 2 Spearman’s correlation analysis results of all 17 environmental variables.

BH BD F-H S-H G-H C-H I-H W-H Vf DW

-0.476* -0.331 0.789** -0.406* -0.525** -0.004 -0.481* -0.17 0.178 0.128

0.078 -0.091 -0.129 0.840** 0.13 0.362 0.376 -0.374 -0.353 0.187

0.523** -0.454* -0.396 0.161 0.566** 0.155 0.127 -0.034 -0.326 -0.012

-0.26 -0.189 0.07 0.379 -0.071 0.694** -0.111 -0.077 -0.042 0.086

0.247 0.734** -0.419* 0.17 0.093 -0.408* 0.680** -0.067 0.004 0.094

-0.003 -0.052 -0.266 -0.191 0.174 -0.037 -0.534** 0.645** 0.143 -0.539**

0.05 0.053 -0.066 -0.076 0.057 0.071 0.430* -0.289 -0.35 0.278

1 -0.031 -0.425* 0.033 0.587** -0.178 0.105 0.064 -0.238 0.125

-0.031 1 -0.321 0.065 0.014 -0.236 0.403 0.087 0.324 0.096

-0.425* -0.321 1 -0.012 -0.379 0.129 -0.453* -0.589** -0.068 0.442*

0.033 0.065 -0.012 1 0.14 0.487* 0.231 -0.422* -0.269 0.289

0.587** 0.014 -0.379 0.14 1 0.065 -0.085 -0.134 -0.22 0.25

-0.178 -0.236 0.129 0.487* 0.065 1 -0.178 -0.227 -0.227 0.273

0.105 0.403 -0.453* 0.231 -0.085 -0.178 1 -0.203 -0.047 0.078

0.064 0.087 -0.589** -0.422* -0.134 -0.227 -0.203 1 0.318 -0.791**

-0.238 0.324 -0.068 -0.269 -0.22 -0.227 -0.047 0.318 1 -0.267

0.125 0.096 0.442* 0.289 0.25 0.273 0.078 -0.791** -0.267 1

scale. The same below.
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F-L S-L G-L C-L I-L W-L NDVI

F-L 1 -0.442* -0.533** -0.063 -0.569** -0.047 -0.22

S-L -0.442* 1 0.385 0.271 0.179 -0.356 -0.029

G-L -0.533** 0.385 1 0.082 -0.106 -0.146 0.271

C-L -0.063 0.271 0.082 1 -0.475* 0.051 0.107

I-L -0.569** 0.179 -0.106 -0.475* 1 -0.349 0.194

W-L -0.047 -0.356 -0.146 0.051 -0.349 1 -0.401

NDVI -0.22 -0.029 0.271 0.107 0.194 -0.401 1

BH -0.476* 0.078 0.523** -0.26 0.247 -0.003 0.05

BD -0.331 -0.091 -0.454* -0.189 0.734** -0.052 0.053

F-H 0.789** -0.129 -0.396 0.07 -0.419* -0.266 -0.066

S-H -0.406* 0.840** 0.161 0.379 0.17 -0.191 -0.076

G-H -0.525** 0.13 0.566** -0.071 0.093 0.174 0.057

C-H -0.004 0.362 0.155 0.694** -0.408* -0.037 0.071

I-H -0.481* 0.376 0.127 -0.111 0.680** -0.534** 0.430*

W-H -0.17 -0.374 -0.034 -0.077 -0.067 0.645** -0.289

Vf 0.178 -0.353 -0.326 -0.042 0.004 0.143 -0.35

DW 0.128 0.187 -0.012 0.086 0.094 -0.539** 0.278

“*” means significant correlation at p<0.05 level; “**” means significant correlation at p<0.01 level.
L/H means the scale of analysis for this environmental variables. For example, F-L means area of forest at the landscape
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of resident birds, accounting for 63.3% of the total species, which

included 12 species of Passeriformes, 5 species of Piciformes, and 1

species each of Galliformes and Podicipediformes. Migratory birds,

including passage migrants, summer visitors, and winter visitors,

accounted for 11 species, comprising four species each of

Passeriformes and Anseriformes, as well as one species each of

Gruiformes, Pelecaniformes, and Podicipediformes (MacKinnon and

Phillipps, 2000; Zheng, 2017).

A total of 26 bird species were recorded in the urban expansion

area, representing 86.7% of the overall bird species count, which

included 18 resident species and 8 migratory species. In contrast, 20

bird species were identified in the urban core area, comprising 13

resident species and 7 migratory species. The dominant taxon in

both levels was Passeriformes, with the Tree Sparrow identified as

the most prevalent species; however, its relative abundance was

significantly lower in the suburban area compared to the urban area

(14.5% vs. 59%). The birds with the second highest abundance in

the urban expansion area and urban core area were the Oriental

Magpie (Pica serica, n = 137) and the Chinese Spot-billed Duck

(Anas zonorhyncha, n = 124), respectively. Differences in the

composition of the bird communities in suburban and urban

areas are detailed in Supplementary Table A2.

Table 3 presents the diversity indices of all bird species, including

both resident and migratory birds, across various urbanization levels.

The diversity levels of winter bird communities in the riparian zone of

the Hun River exhibited significant changes along 2 levels. The mean

values of the BR, BSI and BSH of the transects in the suburban area

were higher than those in the urban area; however, the BAwas lower in

the urban expansion area compared to the urban core area. BR_Reswas

slightly higher in the suburban area than in the urban area, while

BA_Reswas considerably lower in the urban expansion area than in the

urban core area, reflecting a similar trend in the overall bird population.

In contrast, both BR_Mig and BA_Mig were slightly higher in the

suburban area than in the urban area. Among all the bird diversity

indices, all indices, except for BA and BA_Res, decreased with

increasing urbanization. Conversely, BA and BA_Res increased with

the level of urbanization (Figure 5).
3.2 Relationships between birds and
environmental variables

The results of the principal component analysis are presented in

Table 4. Seventeen environmental variables were condensed into

seven new components. Three variables were included at the

landscape scale, collectively explaining 83.42% of the original

variables. Component 1 (hereafter referred to as C1) was
Frontiers in Ecology and Evolution 08
primarily influenced by arborvitae woodland cover and

impervious surface cover; a higher value of C1 indicates greater

impervious coverage, while a lower value corresponds to increased

woodland cover. Component 2 (C2) was predominantly

determined by grass cover and building density, reflecting the

degree of openness surrounding the sample. Component 3 (C3)

was mainly explained by scrub and cropland cover; a higher value of

C3 indicates a larger sample perimeter. The observed scale

comprises four variables and accounts for 86.38% of the original

variables. Component 4 (C4) was influenced by watershed area and

distance to the riverbank; higher values of C4 correspond to greater

distances from the water’s edge. Component 5 (C5) was determined

by tree cover and impervious surfaces, reflecting canopy cover.

Component 6 (C6) was similarly influenced by scrub and cropland.

To facilitate subsequent analyses, we renamed the six components

as follows: C1 - Build-up, C2 - Open Vegetation, C3 - Suburban

Vegetation, C4 - Water Resource, C5 - Canopy Cover, and C6 -

Shrub Cover. The variable Vf was not included in the principal

components; for ease of analysis, we designated it as the new

component C7 - Disturbance.

The 7 components mentioned above were introduced as

explanatory variables in the RDA to assess their significance in

influencing bird diversity. The explained variance and significance

of these variables, based on the RDA results, are presented in

Tables 5–7. Throughout the riparian zone within the study area,

environmental components explained 45.5% of the overall bird

diversity, with significant impacts from disturbance and Built-up

components. Environmental components explained 53.8% of the

resident bird diversity, and the effects of Disturbance, Built-up, and

Water Resource components on resident bird diversity metrics were

also significant. In contrast, environmental components explained

only 32.8% of the migratory birds. Unexpectedly, no component

significantly explained the variations in migratory bird richness and

abundance in the urban expansion area (Table 5). In the urban

expansion area (UEA), environmental components explained

70.3% of the overall birds, and the impacts from disturbance

components and open vegetation components on overall bird

diversity. Environmental components explained 85% of the

resident birds, and disturbance, open vegetation, and Water

Resource components significantly influenced the diversity of

resident birds. Environmental components explained 39.9% of the

total number of migratory birds. Similar to the results of the RDA

for the entire riparian area, no single component significantly

explained the variations in migratory bird richness and

abundance within the urban expansion area, and of the seven

components, the Built-up (explained variance=16.6%, p=0.118)

and Canopy Cover (explained variance=9%, p=0.304)
TABLE 3 The average diversity indicators of winter bird communities in the Hun River riparian zone (overall and different gradients).

Urbanization Level BR BA BSI BSH BR-Res BA_Res BR_Mig BA_Mig

Urban expansion
area (UEA)

7.923 72.077 0.775 1.707 6.538 53.462 1.462 18.615

Urban core area (UCA) 7.364 124.818 0.565 1.214 6.091 109 1.273 15.818

Riparian 7.667 96.25 0.668 1.481 6.333 78.917 1.375 17.333
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components had a stronger influence on migratory bird richness,

respectively. Within this area, the Disturbance component exerted a

considerable influence on both groups of bird diversity metrics.

(Table 6). In the urban core area (UCA), environmental

components explained 73.8% of the overall bird population, while

Disturbance and Build-up components had a significant effect on

the significantly influenced overall bird diversity metrics. The

environmental components explained 48.4% of the resident bird,

with disturbance components having a notable impact on resident

bird diversity. Additionally, environmental components explained

64.62% of the total number of migratory birds, with suburban

vegetation component had a significant effect on significantly

affecting migratory birds. As demonstrated in the UEA, the

Disturbance component continues to be the environmental

variable component that explains the greatest variation in bird

community diversity (65.4% overall) (Table 7).

9 sets of RDA results were obtained, revealing correlations

between various environmental components and bird diversity

metrics (Figure 6). In the RDA results for the entire riparian

zone, urban core area and urban extension area, the disturbance

component was significantly negatively correlated with all bird

diversity metrics, whereas the Built-up component showed a
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positive correlation with most of these metrics. The relationships

between components representing vegetation and food sources and

bird diversity metrics exhibited corresponding changes depending

on the RDA sample selection. For the entire riparian zone, the

Water Resource component was positively correlated with all

overall bird diversity metrics. Additionally, the Open Vegetation,

Suburban Vegetation, Shrub cover, and Canopy cover components

were positively correlated with bird richness, Simpson’s diversity

index, and Shannon-Wiener’s diversity index, but negatively

correlated with bird abundance. The Water Resource, Open

Vegetation, Suburban Vegetation, and Shrub Cover components

were positively correlated with resident bird abundance, while the

Canopy Cover component was negatively correlated with both

resident bird richness and abundance. The Open Vegetation

component was positively correlated with migratory bird

abundance and richness, whereas the Suburban Vegetation

component was negatively correlated with these metrics.

Furthermore, the Shrub Cover and Canopy Cover components

were negatively correlated with migratory bird abundance and

richness. The relationships between these components and the

various bird diversity indicators differed between the urban

expansion area and the urban core area. However, in general,
FIGURE 5

Box plots of winter bird community diversity metrics in the Hun River across the riparian zone, urban expansion area and urban core area. (A–D)
depict overall birds, and we use blue and red to describe changes in the metrics. (E, F) describe resident and migratory birds, and we use green and
purple to distinguish between resident types and color shades to describe indicator changes.
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TABLE 5 Redundancy analysis with biodiversity metrics and influential environmental components in the Hun river riparian.

Aspect Name Explains % Contribution % pseudo-F P

Overall
birds

Disturbance 26.9 59.1 8.1 0.002

Build-up 10.6 23.4 3.6 0.042

Water Resource 2.8 6.2 0.9 0.43

Shrubs Cover 2.4 5.4 0.8 0.434

Suburban Vegetation 0.6 1.4 0.2 0.842

Canopy Cover 1 2.3 0.3 0.768

Open Vegetation 1 2.3 0.3 0.742

Resident
birds

Disturbance 26.5 49.1 7.9 0.006

Water Resource 11.3 21.1 3.8 0.036

Build-up 10.5 19.6 4.1 0.044

Open Vegetation 2.1 4 0.8 0.438

Suburban Vegetation 1.8 3.4 0.7 0.522

Canopy Cover 0.5 1 0.2 0.802

Shrubs Cover 1 1.8 0.3 0.69

Migratory
birds

Suburban Vegetation 10.3 31.5 2.5 0.112

Disturbance 10.4 31.6 2.8 0.102

Water Resource 7.9 24.1 2.2 0.142

Build-up 2.4 7.4 0.7 0.478

Shrubs Cover 0.6 1.8 0.2 0.786

Canopy Cover 1 3 0.2 0.706

Open Vegetation 0.2 0.6 <0.1 0.936
F
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Components with the high explains% and significant correlated to diversity index are shown in bold.
TABLE 4 Results from two Principal component analyses (PCA) of environmental variables of 2 scales. Each PCA yielded 3 new components, and
together six components were generated.

8 PCA in Landscape scale C1-Build-up C2-Open Vegetation C3-Suburban Vegetation

F-L -0.359 -0.093 -0.175

S-L 0.176 0.222 0.425

G-L 0.183 0.376 -0.183

C-L -0.112 0.234 0.543

I-L 0.315 -0.266 0.072

BH 0.259 0.13 -0.43

BD 0.179 -0.365 0.256

PCA in Habitat scale C4-Water Resource C5-Canopy Cover C6-Shrubs Cover

F-H 0.154 0.372 -0.341

S-H 0.155 0.046 0.576

C-H 0.115 0.211 0.485

W-H -0.301 -0.081 0.08

I-H 0.109 -0.478 0.116

DW 0.273 0.101 -0.082
Variables with the highest loading for the respective component are shown in bold.
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there was a positive correlation between the Water Resource

component and the overall number of birds, as well as resident

birds, and a consistent negative correlation with migratory birds.

No uniform pattern was observed for the other components

reflecting vegetation cover.
4 Discussion

4.1 Overall winter bird community
response to environmental variables

Overall, the winter birds in the Hun River riparian zone were

significantly affected by the Disturbance component, exhibiting a

strong negative correlation with it. The Disturbance component is

explained by the volume of human traffic traversing the sample

strip, which indicates the direct impact of human activities in the

vicinity of the transect. The negative response of bird communities

to direct disturbances supports the hypothesis that human

disturbance may have a more pronounced effect than other

environmental variables. This finding underscores the importance

of managing human activities to conserve biodiversity in urban

green spaces (Matuoka et al., 2020; Stevens and Conway, 2020).
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The second highest-ranked explanation for overall bird

diversity was the Built-up component. This component was

primarily characterized by impervious surfaces and woodland

cover, which reflect the extent of impervious land within the

landscape surrounding the transect. Contrary to the findings of

previous studies, significant positive correlations were observed

between the built-up component and overall bird abundance. We

propose that these results are linked to the major component of the

urban bird community and the ways in which urban birds exploit

resources in winter environments. Urban bird species, who are

called “urban users” or “urban dependents”, may have utilized

urban resources to a greater extent than previously assumed. For

instance, species such as the Oriental Magpie and Eurasian Tree

Sparrow frequently roost on buildings and readily find food in

urban areas where food waste accumulates (Bressler et al., 2020;

Liordos et al., 2021). Additionally, structures like dikes along rivers

can create flowing water surfaces that provide feeding opportunities

for waterbirds, even in winter. Based on our observations, nearly all

waterbird species were present in sample strips near bridges, dikes,

and artificial ponds (Kucherenko, 2023). Although the other

components related to vegetation and food were not particularly

significant in explaining overall bird diversity, however, the positive

and negative correlations between these components and bird
TABLE 6 Redundancy analysis with biodiversity metrics and influential environmental components in the urban expansion area (UEA).

Aspect Name Explains % Contribution % pseudo-F P

UEA_Overall birds

Disturbance 36.2 51.5 6.8 0.004

Open Vegetation 16.5 23.4 3.8 0.044

Water Resource 5.7 8.1 1.4 0.274

Canopy Cover 3.7 5.2 0.9 0.394

Shrubs Cover 3.7 5.3 0.9 0.392

Build-up 2.4 3.4 0.5 0.616

Suburban Vegetation 2.2 3.1 0.4 0.632

UEA_Resident birds

Disturbance 45 53 9.8 0.002

Open Vegetation 19.4 22.8 6 0.034

Water Resource 13.1 15.4 5.8 0.014

Canopy Cover 4.5 5.2 2.2 0.112

Build-up 2.2 2.6 1.1 0.33

Suburban Vegetation 0.6 0.7 0.3 0.786

Shrubs Cover 0.2 0.3 0.1 0.89

UEA_Migratory
birds

Build-up 16.6 41.5 2.4 0.118

Shrubs Cover 7 17.6 1 0.386

Disturbance 3.6 8.9 0.5 0.544

Open Vegetation 9 22.6 1.3 0.304

Water Resource 2.5 6.4 0.3 0.658

Canopy Cover 1.2 2.9 0.1 0.842

Suburban Vegetation <0.1 0.2 <0.1 0.986
Components with the high explains% and significant correlated to diversity index are shown in bold.
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diversity can provide valuable insights. Although the components

reflecting vegetation cover and food resources (C2, C3, C5, and C6)

did not significantly impact bird diversity, they exhibited overall

positive correlations with the BSI and BSH. This suggests that

vegetation cover positively influences the maintenance of bird

diversity (Basile et al., 2021; Miguet et al., 2016; Hughes et al.,

2022; Solaro and Sarasola, 2023).
4.2 Differences in the responses of resident
and migratory birds to
environmental variables

In addition to both exhibiting a negative response to disturbance

components, resident and migratory birds demonstrate markedly

different reactions to other environmental components. Resident

birds were sensitive to the Disturbance, Water Resource, and Built-

up component. In contrast, migratory birds were less likely to

respond to Disturbance and Water Resource components but

showed a stronger correlation with Suburban Vegetation

component. It is evident that variations in the species composition

of different resident bird taxa primarily account for the differences in

their responses to environmental variables. Most winter resident
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birds—dominated by the Eurasian Tree Sparrow and Oriental

Magpie—are skilled at exploiting resources in artificial

environments, for instance, many urban birds roost on buildings.

During resource-scarce winters, these birds may congregate even

more towards the urban core area, as exemplified by the crows and

starlings that inhabit major cities (Wilson et al., 2015). The Water

Resource component reflects the water area and the distance to the

Water Resource, negatively impacting the richness and abundance of

resident birds. This finding contrasts with results from other seasonal

studies (Keten et al., 2020; Zhang M. et al., 2022). The freezing of

most water surfaces during winter causes frozen rivers to lose their

function as sources of water and food for many resident birds.

Consequently, resident birds exhibited significant positive

correlations with the Build-up component and the Water Resource

component. Although no environmental variable components

demonstrated significant effects on migratory bird diversity

indicators in the RDA, the top three environmental variable

components, in terms of explanatory power, may still reflect

migratory bird responses to environmental conditions to some

extent. Regarding disturbance, the impact of human activity on

migratory birds was not significant, possibly due to the

considerable observation distance we employed. For the primary

group of migratory birds, such as geese and ducks, human activities
TABLE 7 Redundancy analysis with biodiversity metrics and influential environmental components in the urban core area.

Aspect Name Explains % Contribution % pseudo-F P

UCA_Overall birds

Disturbance 34.8 46 4.3 0.032

Build-up 22.3 29.5 4.1 0.042

Open Vegetation 10.4 13.7 1.3 0.324

Water Resource 4.1 5.4 0.7 0.54

Shrubs Cover 2.9 3.8 0.2 0.83

Canopy Cover 0.5 0.6 <0.1 0.97

Suburban Vegetation 0.7 0.9 <0.1 0.972

UCA_Resident birds

Disturbance 29.8 38.2 3.4 0.044

Build-up 19.5 24.9 3.2 0.088

Canopy Cover 15.1 19.3 1.9 0.214

Suburban Vegetation 4.5 5.8 0.7 0.524

Open Vegetation 4.9 6.3 0.6 0.636

Shrubs Cover 3.7 4.7 0.3 0.7

Water Resource 0.6 0.8 <0.1 0.908

UCA_Migratory
birds

Suburban Vegetation 42.3 65.5 5.9 0.044

Build-up 9.2 14.2 1.3 0.282

Water Resource 6 9.3 0.7 0.472

Shrubs Cover 3.3 5.1 0.4 0.532

Canopy Cover 2.6 4 0.3 0.6

Open Vegetation 0.5 0.8 <0.1 0.896

Disturbance 0.8 1.2 <0.1 0.93
Components with the high explains% and significant correlated to diversity index are shown in bold.
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beyond 100mwere not influential, as this distance exceeded the birds’

flight threshold (Chen et al., 2010; Wang et al., 2004). The negative

correlation between migratory birds and Water Resource

components indicates that, at the habitat scale, these birds are

more likely to be found near riverbanks and in areas with water.

Since the majority of migratory birds are waterbirds (36.3%

Passeriformes and Anseriformes, and 9% Podicipediformes,

Pelecaniformes, and Gruiformes), they rely heavily on aquatic

environments than forest birds do. Additionally, migratory birds

exhibit a negative correlation with the Suburban Vegetation
Frontiers in Ecology and Evolution 13
component, which is primarily characterized by landscape-scale

cropland and scrub cover. Higher values of this component suggest

an increase in cropland and natural scrub cover surrounding the

riparian zone. It can be inferred that migratory birds prefer to roost

outside the riparian zone rather than within it when cropland is

present within 1 km of the riparian area. This preference arises

because arable land typically offers a more diverse and abundant food

supply during winter compared to green fields (Grzędzicka, 2023). It

may be more challenging for birds living in suburban areas to survive

in winter. The positive impact of increased cultivated land on bird
FIGURE 6

Redundancy analysis tri-plots showing correlation between environmental components and bird diversity metrics in the whole riparian (A–C), urban
expansion area (D–F), and urban core area (G–I).
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diversity can be attributed to the types of vegetation found in

suburban green spaces. Regarding species selection for planted

forests, fast-growing tree species are predominantly utilized in

suburban riparian zones, however, most of these trees do not retain

winter fruits and fail to provide adequate food sources. The scarcity of

food plants in suburban riparian zones compels birds to seek

potential nourishment in cultivated lands (Møller, 2012; Morelli,

2018; Melles et al., 2003). Combined with edge effects, this may

explain the contrasting responses of bird richness and abundance to

the Suburban Vegetation and Shrub Cover components. The edges of

riparian zones adjacent to arable land exhibit a greater richness than

the interiors of both environments. However, the interiors of riparian

zones have lower species abundance compared to the exteriors,

primarily due to the relatively poor food resources available within

the riparian zones, while the nearby cultivated lands are more

resource-rich (Henderson et al., 2004; Lee et al., 2022).
4.3 Differences in the response of winter
bird communities to environmental
variables between urbanization levels

The results of the present study indicate that both overall bird

richness and Shannon’s diversity index decline with increasing

urbanization, consistent with the findings of most previous studies

(Ferenc et al., 2014). In contrast, the overall abundance of birds and

resident species, exhibited an increasing trend with the degree of

urbanization. This suggests the critical role of green spaces for birds

in highly urbanized areas. In urban areas, green spaces serve as rare

habitats for birds, supporting larger populations compared to similar

areas in suburban areas, as evidenced by the urbanization gradient

results (Blair, 1996; Conole and Kirkpatrick, 2011).

The results of this study also confirmed another of our

hypotheses regarding the effects of the urbanization gradient: the

environmental variables that significantly influence bird diversity

differ between urban and suburban areas (Blair, 1996). In the UEA,

bird diversity metrics other than BA were positively correlated with

most components of the environmental variables reflecting plant

cover. Conversely, the opposite trend was observed in the UCA.

This finding aligns with previous research indicating that vegetation

cover has a more pronounced effect on bird diversity in developed

areas compared to urbanized areas (Conole and Kirkpatrick, 2011).

The disturbance component emerged as the most significant

explanatory variable at both the UCA and UEA urbanization

levels, exerting a substantial negative impact on birds, irrespective

of the level of urbanization. This observation is consistent with the

results of earlier studies, which suggest that human disturbance at

the site scale may have a considerably greater negative impact on

birds than other factors (Schlesinger et al., 2008; Oneal and

Rotenberry, 2009). Notably, the disturbance components

accounted for a smaller proportion of the differences in bird

diversity in the UCA compared to the UEA, leading us to

propose that urban birds may be less sensitive to disturbance.

Some studies have indicated that urban-adapted bird species

exhibit greater tolerance to human disturbance than urban-
Frontiers in Ecology and Evolution
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avoidant species, resulting in notable differences in their diversity

(Grzędzicka, 2023; Croci et al., 2008; Shryock et al., 2017).

The effects of environmental variables on both resident and

migratory bird populations varied across different levels of

urbanization. In the urban expansion area, the number of resident

birds showed a significant positive correlation with the Open

Vegetation component, in the urban core area, the number of

resident birds was significantly positively correlated with the Built-

up component. This finding aligns with studies conducted in various

seasons, suggesting that grasses may provide foraging sites for certain

bird species that feed on insects or grains (Guo et al., 2019). Resident

birds responded positively to open vegetation in areas undergoing

urban expansion, and exhibited a strong positive response to

impervious surfaces in urban core areas. We speculate that these

results stem from differences in resource utilization by bird

communities along the urbanization gradient. The bird surveys

indicated that the richness and abundance of natural resource-

dependent birds, such as pheasants and woodpeckers, were greater

in suburban areas (BR=61.11%, BA=24.17%), In contrast, urban-

adapted birds, such as tree sparrows and magpies—species that thrive

in urban environments and effectively utilize human resources—

comprised a significantly larger percentage in both number and

species in urban areas (BR=61.54%, BA= 95.41%). Differences in

species composition lead to varying responses of resident birds to

environmental variables across urbanization gradients (Grzędzicka,

2023; Croci et al., 2008), a finding that is particularly pronounced in

winter (Galitsky and Lawler, 2015; Ciach and Fröhlich, 2017).

However, when considered alongside the Build-up component, the

present study offers a new interpretation of these results. The positive

impacts of both factors on bird communities clearly illustrate how

landscape heterogeneity can enhance regional bird diversity. The two

components reflect the degree of heterogeneity in the riparian zone

landscape. In urban riparian zones dominated by woodland cover,

appropriate impervious surfaces and grasslands contribute to the

creation of heterogeneous environments, which provide increased

foraging opportunities for a wider variety and number of bird species.

The results regarding the response of migratory birds to

environmental variables across different urbanization classes are

particularly surprising. First, the relationships between migratory

birds and the Build-up and Disturbance components were

consistent for both UCA and UEA, likely due to the reasons

described above. However, the relationships between migratory

birds and the vegetation cover and food source components

exhibited a complete reversal with respect to urbanization class.

This shift is also related to differences in species composition across

urbanization levels. In urban expansion areas, migratory birds are

predominantly wintering woodland species, such as Regulus regulus

and Turdus naumanni, which often rely on shrublands and

grasslands for shelter and food resources. In contrast, the

dominant group in urban core areas consists of waterfowl, such

as Mergus merganser, for which shrublands are less appealing. This

observation aligns with findings that shrublands tend to negatively

impact waterbirds during non-breeding periods (Kath et al., 2009;

Tian et al., 2023; Chen et al., 2019; Peterson, 2014) while positively

affecting woodland birds (Ballantyne and Nol, 2011).
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5 Conclusions

This article investigated the responses of winter bird

communities to various environmental variables and the

difference between the urban core area and the urban expansion

area of these responses. Additionally, we indicated the varying

responses of different bird types (resident and migratory) to these

environmental factors. The study found that bird communities

respond differently to environmental variables in winter

compared to other seasons. Environmental factors that may

increase or decrease bird diversity in other seasons can have the

opposite effect in winter, with the exception of human disturbances.

Birds with varying ecological habits and differing degrees of

adaptation to urbanization exhibit significant differences in their

responses to environmental changes. Additionally, the composition

of bird communities in the Hun River riparian zone varies across

different urbanization areas during winter. The environmental

changes in the riparian zone, driven by urbanization—primarily

land cover type, proportion, and the intensity of human

disturbances—are the main reasons for this variation. This also

highlights the adaptability of different bird species to urban

environments. We recommend that when designing urban green

spaces that promote bird diversity, attention should be given to how

seasonal changes influence birds’ utilization of essential resources

for survival in their environment. Additionally, the degree of

urbanization surrounding these green spaces and the composition

of bird species within them should also be taken into account. This

consideration is especially crucial for green spaces such as

riparian and coastal zones that traverse areas with varying levels

of urbanization.
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