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Introduction: Northern China is considered a global hotspot of biodiversity loss
due to dramatic climate and land use change characterized by rapid urban
expansion. However, little is known that the impacts of these two drivers in
shaping the future availability of habitat for plants in urban areas of Northern
China, especially at a high spatial resolution.

Methods: Here, we modelled the habitat suitability of 2,587 plant species from
the flora of Northern China and estimated how future climate and urban
expansion may affect species-level plant biodiversity across three shared
socioeconomic pathway (SSP) scenarios for the year 2050 in main city clusters.

Results: The results suggested that climate and urban expansion combined
could cause a decline of up to 6.5% in plant biodiversity of Northern China, while
urban expansion alone may cause 4.7-6.2% and climate change cause 0.0-0.3%
by 2050. The contribution of urban expansion was higher in urban areas, while
the contribution of climate change was higher in natural areas. Species may lose
an average of 8.2-10.0% of their original environmentally suitable area. Our
results verified that the process of urban expansion would necessarily result in
large-scale biodiversity loss.

Discussion: The plant biodiversity loss in city clusters of Northern China was
mainly determined by urban expansion rather than climatic change. The impact
of climate change should not be ignored, since climate change will likely cause a
higher reduction of area for some species. Based on these findings, we proposed
that plant biodiversity loss in Northern China will accelerate in the future unless
both urban expansion change and climate change are minimized.

KEYWORDS

climate change, urban expansion, plant biodiversity, species distribution modelling,
Northern China

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fevo.2023.1153448/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1153448/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1153448/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1153448/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1153448/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2023.1153448&domain=pdf&date_stamp=2023-07-27
mailto:liangyu@iae.ac.cn
mailto:lizhouyuan@bjfu.edu.cn
mailto:lunamoon77@163.com
https://doi.org/10.3389/fevo.2023.1153448
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/science#editorial-board
https://www.frontiersin.org/journals/science#editorial-board
https://doi.org/10.3389/fevo.2023.1153448
https://www.frontiersin.org/journals/science

Ma et al.

1 Introduction

Biodiversity loss has been reported as one of the most serious
menaces to sustainable development, threatening the contribution
and regulation of ecosystem services on which humanity relies
(Steffen et al., 2015; Diaz et al., 2018; Roberts et al., 2021). A growing
body of evidence indicates that the current rate of biodiversity loss is
higher than that documented in historic times (Dirzo et al., 2014;
Ceballos et al., 2020) and is predicted to further accelerate in future
(Di Marco et al., 2019; Seebens et al., 2021). This is associated with
significant natural and anthropogenic threats such as climate
change (Scheffers et al, 2016) and the intensification of urban
expansion (Simkin et al, 2022; Zhou et al, 2023), resulting in
substantial reductions in habitat suitability and species’ range size
(Velazco et al., 2019). As two major drivers of terrestrial biodiversity
loss (IPCC, 2021; Li et al., 2022; Newbold, 2018), impacts of climate
change and urban expansion are usually estimated separately
because of the differences in time scales and patterns of
biodiversity loss (Gomes et al, 2019). A realistic scenario that
guides ecological conservation policies should take the combined
effects of climate change and urban expansion, which may be the
greatest threat to future biodiversity, especially for plants
(McDonald et al.,, 2020; Fang et al., 2021).

Climate-driven changes with the most pervasive impact on
species redistribution, such as habitat loss and elevational range
shifts (Powers & Jetz, 2019; Scheffers and Pecl, 2019), will affect
global biodiversity patterns and shape new hotspots. This may be
more profound in the future when climate change intensifies
(Visconti et al., 2016). For example, recent climate change has
likely exacerbated habitat loss and fragmentation in 18.5% of
ecoregions, while 43.5% of ecoregions with loss is projected under
future climate change scenarios (Segan et al., 2016). However, the
responses of plant species to climate change are complex and hard
to predict (Corlett, 2016). Projected changes in climate differ among
regions and across emissions scenarios, potentially leading to
distinct ecological responses of plants across the world (Di Marco
et al, 2019). Furthermore, biodiversity decline is substantially
underestimated when indirect interactions between climate
change and other stressors (e.g. urban expansion, pollution) are
neglected (Arneth et al., 2020). Thus, it will be important to know
how climate change will affect plant species and how it combines
with other major threats.

Urban expansion occurs alongside threats to biodiversity driven
by climate change, contributing to global biodiversity declines.
Here, “urban expansion” was defined as the increase in the area
of cities or towns, which is different from the term “urbanization”
that usually was used to refer to the change in the proportion of a
population living in an urban area (McDonald et al., 2020). The
urban area tends to alter the type of habitats available (Geschke
et al., 2018), support more invasive species (McKinney, 2006), and
produce rapid eco-evolutionary change (Alberti et al., 2017). In
addition, urban expansion can accelerate urban microclimate
change, increase warming in urban and the intensity of
precipitation in the local area (Krayenhoff et al., 2018). These
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impacts generally rise with urban area expansion and intensity in
changing climate, resulting in significant changes in the abundance
and composition of species when urban area replaces natural
habitat (McDonald et al., 2020). Existing researches demonstrate
that future global urban expansion will lead to 11-33 million
hectares of natural habitat loss and a 34% reduction in species
richness by 2100 (Li et al., 2022). Despite the apparent importance
of urban expansion as a driver of habitat loss, three main
shortcomings in present forecasts for urban impacts on
biodiversity. The first concerns driving factors, which until
recently have not considered climate change and urban expansion
together (Li et al, 2022; Simkin et al, 2022). The second
shortcoming is that most studies are conducted on a single
climate change scenario and coarse spatial resolution (Seto et al.,
2012; McDonald et al., 2020). The third shortcoming is that existing
studies only focus on vertebrates without containing plant species
(Li et al, 2022; Simkin et al.,, 2022), which are more sensitive to
climate change and urban expansion (Burley et al, 2019).
Therefore, such forecasts become less useful and an updated set
of forecasts to overcome these limitations is required.

Northern China is considered a global hotspot of biodiversity
loss due to dramatic climate and land use change characterized by
rapid urban expansion in the past few decades and projected future
(McDonald et al.,, 2018; McDonald et al., 2020). From 1978, the
Chinese government implemented large-scale ecological restoration
programs (Fu et al., 2018) to prevent further ecological problems in
Northern China. Thus, the combined effects of natural and
anthropogenic factors have been, still are, and will be shaping
biodiversity patterns in Northern China (Mi et al., 2021).
However, few studies examined the impacts of climate change
and urban expansion on the biodiversity of plants simultaneously,
as shortcomings existed in present studies. This inadequacy limits
our understanding of the spatiotemporal heterogeneity in
biodiversity and the underlying mechanisms behind the effects of
climate change and urban expansion. Realistic forecasting of plant
biodiversity changes in the urban area of Northern China is
urgently needed to explore the underlying mechanisms of species
distribution, quantify threats to endangered species and evaluate the
interaction between biodiversity and socioeconomic development.

Here, we aim to quantify (i) changes in species-level biodiversity
of plants due to climate change and urban expansion, (ii) the
relationship between changes in species-level biodiversity and
climate change/urban expansion, and (iii) the relative importance
of these two drivers to the future species range and richness in five
main city clusters of Northern China. Specifically, we hypothesized
that: (a) combined effects of projected climate change and urban
expansion will cause substantially larger losses of habitat suitability;
(b) species with smaller increased temperature and greater
increased precipitation are more negatively affected by climate
change and urban expansion; and (c) urban expansion has the
higher relative contribution than climate change for change in
species-level diversity under all climate change scenarios. To test
these hypotheses, we estimated the area of occupancy (AOO) for
2,587 plant species based on a species distribution model (SDM) in

frontiersin.org


https://doi.org/10.3389/fevo.2023.1153448
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Ma et al.

Northern China. We then quantified the species richness and its
changes produced by historical urban expansion, three scenarios of
urban expansion for 2050, three scenarios of climate change for
2050 and their interactions. Specifically, we investigated how
projected changes in climate and urban area affect the AOO and
species richness in five main city clusters of Northern China, which
is a relatively rapid urban expansion and highly threatened region.
The results would highlight important implications of our study for
biodiversity conservation of plant and help form better planning for
ecological restoration project in Northern China.

2 Method and materials

2.1 Study area

Northern China has a large area, which consists of 236.14
million km? with 8 Provinces and Municipalities (Figure 1). The
average annual precipitation of this area varies between 300 and
1000 mm, and the annual average temperature ranges from -3 to
10°C. To quantify the impacts of climate change and urban
expansion on species-level biodiversity, five main city clusters
(79% of urban area in Northern China) were focused (Table 1
and Figure S1) in analysis. The five main city clusters include
Beijing-Tianjin-Hebei (BTH), Central-South Liaoning (CSR),
Harbin-Changchun (HC), Hohhot-Baotou-Ordos (HBO), and
Middle Shanxi (MS). Detailed information of city clusters was
also given in Table 1.

10.3389/fevo.2023.1153448

2.2 Data source and processing

2.2.1 Species occurrence data

20,892,510 raw occurrences of plants were obtained from
Global Biodiversity Information Facility (GBIF, www.gbif.org)
and iPLANT platform (www.iplant.cn). To avoid problems in
SDM related to modelling with partial geographic ranges, the
occurrences in Northern China and also all occurrences in
Eurasia were obtained for each species (Raes, 2012). To improve
the quality of these records, we used the R package
“CoordinateCleaner” (Zizka et al, 2019) to flag and remove
records that satisfied any of the following criteria: 0,0 coordinates,
coordinates in an ocean, coordinates within 5 km of country
centroids and capitals, records within 1 km of biodiversity
institutions, and records with reversed latitude and longitude
values. After removing these geographical errors, we cleaned the
species names by removing unusual characters and uncertain
identifications, and assigned all single occurrence at the species
level. Then, we checked synonyms and used accepted names, and
kept only species occurring in the eight provinces of Northern
China according to Flora of China (FOC) from iPLANT. Our
database was composed of 325,027 unique records, representing
3,214 total species (92% of the 3,503 species of Northern China).

All species with a small number of collections were tested with
all datasets to identify poorly collected species (Ter Steege et al.,
2015). Only species occurring in 5 or more unique locations had
their habitat suitability modelled. This procedure ensured that each
species had robust range size (Rivers et al., 2011) and an
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FIGURE 1
Spatial pattern of main city clusters in Northern China.
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TABLE 1 The detailed information of five main city clusters in Northern China.

Annual average

Annual average Population density

Urban cluster  Abbreviation S

precipitation (mm) temperature (°C) (people per km?)
Beijing-Tianjin- BTH 311,210 1,076.8 12.9 1,370
Hebei
Central-South CSL 171,631 796.1 9.9 294
Liaoning
Harbin- HC 346,253 751.8 55 111
Changchun
Middle Shanxi MS 119,380 593.6 10.4 238
Huhhot-Baotou- HBO 223,923 390.7 7.3 21
Ordos

environmental suitability model significantly different from a bias-
corrected null models (Gomes et al., 2019), which is important to fit
reliable habitat suitability models (Thibaud et al., 2014). Species
with a small number of collections (<5) and not present in the final
dataset based on a restricted number of locations (Gomes et al.,
2019). Consequently, further modelling and analyses were
conducted for 2,587 plant species (74% of the total species).

2.2.2 Current and future climate data

To estimate the area of occupancy (AOO) for each species based
on environmental suitability, we initially obtained 19 bioclimatic
variables derived from the current climate at 30 seconds spatial
resolution (approximately 1 km at the equator) from WorldClim
(Hijmans et al., 2005, https://www.worldclim.org/), which were
produced using monthly interpolated climate data. For future
climate data, we used multi-model ensemble estimates of 19
bioclimatic variables from seven global climate model (GCM)
projections (including ACCESS-ESM, BCC-CSM2, FIO-ESM2,
GFDL-ESM4, INM-CM5, IPSL-CM6A-LR, and MIROCE6) for the
IPCC Sixth Assessment Report (AR6). These selected future climate
datasets were also downloaded from the WorldClim Database. The
derived bioclimatic variables were used to assess the effects of
climate change in the year 2050 (average for 2041-2060) under
the three shared socioeconomic pathways (SSP126, SSP245, and
SSP585), which represent taking the sustainability, middle of the
road, and the fossil-fueled development, respectively (You et al,
2021; Li et al., 2022). SSP126, SSP245, and SSP585 typically lead to
421 ppm, 538 ppm, and 936 ppm of CO, concentrations by the year
2100, which represent low, moderate, and high emission scenario
separately (Tian and Zhang, 2020).

Due to spatially correlated bioclimatic variables, we selected the
less correlated predictor variables based on their biological
relevance and on their scores using Spearman’s rank correlation
coefficient threshold |p| > 0.7 (Dormann et al., 2013). Those
variables that presented correlation values over 0.7 were removed
from the analysis (Supplementary materials Figure S1). For the final
modelling stage, we selected six less correlated predictor variables:
mean diurnal range (BIO2), Isothermality (BIO3), temperature
annual range (BIO7), mean temperature of warmest quarter
(BIO10), annual precipitation (BIO12), precipitation seasonality
(BIO15). These climatic parameters were preprocessed to a general
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spatial resolution of 5 km as it represents a fine scale to avoid
undesired distortions and recognize spatial patterns (Leao
et al., 2020).

2.2.3 Data of urban expansion

Current (2015) and projected future (2050) patterns of urban
expansion with three selected SSP scenarios in Northern China
were obtained from the global projection of urban expansion
dataset (Chen et al., 2020; https://doi.org/10.1594/
PANGAEA.905890), which describes the grid cells of 1km
resolution occupied by current and future urban land demand
(Supplementary materials Figure S2). This dataset used panel data
regression to estimate future urban land areas based on the factors
of population, urbanization rate (percentage of urban population to
total population) and gross domestic product (GDP). In this study,
we selected three climate change scenarios (SSP126, SSP245, and
SSP585) which represent sustainability, middle of the road, and
fossil-fueled development routes, respectively (Jiang and O'Neill,
2017). Specifically, SSP126 (“sustainability” scenario) envisions a
development path of rapid urban expansion with high income
growth for all country groups. SSP245 (“middle of the road”
scenario) envisions a development path of moderate urban
expansion and moderate income growth for all country groups.
SSP585 (“fossil-fueled development” scenario) envisions that all
country groups will experience rapid urban expansion. Under
SSP126, SSP245, and SSP585, urban area corresponds to
predictions of 65%, 55% and 70% expansion for 2050 in five
main city clusters of Northern China, respectively.

To further estimate the spatial distribution of biodiversity
change due to urban expansion under three SSP scenarios in each
5 km grid cell, we calculated the fraction of area that will be
occupied by urban expansion between 2015 and 2050. We then
multiplied this value by the number of species in each grid cell to
estimate the potential number of species change due to urban
expansion (Li et al., 2022). Generally, the species with lower
habitat suitability are more vulnerable to urban expansion. To
determine which species are affected by urban expansion, we
estimated the habitat suitability using Maxent models for each
species and all species were sorted by their habitat suitability in each
grid cell. Species with lower habitat suitability for the potential
number of species loss were regarded as the species affected by
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urban expansion. Corresponding grid cells were eliminated from
the AOO of affected species.

2.3 Estimating the area of occupancy for
each species in Northern China

In this study, we used the maximum entropy model (Phillips
et al.,, 2006; Maxent version 3.4.1) to estimate the area of occupancy
(AOO) in Northern China. For each species, 75% of the occurrence
data were used as a training model and the remaining 25% for
validating the Maxent model. Climate values from 10,000 randomly
sampled points records as background data to account for sampling
intensity and reduce spatial sampling bias (Thornhill et al., 2017).
The algorithm runs either 1000 iterations of these processes or
continues until convergence (threshold 0.00001). The modelling
extent was restricted to the complete area of Eurasia, which was
used for all species models. MaxEnt models were generated using 10
cross-validated replicate runs with the aforementioned parameters.

10.3389/fevo.2023.1153448

Outputs were transformed into binary maps with a 10% training
presence threshold and restricted to Northern China by clipping.

To calibrate and validate the performance of the Maxent model,
threshold-independent receiver-operating characteristic (ROC)
analyses were used (Phillips et al., 2006). An area under the ROC
curve (AUC) was examined for additional precision analyses. The
AUC values between 0 and 0.5 indicate predictions are no better
than random and the highest value of 1 gives the best prediction
(Elith et al, 2011). The average AUC training value was 0.949,
indicating both models performed well and generated excellent
evaluations. We also used a Jackknife test and the percent variable
contribution to identify the relative importance of each variable. In
MaxEnt, the jack-knife test systematically drops one variable each
time and compares the predictions using the model with all
variables except the dropped one and a model based on that
variable only (Phillips et al., 2006).

To estimate the impacts of urban expansion and climate change
on plants in Northern China, we produced eleven different
scenarios (Table 2). First, we modelled the species’ current AOO

TABLE 2 Results for all scenarios showing estimation of change in AOO and mean species richness.

City clusters BTH CSL HC HBO MS
Scenario Average Mean Average Mean Average Mean Average Range of Average (EET] Average Mean
change in species = change in species = change in species = change in species change in species  change in species
AOO (%) richness AOO (%) richness AOO (%) richness AOO (%) richness AOO (%) richness AOO (%) richness
Current 0.0 1,280 0.0 1,621 0.0 1,667 0.0 1,203 0.0 668 0.0 1,218
Current
and 2015 -3.8 1,227 -4.8 1,498 -2.9 1,598 -1.7 1,178 -1.2 663 -1.0 1,196
urban
area
SSP126 1.0 1,304 0.5 1,645 32 1,676 0.1 1,206 6.5 706 0.0 1,286
SSP245 0.0 1,274 0 1,610 0.2 1,666 0.0 1,178 2.5 675 0.0 1,241
SSP585 -0.3 1,265 0.2 1,647 0.0 1,623 0.0 1,169 0.0 627 0.0 1,232
SSP126
and 2015 -2.7 1,249 -2.5 1,522 -1.7 1,606 -0.8 1,180 4.0 701 -0.2 1,261
urban
area
SSP126
and 2050 -37 1,237 —40 1,493 —24 1,590 -12 1,176 36 700 05 1,255
urban
area
SSP245
and 2015 -3.8 1,220 -4.0 1,488 -1.8 1,597 -1.3 1,154 0.5 670 -0.3 1,219
urban
area
SSP245
and 2050 —47 1,210 52 1,463 24 1,584 -17 1,150 03 669 -05 1,214
urban
area
SSP585
and 2015 -53 1212 32 1,526 29 1,555 -17 1,145 -06 623 —03 1,209
urban
area
SSP585
and 2050 -6.5 1,198 -4.9 1,492 -3.8 1,537 -2.1 1,140 -0.9 622 -0.6 1,202
urban
area

For change in AOO, positive values represent expand of AOO, whereas negative values represent loss of AOO.
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with and without considering urban area. Then, we estimated the
impacts of climate change by modelling the species’ AOO of 2050
(SSP126, SSP245, and SSP585) without considering urban area.
Furthermore, we calculated the impacts of six combined scenarios
of urban expansion and climate change: 1) no urban expansion:
SSP126, SSP245, and SSP585 with 2015 urban area; 2) urban
expansion: SSP126, SSP245 and SSP585 with their corresponding
2050 urban area. Considering these eleven scenarios, we produced
species distribution model (SDM) maps for all species, and species
richness maps (defined as the number of species per grid cell) by
adding the predicted species in each grid cell for each scenario to
assess species richness.

2.4 Data analysis for main city clusters in
Northern China

To reflect the potential impact of urban expansion and climate
change, the range of analyses presented here was restricted to five
main city clusters based on projected results of Northern China
under eleven scenarios. We first calculated the change in species
richness and AOO of each scenario to evaluate future changes in
species distribution. The change in species richness and AOO was
calculated as the difference between the projected results under
scenarios for the years 2050 and scenarios without considering
urban area in 2015. For analyzing the individual and combined
effects of urban expansion and climate, we separated the change of
urban area and climate when designing the scenarios (see the names
of these scenarios in Table 2). For example, we could estimate the
individual effect of climate change under SSP585 by comparing the
“current” and “SSP585” scenario; we could estimate the individual
of urban expansion by comparing the “SSP585 and 2015 urban
area” and “SSP585 and 2050 urban area” scenario. For combined
effects, we could compare scenarios which has different conditions
of climate and urban area. In addition, we fitted simple ordinary
least-squares regression models to understand how changes in
species richness and AOO change relate to increased temperature,
precipitation, and urban expansion to examine the roles of urban
expansion and climate influences on vegetation dynamics. Finally,
we used the metrics proposed by Lindeman, Merenda, and Gold
(LMG) (Grémping, 2006) to quantify the relative contributions of
climate change and urban expansion to the variation of the species
richness dynamics in each 25 km? grid cell of five main city clusters
under three climate change scenarios.

3 Results

3.1 Changes in species-level
biodiversity of plants due to climate
change/urban expansion

Urban expansion is the major cause of species that may lose
sufficient AOO to become threatened, while the losses of species
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richness produced by combined eftects of climate change and urban
expansion are expected to be higher (Table 2). The mean current
species richness in the urban area of Northern China was 1,280. The
2015 urban area was responsible for a mean decline of 3.8% in the
estimated AOO of plant species. Current species richness was
higher in CSL and BTH, while loss by urban area mainly
occurred in the same region. The average change in AOO by
2050 was 1.0%, 0.0%, and —0.3% in the SSP126, SSP245, and
SSP585 scenario without considering urban expansion, whereas
mean species richness is expected to slightly decrease under SSP245.
Compared to the current scenario, climate change scenarios have a
lower average change in AOO. Under the SSP126 scenario, the
species richness will increase in most city clusters. Under the
SSP245 climate scenario, the AOO stayed the same as current
scenario. Under the SSP585 climate scenario, the species richness
will have a great loss, and the change in AOO will shift from gain
to loss.

The combined effect of urban expansion and climate change is a
greater threat to plant biodiversity in Northern China under
SSP585. The projected urban expansion for 2050 (with urban
growth of 65% in SSP126, 55% in SSP245, and 70% in SSP585) is
expected to produce an average loss of AOO of 3.7%, 4.7%, and
6.5% for SSP126, SSP245, and SSP585, respectively. The patterns of
change in losses of species richness by urban expansion are
consistent with the projections of urban area. As the projected
urban expansion is high in BTH, species richness was predicted to
suffer higher impacts of urban expansion in BTH.

Species richness is more negatively affected by the combined
effects of climate change and urban expansion, and by the
independent effects of urban expansion (Figure 2). When
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FIGURE 2

Box plot of the predicted effects of climate change and urban
expansion for change in species richness given the three scenarios
in the year 2050 at the urban area.
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simulating the effects of climate change alone and keeping urban
area constant, the mean species richness of each grid cell increased
by 0.5% under SSP126 (min. = —6.6%, max. = 8.3%), decreased by
0.5% under SSP245 (min. = —6.8%, max. = 5.9%) and by 1.4% under
SSP585 (min. = —11.2%, max. = 7.1%). Simulating the effects of
urban expansion alone, keeping the climate constant, reduced the
mean species richness of each grid cell by around 8% for all three
-40.0%, max. = —3.2%). The
combined effect of climate change and urban expansion reduced the

climate change scenarios (min. =

mean species richness of each grid cell by 8.7% under SSP126
(min. = -36.3%, max. = 11.3%) by 10.1% under SSP245 (min. =
—35.3%, max. = 8.2%) and by 12.7% under SSP585 (min. = —42.5%,
max. = 10.9%). In addition, our prediction showed that the negative
effects of urban expansion to the urban area in the high latitude (e.g.
HC) would become more significant.

Few species gained AOO due to projected combined change in
climate and urban area, while the majority of the species lost
substantial amounts of AOO (Figure 3). The mean change in
AOO by climate change was 1.4% in the SSP 126 scenario, 0.3%
in the SSP245 and —0.7% in the SSP585 (Figure 3A). Mean AOOQ is
expected to decrease by urban expansion between 5.1% in SSP245
and 5.4% in SSP585. The best-case combined scenario for 2050
resulted in a mean loss of estimated AOO of 3.9% (SSP126),
followed by SSP245 with 4.9%, and the worst-case combined
scenario (SSP585) with 6.7%. Another striking aspect of the
predicted combined impacts is the right-skewed distribution of
changes in AOO (Figures 3B-D). Future AOO was at least 10%
smaller for 31% of the species under SSP126, 36% of the species
under SSP245, and 38% of the species under SSP585. In contrast,
future habitat suitability was at least 10% larger for only 10% of the
species under SSP126, and 7% of the species under SSP245
and SSP585.

10.3389/fevo.2023.1153448

3.2 Relationship between changes in
species-level biodiversity and climate
change/urban expansion

Under effects of climate changes and urban expansion, the
correlation between change in species richness and climatic driving
factors were converse (Figure 4). Due to the effect of climate change,
grid cells with larger increased precipitation and smaller increased
temperature lost larger species richness, especially for city clusters
with lower urban expansion (e.g. HBO and HC). In contrast, grid
cells lost larger species richness with smaller increased precipitation
and larger increased temperature due to urban expansion and
combined effects. Across SSP scenarios, this pattern of correlation
is more obvious under scenario SSP585 than under other scenarios.
It is consistent for all scenarios that projected urban expansion is
expected to reduce species richness.

Changes in AOO were negatively associated with increased
annual precipitation, temperature, and urban expansion, especially
for SSP585 due to urban expansion and combined effects (Figure 5).
Linear regressions between the factors and changes in AOO were
significant at a 99% confidence level. The slopes of linear regression
indicate that there is more loss in estimated AOO with much larger
increased annual precipitation, temperature, and urban expansion,
particularly true in temperate regions with high urban expansion
(e.g. BTH and CSL).

3.3 Relative contribution of climate change
and urban expansion

The contribution of urban expansion and climate change
suggested that urban expansion (> 50%) is the key driving factor for
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the change in species richness under all climate change scenarios in
the urban area (Figure 6). Around 89%, 92%, and 82% area of change
in species richness could be mainly explained by urban expansion for
SSP126, SSP245, and SSP585, respectively (Figure 6A). The
contribution ratio of urban expansion exceeded 60% in all city
clusters (Figure 6B). The responses of species richness to climate
change and urban expansion exhibited strong discrepancies among
city clusters. More developed city clusters with more precipitation (i.e.
BTH and CSL) would be more sensible to the effect of urban
expansion (Figure 6B). It showed that species richness of southern
BTH was more sensitive to the effect of climate change across
scenarios. The species richness of CSL displayed higher sensitivity to
the effect of urban expansion. The species richness of MS was sensitive
to climate change under SSP126, whereas the species richness of MS
was mainly affected by urban expansion under the other two scenarios.
In addition, the contribution ratio of MS had a greater variation than
other city clusters among climate change scenarios. The species
richness of HC demonstrated strong sensitivity to climate change
under SSP585.

At different city clusters, the relative contributions of climate
change and urban expansion to changes in AOO strongly vary
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depending on the climatic characteristic and level of urban
expansion for different future scenarios (Figure 7). The changes
in AOO were mainly explained by urban expansion, while the
contribution of climate change was less than 20%. In contrast, the
relative contribution of urban expansion exceeded 80% in all city
clusters. Generally, the higher relative contribution of urban
expansion were found in CSL, BTH, and HC, and the lowest one
was in HBO (less than 88%). Compared to other city clusters, the
variation of relative contribution was higher in arid region, such as
MS and HBO with 9-11% and 13-15% for relative contribution of
climate, respectively.

4 Discussion

Our results demonstrated that biodiversity loss will accelerate in
the future unless both urban expansion and climate change are
minimized. In particular, if the sustainable pathway (i.e., scenario
SSP126) is properly implemented, humans will be able to maintain
a relatively low natural habitat loss and a high level of species
conservation. On the other hand, SSP585 and 2050 urban area was
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the most extensive biodiversity loss among the three climate
scenarios. This finding is in accordance with the results of Li
et al. (2021), which claimed that greater declines in habitat
quality would be observed under SSP585. However, it is different
that urban expansion per se was the predominant driver of
biodiversity loss rather than climate change due to the different
methods used to assess their impacts. In addition, we noticed that
species’ sensitivity to climate change and urban expansion varies
among scenarios and regions (Table 2). The existence of such
geographical and climatic variation implies that attempts to
extrapolate the impact of climate change and urban expansion
may be misleading (Newbold et al., 2020). This suggests that further
work on the impacts of climate change and urban expansion (based
on multi-source datasets) at different regions and scenarios is
needed to achieve precise conservation of plant biodiversity.
Avoiding the SSP585 scenario should be largely beneficial to the
conservation of plant species in Northern China.

Our results suggested that losses of habitat area will be much
larger from the impacts of urban expansion than climate change
(Table 2; Figures 2, 3), which is consistent with the findings from
other studies at the national scale (Li et al., 2020). Our results
showed the urban expansion may cause 4.7-6.2% of loss in plant
biodiversity. This is consistent with other literature, which showed
the loss caused by urban expansion ranged from 3.3% to 10.4% (He
et al, 2014; Tang et al, 2021). Although the influences of

Climate change

Urban expansion

10.3389/fevo.2023.1153448

temperature and precipitation among different climate change
scenarios were very similar, the response of species richness and
mean geographic range (AOO) to temperature and precipitation
exhibited strong differences (Figures 4, 5). Our results are in
agreement with previous studies that temperature tended to
negatively affect species’ geographic range in Northern China,
whereas the temperature positively affects the species richness (Li
et al,, 2020; Figures 4, 5). The spatial shift of species’ geographic
range (i.e. AOO changes) reflects the ability of tracking suitable
climatic conditions at the regional scale, while species richness
reflects the ability of adapting to the new climatic conditions in the
local range (Bellard et al., 2012). The opposite response of AOO and
species richness to climate change with the positive effect of
temperature on AOO changes indicate that plant species of
Northern China tend to adapt to the new conditions rather than
shift to a different habitat.

Urban expansion explained above 85% of the variations in plant
species richness of urban areas under all scenarios (Figure 6), which
indicated that the effects generated by urban expansion should not
be ignored. Specifically, the future urban expansion will
disproportionately affect the natural habitat around the urban
area. The biodiversity loss becomes higher in as urban areas get
closer to the patch edges of natural habitat. In addition, the key
biodiversity hotspots and ecologically vulnerable ecoregions that
have higher plant species richness will suffer the highest percentage

Combined effects

5_
0{T mAesg® © ©
T T T -10 T T T 10 T T T
25 50 75 25 50 75 25 50 75
Increased annual precipitation(mm)
0 5
NP 2
5 | > A 0.
< o A ¢ > 4 ¢ &
e 5 e = ¢
8 [ v -5+ t
< 0 g
[
.(TJ T T ] T '10 T T T T 10 T T T T
a0 2 25 3 35 2 25 3 35 2 25 3 35
8 Increased temperature (°C)
O 0 5
51 0-+-gw
}.\ ° 54 “
0- . b -
T T T > 0 T T T O T T T
0.06 009 0.12 0.06 0.09 0.12 0.06 0.09 0.12
Urban expansion(%)
O  SSP126 A SSP245 <& SSP585
[ ; | = ] : ]
MS CSL HBO BTH HC

FIGURE 5

Relationships between projected change in species’ AOO and increased annual precipitation, increased temperature and urban expansion in different
city clusters under SSP126, SSP245 and SSP585 due to climate change, urban expansion and their combined effects. The linear fits are also shown

each subplot.

Frontiers in Ecology and Evolution

09

frontiersin.org


https://doi.org/10.3389/fevo.2023.1153448
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Ma et al.

of urban expansion such as BTH, CSL, and MS (Figure 6). These
city clusters usually have a population density higher than 200
people/km? (Zhou et al., 2021), indicating explicit shifts and
depletion of plants occurs when exceeding 200 people/km®. For
these city clusters with high population density and located in
biodiversity-vulnerable regions, choosing an appropriate urban
development pathway may be the most considered requirement
for balancing urban expansion and biodiversity conservation of
plant (Peng et al., 2016).

The combined effects of urban expansion and climate change
are the greatest threat to plant biodiversity in Northern China. In
regions with lower increased temperature, high urban expansion,
and higher increased precipitation, species richness was more
sensitive to the combined impacts of urban expansion and
climate change (Figures 4, 5). Leersia spp. and Amaranthus spp.
suffered more than other species. This pattern may be related to
species in numerous human-dominated land uses (e.g. Northern
China), which have been found to have higher proportions of
individuals affiliated with higher temperatures and lower
precipitation levels than that within natural habitats (Williams
and Newbold, 2020). When the increased temperature is lower
and increased precipitation is higher, species in Northern China
with higher temperatures and lower precipitation levels are more
susceptible and often suffer from projected changes in climate.
More attention should be given to such relatively susceptible
regions and species, which is important for biodiversity
conservation under future climate change.

In our study, we quantified biodiversity loss by using species
richness and AOO, which represent two aspects of species-level
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biodiversity dynamics. Change in AOO, which can include changes
in range size or location of species, can be driven by changes in local
habitat suitability (Molinos et al., 2015). Changes in species richness
are driven by individual species shifting their ranges (i.e. AOO) into
or out of a region (Batt et al., 2017). Therefore, the selection of
indicators substantially determines whether the climate change or
urban expansion are important for biodiversity loss. Our results
indicated that plant species richness is more sensitive to the
combined changes in climate and urban area (Figures 2, 3).
However, changes in plant species richness are more commonly
driven by the loss due to the impact of urban expansion for multiple
species to shift their geographic ranges (Figures 2, 3) and become
more common as urban expands for future developed scenarios (Li
et al., 2022). Currently, less clear is how species-level range size
affects plant species richness at regional scales. Future work should
consider whether climate change or urban expansion played a role
in affecting range sizes and richness of plant species, and how the
timing of changes in these two drivers affect.

Applying broad-scale models to analyze the response of
biodiversity to both urban expansion and climate change has
several important known limitations. First, we only examined
how future urban expansion will directly affect plant biodiversity
without considering its indirect effects. Indirect impacts include the
impacts of resources (e.g. Energy and food) and wastes (including
solid, liquid and gaseous wastes) from urban areas (McDonald et al.,
2020). Although it is currently difficult to accurately quantify such
indirect effects which are not simply additive, high-resolution data
may facilitate us to analyze the embodied biodiversity loss from
such indirect effects. Second, due to a lack of available future land
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(A) Spatial distributions and (B) mean value of the relative importance of climate change and urban expansion for the projected change in species
richness in different city clusters of Northern China under SSP126, SSP245 and SSP585.
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scenarios in Northern China.

cover and dynamic biodiversity data, we could not accurately
estimate the dynamic changes in habitat fragmentation and
biodiversity losses due to climate change and urban expansion.
Third, we used SDM based on presence-only data for estimating
species habitat suitability to reflect biodiversity patterns. However,
the time lag between the reduction in habitat suitability and the loss
of biodiversity may be large enough to hinder our perception of
climate change and urban expansion, particularly for plants (Leao
et al, 2021). In addition, rare species and species with few records
are also probably over-predicted (Gomes et al, 2019). Finally,
though our results suggest that plants in urban areas of Northern
China may lose lower proportions of their habitat from climate
change, this should not be taken as evidence that climate change is
not a major threat in urban areas. Current CMIP6 climate data
forecast more extreme changes in climate, and therefore greater
losses in biodiversity, which should be particularly concerning in
future research because previous estimates were based on climate
data that typically project smaller climate changes.

5 Conclusion

In this study, we quantified the effects of climate change and urban
expansion on plant biodiversity by mapping the variations of species’
habitat range and richness of Northern China for the current and the
year 2050. Firstly, urban expansion rather than climate change will
likely cause more losses to the species richness of plants during the
next several decades in city clusters of Northern China. The
contribution of urban expansion was higher in urban areas which
have higher plant species richness and population density. Secondly,
the combined effects of projected urban expansion and climate change
are the greatest threat to plants in Northern China, especially under
the SSP585 scenario. It should be noted that the SSP585 scenario
should be avoided to benefit the conservation of plant species. Thirdly,
the results indicate that species with smaller increased temperature
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and greater increased precipitation are more negatively affected by
climate change and urban expansion. These findings will be beneficial
in future urban built-up strategies and policy decisions to enable both
the satisfaction of human needs and biodiversity maintenance. For
future research, other impacts of urban expansion (e.g. road
expansion, afforestation, or agricultural activities) and climate (e.g.
fire, solar radiation, nitrogen deposition, or rising CO,) need to be
further investigated to improve our understanding the dynamics of
plant biodiversity. Also, policy-related issues of urban expansion in
regard to the intensity of settlement (high density high-rise apartment
buildings, or larger single-family properties with gardens, etc.) and
transportation system (public transit, personal vehicles etc.) could be
useful areas to explore in future.
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