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Simple Summary: Ecological specialists are species with a narrow niche and are usually
vulnerable to disturbance and environmental changes. As a special type of urban green
space, university campuses often act as biodiversity hotspots in cities, providing essential
refuges for many species. It is thus important to understand whether university campuses
would also help to maintain ecological specialists. Based on a citizen science dataset, we
explored the spatial distribution and ecological drivers of ecological specialization of bird
communities across 188 university campuses of China. Among the 398 species recorded
in these campuses, 109 and 104 species were categorized as diet and foraging stratum
specialist species. The results of modeling highlighted the importance of campus area
and elevation in maintaining ecological specialization in birds. However, the effect of net
primary production on ecological specialization is relatively complex, with a positive effect
on the community-wide foraging stratum specialization index, and a negative effect on the
community-wide diet specialization index. As the first continent-wide investigation on
the role of university campuses in protecting ecological specialization, our study should
provide insights into urban planning and wildlife conservation.

Abstract: With the rapid process of urbanization at a global scale, university campuses
have been viewed as important urban green spaces for biodiversity conservation. However,
little is known about the role of university campuses in protecting ecological specialists,
the species usually vulnerable to anthropogenic disturbance. We assessed the associations
between several ecological variates and ecological specialization of bird communities across
198 Chinese university campuses. A total of 398 bird species were recorded, including
109 diet specialist species and 104 foraging stratum specialist species. We found that the
elevation of campuses was positively related to diet specialist species richness, and the
campus area was positively related to foraging stratum specialist species richness. NDVI
was positively associated with the community-wide foraging stratum specialization index,
but negatively associated with the community-wide diet specialization index. Our results
suggest that campuses with larger areas or located at high elevations play an important
role in maintaining ecological specialization of bird communities.

Keywords: bird; campus; diet; ecological specialization; foraging stratum; urban green
space
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1. Introduction

Species with a narrow niche or specialized for a highly limited range of resources (i.e.,
ecological specialists) are often considered vulnerable to anthropogenic disturbance and
environmental changes [1]. Unlike ecological generalists, specialists cannot effectively use
alternative resources when their preferred habitats or food resources become scarce [2].
As a result, specialists may lack necessary resilience to cope with rapid environmental
changes and are therefore easier to go extinct [3]. The level of specialization is often
negatively related to geographic range size [4,5] and often acts as an important predictor
of extinction risk [6-8]. Moreover, fossil records also suggest that species with a higher
level of dietary specialization generally possess shorter species durations [9]. However,
ecological specialization has only received limited attention in conservation practice, and
has rarely been considered in development of conservation plans [10-12].

As a fundamental type of global change, urbanization poses threats to biodiversity and
ecosystem productivity through many processes, such as habitat loss, ambient noise, light
pollution, and the heat island effect [13-16]. Compared to generalists, specialists are usually
less adapted to city environments, making urbanization especially dangerous for ecological
specialists [17-20]. Nevertheless, even within cities, some urban green spaces (e.g., parks,
university campuses, and private gardens) can provide effective refuges for many species
and therefore partly alleviate the negative effects of urbanization on biodiversity [21].
Among these, university campuses deserve special attention, as they are usually large in
area, widely distributed, and often possess considerably high biodiversity [21]. Moreover,
people in campuses (mostly students and teachers, among which there are many naturalists
and conservationists) are often well educated and more willing to participate in field
surveys, nature conservation, or other environment-friendly practices [21]. As a result,
university campuses may create a great opportunity for monitoring and conservation of
urban biodiversity [21,22]. However, it remains poorly known whether these places also
help to maintain ecological specialists, the species considered most severely threatened
by urbanization.

As a country with extremely high levels of biodiversity [17], China has experienced
rapid urbanization in recent decades [18]. This process has not only caused consider-
able threats to many species, but also brought about significant changes in biodiversity
pattern [19,20]. Meanwhile, China possesses a large number of university campuses (in-
cluding colleges), covering a considerable proportion of urban area [21]. Compared to
other urban areas, these campuses often provide better habitats for wildlife and possess
higher biodiversity. For example, 29% (393 species) of the overall Chinese bird species
can be found in a total of 38 Chinese universities [21]. Moreover, university campuses
are home for many naturalists, researchers, and conservationists, making it convenient to
conduct comprehensive investigations on biodiversity in campuses. Therefore, university
campuses in China provide an ideal study system to assess the role of urban green spaces
in promoting biodiversity conservation.

In this study, we aimed to explore the distribution of ecological specialization of bird
communities in Chinese university campuses, as well as its underlying ecological drivers.
Two types of specialization were studied, namely dietary specialization and foraging
stratum specialization. For each type of specialization, we focused on two indicators, i.e.,
richness of avian specialist species and community-wide specialization index (hereafter
CSI) within each university campuses. Specifically, we had several predictions to test:
(1) richness of specialist species should increase with increasing campus area, due to the
generally positive species—area relationship [22] and the fact that specialist species are a
subset of overall species within a community [10]; (2) richness of specialist species and
CSI should decrease with increasing human population density, because specialists are
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usually considered more vulnerable to anthropogenic disturbance; (3) campuses with
higher primary productivity (denoted by normalized differential vegetation index in this
study, hereafter NDVI) tend to possess more specialist species, because these places are
likely to possess more abundant and more diverse resources, enabling more specialist
species to survive; and (4) campuses located at higher elevation tend to possess more
specialist species, since high-elevation regions are generally less populous, so that specialist
species would be less exposed to anthropogenic disturbance. Our study should provide
insights for a deeper understanding of the value of urban green spaces in wildlife and
biodiversity conservation.

2. Materials and Methods
2.1. Data on Bird Communities

The data on avian communities used in this study were collected from the dataset of a
recently published research [23]. The original dataset was based on an extensive literature
search in September 2022, using 64 relevant papers found in several major scholar databases
(ISI Web of Science, Google Scholar, and the China National Knowledge Infrastructure) and
1280 reports collected from the China Bird Recording Center. The original dataset includes
both birds recorded in 287 university campuses from 75 cities and those recorded in the
nearby natural reserves, resulting in a total of 745 avian species recorded in 75 cities. For
this research, we excluded data from natural reserves, as well as data from campuses which
were seemingly inadequately sampled (with a checklist including less than 10 bird species
per campus) or whose exact locations could not be identified. We also excluded those bird
species not reliably recorded in the campuses from the original dataset, with 398 avian
species (recorded in 188 university campuses located in 65 cities) remaining in the final
check list (Table S1).

2.2. Assessment of Ecological Specialization

We assessed the distribution of two types of ecological specialization, namely dietary
and foraging stratum specialization (Table S2). Information on diet and foraging stratum
for each species was obtained from the EltonTraits 1.0 database [24]. In this database, diet
composition was described using percentages of 10 major types of food, including inver-
tebrates, vertebrates (endotherm), vertebrates (ectotherm), vertebrates (fish), vertebrates
(unknown), scavenger, frugivore, nectarivore, granivore, and folivore. The percentages
were determined using a semi-quantitative approach, with scores calculated based on the
word order in original sentences in literature that describe the diet [24]. Similarly, foraging
stratum composition was expressed with percentages of 7 major stratum, namely foraging
below the water surfaces, foraging on or just below water surfaces, foraging on ground,
foraging in the understory, foraging in mid to high levels in trees or high bushes, foraging
in or just above the tree canopy, and foraging well above trees or any structures [24].

Based on diet and foraging stratum composition, we further assessed the degree of
diet and foraging stratum specialization for each species. Following the approaches used
by Morelli et al. [25], we adopted the Gini index of inequality to reflect the degree of
specialization using the following formula:

i1 Z;l:l [xi — xj]

G P—
2n2x!

where ‘x’ is an observed value (in percentage), ‘x’” is the mean value of the percentages,
and ‘n’ is the number of values observed.

To assess the overall degree of ecological specialization within a given community,
we adopted two indicators for each type of specialization: richness of specialist species
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and community-wide specialization index (CSI). Following the criterion used by Morelli
et al. [10], we defined a species to be dietary or foraging stratum specialist if its relevant
Gini index equals to 1, which means that species only used one type of food or only foraged
in a single stratum. For each campus, richness of specialist species was therefore denoted
by the number of specialist species, and CSI was calculated as the sum of the Gini index
divided by the number of all the species detected in that campus.

2.3. Environmental Factors

To explore the underlying mechanisms driving the spatial pattern of avian specializa-
tion across Chinese university campuses, we considered the following environmental fac-
tors: campus area, elevation, NDVI, and human population density (Table S3). We obtained
a recent vectograph of China generated on OpenStreetMap (downloaded from Geofabrik
with the URL of https://download.geofabrik.de/asia/china (accessed on 26 September
2024) and searched for the polygon representing each campus by its name. We then used
ArcGIS 10.2.2 to calculate the area of each campus. Information on elevation, NDVI, and
human population density for each campus was collected using ArcGIS 10.2.2 from the
relevant grid datasets (data for 2020, with a spatial resolution of 500 m) provided by the
Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(RESDC, https:/ /www.resdc.cn (accessed on 10 July 2024). For each of the grid datasets,
if a campus covered several pixels, an average value of these pixels was calculated to
represent the relevant environmental value for that campus.

2.4. Statistical Analysis

For each of the four response variables related to specialization (diet specialist richness,
foraging stratum specialist richness, diet CSI, and foraging stratum CSI), we built a gen-
eralized least square linear model (GLS model) with the following explanatory variables:
species richness, area, elevation, NDVI, and human population density. Species richness
was included because specialist species were subsets of local assemblages and specialist
richness was often highly associated with the overall species richness [11]. We also built
a GLS model on species richness, using area, elevation, NDVI, and human population
density as explanatory variables. For all these GLS models, a Gaussian correlation structure
including the latitude and longitude of the centroid of each campus was used to take spatial
autocorrelation into account [11,26]. To assess the level of multicollinearity, we calculated
variance inflation factors (VIFs) using the ‘vif’ function provided by the R package ‘car’ [27].
Since the level of multicollinearity was generally low (all VIFs were lower than 5), all the
explanatory variables were retained in the final model sets.

3. Results

Among the 398 avian species recorded in the 188 university campuses, 109 (27.39%)
and 104 species (26.13%) were categorized as diet specialists and foraging stratum special-
ists, respectively. Among these campuses, species richness ranged from 10 to 96 species
(29.18 £ 16.63 species, mean =+ SD, and hereafter). Diet specialist richness and foraging
stratum specialist richness ranged from 0 to 29 species (4.80 £ 4.26 species) and from 0
to 28 species (6.45 + 4.44 species), respectively (Figure 1). Diet CSI and foraging stratum
CSI ranged from 0.77 to 0.94 (0.87 £ 0.02) and from 0.76 to 0.89 (0.83 = 0.03), respectively
(Figure 1).
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Figure 1. Distribution of ecological specialization among the 188 university campuses included in
this study. Dots represent locations of campuses and colors represent values of the indicators of
ecological specialization. CSI: community-wide specialization index.

According to the GLS models, species richness was positively related to campus area,
NDVI, and elevation (Table 1). As an explanatory variable, species richness was also
positively associated with diet specialist richness, foraging stratum specialist richness, and
diet CSI (Table 1). We detected a positive relationship between elevation and diet specialist
richness, and a positive association between campus area and foraging stratum specialist
richness (Table 1; Figure 2). NDVI was positively related to foraging stratum CSI, but
negatively related to diet CSI (Table 1; Figure 3). No significant association was detected
between human population density and any measurement of ecological specialization
(Table 1).
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Table 1. Results of generalized least square linear models on species richness, diet specialist rich-
ness, foraging stratum specialist richness, community-wide diet specialization index (diet CSI), and
community-wide foraging stratum specialization index (foraging stratum CSI). For each explanatory
variable, variance inflation factor (VIF) is indicated to reflect the level of multicollinearity.

Explanatory Variable Estimate SE Z Value p Value VIF
Response variable: Species richness
Intercept 10.907 3.719 2.933 0.004 N.A.
Campus area 7.071 1.047 6.752 <0.001 1.164
Elevation 0.005 0.002 2.969 0.003 1.021
NDVI 23.862 9.181 2.599 0.010 1.036
Human population density —0.000 0.000 —0.620 0.536 1.179
Response variable: diet specialist richness
Intercept —2.246 0.516 —4.351 <0.001 N.A.
Species richness 0.232 0.010 23.151 <0.001 1.384
Campus area —0.236 0.159 —1.489 0.138 1.454
Elevation 0.001 0.000 4.309 <0.001 1.070
NDVI 0.296 1.268 0.234 0.816 1.074
Human population density 0.000 0.000 2.485 0.014 1.181
Response variable: foraging stratum specialist richness
Intercept —0.482 0.459 —1.050 0.295 N.A.
Species richness 0.238 0.009 28.006 <0.001 1.370
Campus area 0.368 0.137 2.686 0.008 1.441
Elevation 0.000 0.000 0.084 0.933 1.068
NDVI —1.688 1.127 —1.497 0.136 1.070
Human population density 0.000 0.000 0.062 0.951 1.178
Response variable: diet CSI
Intercept 0.873 0.005 168.239 <0.001 N.A.
Species richness 0.001 0.000 6.139 <0.001 1.382
Campus area —0.002 0.002 —1.313 0.191 1.452
Elevation 0.000 0.000 1.534 0.127 1.070
NDVI —0.049 0.013 —3.860 <0.001 1.073
Human population density 0.000 0.000 0.240 0.810 1.181
Response variable: foraging stratum CSI
Intercept 0.800 0.006 140.517 <0.001 N.A.
Species richness 0.000 0.000 1.045 0.298 1.379
Campus area 0.003 0.002 1.595 0.113 1.449
Elevation 0.000 0.000 0.513 0.609 1.070
NDVI 0.068 0.014 4.893 <0.001 1.072
Human population density 0.000 0.000 0.982 0.328 1.180

Elevation

Figure 2. Association between ecological variables and specialist richness. Left: campus area (in
km?) versus foraging stratum specialist richness. Right: elevation (in m above sea level) versus diet
specialist richness.
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Figure 3. Association between normalized difference vegetation index (NDVI) and community-wide
specialization index (CSI). Left: NDVI versus diet CSI. Right: NDVI vs. foraging stratum CSI.

4. Discussion

For the first time, we conducted an extensive study on the ecological specialization of
bird communities in Chinese university campuses. More specifically, we assessed the asso-
ciations between four measures of specialization and environmental variables. Generally,
campuses located in higher areas tended to possess more diet specialist species and larger
campuses tended to possess more foraging stratum specialist species. We also detected
significant relationships between NDVI and two community-wide specialization indices,
but with different directions between the two types of CSI. Contrary to our prediction, hu-
man population density within campuses was positively related to diet specialist richness.
Our results highlighted the role of large or high-elevation campuses in protecting avian
specialization. Our study should provide valuable information for urban planning and
prioritizing urban green spaces for conservation.

Elevation has long been documented as a fundamental driver of changes in various
communities [28-31]. Consistent with a previous study on avian specialization [11], we
found that higher elevations were generally related to more diet specialist species. In this
study, the 198 university campuses showed a dramatic variation in elevation, ranging
from —6 m a.s.l. (Guangzhou University) to 3662 m a.s.l. (Tibet University). This in
turn brings about a significant variation in climate and the availability of food resources
among campuses. Organisms living at high altitudes usually suffer more severe climates,
which may act as an environmental filter so that only those species highly adapted to such
climates can be sustained [12]. These species are often specialists. Food resources should
also be less diverse in high-elevation areas, so that species specialized for certain food types
(i.e., diet specialists) may outcompete generalists (‘jack of all trades and master of none’).
Moreover, high-elevation cities are often less populous [32] and less accessible, and species
living there may face less severe anthropogenic disturbance. This should in turn allow
more specialists to survive in these cities, since specialists are often more vulnerable to
anthropogenic disturbance [3,33]. In summary, our results emphasized the role of elevation
in driving the ecological specialization of urban birds [11,34].

We found that campus area was positively related to foraging stratum specialist rich-
ness. Usually, sites with larger areas tend to possess more types of habitat [35,36], which can
provide more foraging niches to accommodate more types of foraging stratum specialists.
For example, large campuses (such as Peking University, Wuhan University of Science and
Technology, and Guangxi University) often possess one or more lakes with considerable
size [37], providing two important foraging stratums (foraging below the water surfaces,
and foraging on or just below water surfaces) for many foraging stratum specialist species,
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such as Common Kingfisher (Alcedo atthis), Mandarin Duck (Aix galericulata), Ruddy Shel-
duck (Tadorna ferruginea), Cotton Pygmy Goose (Nettapus coromandelianus), and Garganey
(Anas querquedula). By contrast, small campuses often lack such lakes. Moreover, large cam-
puses may also possess more places that are silent and less populous (such as Minghe Park
and Jingchun Park in Peking University) [37], providing important refuges for specialists
to stay away (at least temporarily) from anthropogenic disturbance.

Although anthropogenic disturbance is a fundamental factor that puts species at risk
(and especially ecological specialists), our results suggest that human population density
in campus was not significantly associated with most measures of ecological specialization
of avian communities. Moreover, we even detected a positive relationship between human
population density and diet specialist species richness. The uneven distribution of human
population within universities might have contributed to this counterintuitive pattern.
In university campuses, the majority of the human population is usually distributed in
teaching buildings and dormitories, leaving some regions rarely occupied by people, which
is more common in larger campuses as documented above. Moreover, the majority of the
human population (undergraduates, graduates, and teachers) in campuses is well educated
and generally more willing to protect wildlife [38]. Actually, biodiversity in campuses can
also be used as an effective resource for education [39]. In this scenario, human population
density may not be an appropriate surrogate for anthropogenic disturbance.

Moreover, campus management is also important for biodiversity conservation in
university campuses. Although sometimes not directly targeted for wildlife conservation,
biodiversity-friendly practices (e.g., ecological restoration and ecological planning projects)
are common in university campuses, which also help to create more suitable habitats
for ecological specialists and further alleviate the potentially negative effects of human
population [40-43]. For example, Peking University has even set up a mini nature reserve
within its main campus [37]. According to the relevant biodiversity management project,
the whole campus was divided into four areas, namely biodiversity conservation areas,
important species habitats, water bodies, and garden landscape areas [37]. Numerous vol-
unteers (mostly students and teachers) have been involved with the project. These activities
helped to provide ideal habitats for many organisms, including ecological specialists such
as Common Kingfisher, Buff Browed Willow Warbler (Phylloscopus armandii), and Lesser
Cuckoo (Cuculus poliocephalus).

Interestingly, the role of NDVIin shaping ecological specialization of bird communities
was inconsistent. Generally, forests (or woodlands), grasslands, and lakes are the major
habitats suitable for most birds in campuses. Compared to grasslands and lakes, forests
and woodlands are usually associated with higher NDVI and more structurally complex
habitats, providing more types of foraging stratums for birds. For example, forests are
linked with at least four foraging stratums (foraging on ground, foraging in understory,
foraging in mid to high levels in trees or high bushes, and foraging in or just above
tree canopy), while grasslands only provide one foraging stratum (foraging on ground).
However, forests or woodlands in university campuses do not necessarily provide more
types of food resources than grasslands. Seeds, invertebrates, and vertebrates can be
found in both habitats, and fruits generated by forests often drop to the ground and
become available for birds foraging on grassland. For diet specialists foraging in the air
(such as swallows and swifts), invertebrates (their major food) are also usually abundant
above grasslands. Moreover, grasslands (or even bare ground) and lakes provide food for
scavengers and species specialized to eating fish, respectively. Taken together, it is thus
not surprising that NDVI was positively related to foraging stratum specialization but
negatively related to diet specialization.
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It should be noted that university campuses are somewhat different from other types of
urban green spaces (such as parks), so that some conclusions drawn from our study may not
directly apply to other types of urban green spaces. For example, the human populations in
campuses are generally better educated and more unevenly distributed than those in parks.
As a result, the relationship between human density and ecological specialization may also
differ between university campuses and parks. Further investigations and comparative
studies are required to understand whether and how ecological correlates of ecological
specialization would differ among various types of urban green spaces.

Some limitations of the present study need to be mentioned. First, although we ex-
cluded some campuses that seemed to be inadequately sampled, information on actual
sampling efforts of many campuses was not available. Therefore, our dataset may have
involved some biases due to differences in sampling efforts, which may have caused bi-
ases in our results; second, although people in campuses are generally well educated and
more likely to participate in protection or environment-friendly practices, human attitudes
toward wildlife may also vary considerably among campuses. Such complexity might
have also contributed to the spatial distribution of ecological specialization, but was not
considered in the present study due to lack of data. Finally, long-term biodiversity monitor-
ing is still scarce in Chinese university campuses, meaning we were unable to explore the
temporal trends of specialization in avian communities within or across campuses. Actually,
long-term ecological data (normally exceeding a decade) is necessary to understand the
fundamental mechanisms of population dynamics, community succession, phenology, and
evolution, which are crucial pieces of knowledge for both ecologists and conservation
scientists. However, long-term field data collection is often difficult and many projects have
been terminated early due to the lack of financial support [44]. In this scenario, we call for
strengthening the role of citizen science in promoting long-term ecological research, which
is not only useful in providing invaluable insights for scientific or conservation projects,
but also helps to enhance residents’ incentives for environmental protection. Developing a
systematic and consistent framework of campus biodiversity monitoring based on citizen
science should be a good starting point.

5. Conclusions

In summary, our results suggest that university campuses with large areas or located
at high altitudes tend to possess a higher level of avian specialization. Considering that
ecological specialists are often more vulnerable to disturbance or climate change, university
campuses may act as important refuges for these species, as well as a critical type of urban
green space for biodiversity conservation. This is especially important when urbanization
has been rapidly expanding worldwide, and more and more protection efforts need to be
carried out in the context of human existence.
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mdpi.com/article/10.3390/biology14050570/s1, Table S1: Bird list; Table S2: Traits of birds; Table S3:
Campus information.

Author Contributions: L.-Y.S.: Conceptualization (equal); formal analysis (equal); methodology
(lead); project administration (lead); writing-original draft (lead). D.M.: Conceptualization (equal);
data curation (lead); formal analysis (equal); writing-review and editing (equal). W.-L.M.: Conceptu-
alization (equal); data curation (equal); formal analysis (equal); writing—review and editing (equal).
J.-W.B.: data curation (equal); methodology (equal). Y.L.: methodology (equal); visualization (equal);
Y.-X.L.: visualization (lead); writing—review and editing (equal). Z.-C.G.: methodology (equal).
H.Z.: formal analysis (equal); Z.-Q.L.: data curation (equal). All authors have read and agreed to the
published version of the manuscript.


https://www.mdpi.com/article/10.3390/biology14050570/s1
https://www.mdpi.com/article/10.3390/biology14050570/s1

Biology 2025, 14, 570 10 of 11

Funding: This research did not receive any specific grant from funding agencies in the public,

commercial, or not-for-profit sectors.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Datasets used in this study are provided as Supplementary Materials.
Acknowledgments: We thank Jie-Kun He for kindly sharing the bird data they collected.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Henle, K,; Davies, K.; Kleyer, M.; Margules, C.; Settele, J. Predictors of species sensitivity to fragmentation. Biodivers. Conserv.
2004, 13, 207-251. [CrossRef]

2. Irschick, D.; Dyer, L.; Sherry, T.W. Phylogenetic methodologies for studying specialization. Oikos 2005, 110, 404—408. [CrossRef]

3.  Clavel, J.; Julliard, R.; Devictor, V. Worldwide decline of specialist species: Toward a global functional homogenization? Front.
Ecol. Environ. 2011, 9, 222-228. [CrossRef]

4. Benedetti, Y.; Morelli, F. Global distribution range of birds is negatively correlated with their level of diet specialization. J. Biogeogr.
2024, 51, 2062-3069. [CrossRef]

5. Slatyer, R.; Hirst, M.; Sexton, J. Niche breadth predicts geographical range size: A general ecological pattern. Ecol. Lett. 2013, 16,
951-1114. [CrossRef]

6. Chichorro, E; Juslén, A.; Cardoso, P. A review of the relation between species traits and extinction risk. Biol. Conserv. 2019, 237,
220-229. [CrossRef]

7. Boyles, ].G.; Storm, ].]. The perils of picky eating: Dietary breadth is related to extinction risk in insectivorous bats. PLoS ONE
2007, 2, e672. [CrossRef] [PubMed]

8.  Davies, K.; Margules, C.; Lawrence, J. A synergistic effect puts rare, specialized species at greater risk of extinction. Ecology 2004,
85, 265-271. [CrossRef]

9. Balisi, M.; Casey, C.; Van Valkenburgh, B. Dietary specialization is linked to reduced species durations in North American fossil
canids. R. Soc. Open Sci. 2018, 5, 171861. [CrossRef]

10. Morelli, E; Benedetti, Y.; Hanson, ].O.; Fuller, R.A. Global distribution and conservation of avian diet specialization. Conserv. Lett.
2021, 14, €12795. [CrossRef]

11. Benedetti, Y.; Morelli, E.; Callaghan, C.T.; Fuller, R. Distribution and protection of avian specialization in Europe. Glob. Ecol.
Biogeogr. 2021, 31, 10-24. [CrossRef]

12.  Shuai, L.Y.; Benedetti, Y.; Morelli, F.; Gao, Z.C.; Luo, Y.X,; Luo, Y.; Zhu, H.; Liu, Z.T.; Liu, W. Distribution and protection of
ecological specialists in Chinese terrestrial mammals. . Biogeogr. 2025, 52, €15093. [CrossRef]

13. Cai, Z.; La Sorte, EA.; Chen, Y.; Wu, J. The surface urban heat island effect decreases bird diversity in Chinese cities. Sci. Total
Environ. 2023, 902, 166200. [CrossRef] [PubMed]

14. Seto, K.C.; Guneralp, B.; Hutyra, L.R. Global forecasts of urban expansion to 2030 and direct impacts on biodiversity and carbon
pools. Proc. Natl. Acad. Sci. USA 2012, 109, 16083-16088. [CrossRef] [PubMed]

15.  Bucher, S.F; Uhde, L.; Weigelt, A.; Cesarz, S.; Eisenhauer, N.; Gebler, A.; Kyba, C.; Romermann, C.; Shatwell, T.; Hines, J. Artificial
light at night decreases plant diversity and performance in experimental grassland communities. Philos. Trans. R. Soc. B Biol. Sci.
2023, 378, 20220358. [CrossRef] [PubMed]

16. Sol, D.; Trisos, C.; Murria, C.; Jeliazkov, A.; Gonzalez-Lagos, C.; Pigot, A.L.; Ricotta, C.; Swan, C.M.; Tobias, J.A.; Pavoine, S. The
worldwide impact of urbanisation on avian functional diversity. Ecol. Lett. 2020, 23, 962-972. [CrossRef]

17. Mi, X; Feng, G.; Hu, Y,; Zhang, ].; Chen, L.; Corlett, R.T.; Hughes, A.C.; Pimm, S.; Schmid, B.; Shi, S.; et al. The global significance
of biodiversity science in China: An overview. Natl. Sci. Rev. 2021, 8§, nwab032. [CrossRef]

18.  Zhou, L.; Dickinson, R.E.; Tian, Y.; Fang, J.; Li, Q.; Kaufmann, R.K.; Tucker, C.J.; Myneni, R.B. Evidence for a significant
urbanization effect on climate in China. Proc. Natl. Acad. Sci. USA 2004, 101, 9540-9544. [CrossRef]

19. Deng,].; Zhu, Y,; Luo, Y.; Zhong, Y.; Tu, ].; Yu, J.; He, J. Urbanization drives biotic homogenization of the avian community in
China. Integr. Zool. 2024, 20, 60-72. [CrossRef]

20. Sun, B.;Lu, Y; Yang, Y;; Yu, M; Yuan, J.; Yu, R.; Bullock, J].M.; Stenseth, N.C.; Li, X.; Cao, Z.; et al. Urbanization affects spatial
variation and species similarity of bird diversity distribution. Sci. Adv. 2022, 8, eade3061. [CrossRef]

21. Zhang, W,; Liang, C.; Liu, J.; Si, X.; Feng, G. Species richness, phylogenetic and functional structure of bird communities in

Chinese university campuses are associated with divergent variables. Urban Ecosyst. 2018, 21, 1213-1225. [CrossRef]


https://doi.org/10.1023/B:BIOC.0000004319.91643.9e
https://doi.org/10.1111/j.0030-1299.2005.13927.x
https://doi.org/10.1890/080216
https://doi.org/10.1111/jbi.14970
https://doi.org/10.1111/ele.12140
https://doi.org/10.1016/j.biocon.2019.07.001
https://doi.org/10.1371/journal.pone.0000672
https://www.ncbi.nlm.nih.gov/pubmed/17653286
https://doi.org/10.1890/03-0110
https://doi.org/10.1098/rsos.171861
https://doi.org/10.1111/conl.12795
https://doi.org/10.1111/geb.13405
https://doi.org/10.1111/jbi.15093
https://doi.org/10.1016/j.scitotenv.2023.166200
https://www.ncbi.nlm.nih.gov/pubmed/37567292
https://doi.org/10.1073/pnas.1211658109
https://www.ncbi.nlm.nih.gov/pubmed/22988086
https://doi.org/10.1098/rstb.2022.0358
https://www.ncbi.nlm.nih.gov/pubmed/37899022
https://doi.org/10.1111/ele.13495
https://doi.org/10.1093/nsr/nwab032
https://doi.org/10.1073/pnas.0400357101
https://doi.org/10.1111/1749-4877.12815
https://doi.org/10.1126/sciadv.ade3061
https://doi.org/10.1007/s11252-018-0803-5

Biology 2025, 14, 570 11 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Matthews, T.; Rigal, F; Triantis, K.; Whittaker, R. A global model of island species—area relationships. Proc. Natl. Acad. Sci. USA
2019, 116, 201818190. [CrossRef]

Zhong, Y.; Luo, Y,; Zhu, Y.;; Deng, J.; Tu, J.; Yu, ].; He, ]. Geographic variations in eco-evolutionary factors governing urban birds:
The case of university campuses in China. J. Anim. Ecol. 2024, 93, 208-220. [CrossRef] [PubMed]

Wilman, H.; Belmaker, J.; Simpson, J.; de la Rosa, C.; Rivadeneira, M.M.; Jetz, W. EltonTraits 1.0: Species-level foraging attributes
of the world’s birds and mammals. Ecology 2014, 95, 2027. [CrossRef]

Morelli, F.; Benedetti, Y.; Moller, A.P,; Fuller, R.A. Measuring avian specialization. Ecol. Evol. 2019, 9, 8378-8386. [CrossRef]
[PubMed]

Pinheiro, J.; Bates, D. Mixed-Effects Models in S and S-PLUS; Springer: New York, NY, USA, 2000.

Fox, J.; Weisberg, S. An R Companion to Applied Regression, 3rd ed.; Sage: Thousand Oaks, CA, USA, 2019.

McCain, C.M. Global analysis of bird elevational diversity. Glob. Ecol. Biogeogr. 2009, 18, 346-360. [CrossRef]

Shuai, L.Y,; Ren, C.L.; Yan, W.B.; Song, Y.L.; Zeng, Z.G. Different elevational patterns of rodent species richness between the
southern and northern slopes of a mountain. Sci. Rep. 2017, 7, 8743. [CrossRef]

Wang, P--Y.; Hua, B.-Z. Elevational diversity pattern and allochronic divergence of scorpionflies in the Qinling Mountains. Ecol.
Indic. 2022, 134, 108500. [CrossRef]

Wang, X.Y.; Zhong, M.].; Zhang, |.; Si, X.E; Yang, S.N.; Jiang, ].P; Hu, ]. H. Multidimensional amphibian diversity and community
structure along a 2 600 m elevational gradient on the eastern margin of the Qinghai-Tibetan Plateau. Zool. Res. 2022, 43, 40-51.
[CrossRef]

Zhong, J.; Lu, T. Spatial pattern of population distribution and its correlation with relief amplitude in southwestern China. Acta
Ecol. Sin. 2018, 38, 8849-8860. [CrossRef]

Neate-Clegg, M.H.C.; Tonelli, B.A.; Youngflesh, C.; Wu, ].X.; Montgomery, G.A.; Sekercioglu, C.H.; Tingley, M.W. Traits shaping
urban tolerance in birds differ around the world. Curr. Biol. 2023, 33, 1677-1688. [CrossRef]

Rivas-Salvador, J.; Hofdk, D.; Reif, J. Spatial patterns in habitat specialization of European bird communities. Ecol. Indic. 2019,
105, 57-69. [CrossRef]

Si, X.; Baselga, A.; Leprieur, E; Song, X.; Ding, P. Selective extinction drives taxonomic and functional alpha and beta diversities
in island bird assemblages. J. Anim. Ecol. 2016, 85, 409—-418. [CrossRef] [PubMed]

Matthews, T.; Sheard, C.; Cottee-Jones, H.E.W.; Bregman, T.; Tobias, J.; Whittaker, R. Ecological traits reveal functional nestedness
of bird communities in habitat islands: A global survey. Oikos 2015, 124, 817-826. [CrossRef]

Chen, W. Peking University Yanyuan Nature Reserve. Available online: https:/ /cpb-us-w2.wpmucdn.com/campuspress.yale.
edu/dist/3/2870/files /2019 /07 /IARU-Case-Study_Peking-Nature-Reserve_Draft.pdf (accessed on 25 November 2024).

Liu, J.; Zhao, Y.-P; Si, X.; Feng, G.; Slik, F.; Zhang, J. University campuses as valuable resources for urban biodiversity research
and conservation. Urban For. Urban Green. 2021, 64, 127255. [CrossRef]

Colding, J. “Ecological land-use complementation’ for building resilience in urban ecosystems. Landsc. Urban Plan. 2007, 81, 46-55.
[CrossRef]

Yang, X.; Lv, Q.J.; Ma, Y. Study on ecology restoration of the boundary space of waterfront campus. Archit. Cult. 2020, 191,
135-138.

Wang, X.Y. Research on Evaluation and Optimization of Green University Campus Design in Lingnan Area; South China University of
Technology: Guangzhou, China, 2023.

Peters, C.; Spaulding, C. An on-campus stream restoration project as interdisciplinary senior capstone experience. J. Environ.
Stud. Sci. 2022, 13, 115-123. [CrossRef]

Ahn, C. A creative collaboration between the science of ecosystem restoration and art for sustainable stormwater management on
an urban college campus. Restor. Ecol. 2016, 24, 291-297. [CrossRef]

Blumstein, D.T. The end of long-term ecological data? PLoS Biol. 2025, 23, e3003102. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.1818190116
https://doi.org/10.1111/1365-2656.14038
https://www.ncbi.nlm.nih.gov/pubmed/38098103
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1002/ece3.5419
https://www.ncbi.nlm.nih.gov/pubmed/31380096
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.1038/s41598-017-09274-2
https://doi.org/10.1016/j.ecolind.2021.108500
https://doi.org/10.24272/j.issn.2095-8137.2021.166
https://doi.org/10.5846/stxb201712292352
https://doi.org/10.1016/j.cub.2023.03.024
https://doi.org/10.1016/j.ecolind.2019.05.063
https://doi.org/10.1111/1365-2656.12478
https://www.ncbi.nlm.nih.gov/pubmed/26619392
https://doi.org/10.1111/oik.02370
https://cpb-us-w2.wpmucdn.com/campuspress.yale.edu/dist/3/2870/files/2019/07/IARU-Case-Study_Peking-Nature-Reserve_Draft.pdf
https://cpb-us-w2.wpmucdn.com/campuspress.yale.edu/dist/3/2870/files/2019/07/IARU-Case-Study_Peking-Nature-Reserve_Draft.pdf
https://doi.org/10.1016/j.ufug.2021.127255
https://doi.org/10.1016/j.landurbplan.2006.10.016
https://doi.org/10.1007/s13412-022-00804-7
https://doi.org/10.1111/rec.12341
https://doi.org/10.1371/journal.pbio.3003102

	Introduction 
	Materials and Methods 
	Data on Bird Communities 
	Assessment of Ecological Specialization 
	Environmental Factors 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

