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ARTICLE INFO ABSTRACT

Urbanization, an unavoidable global process, has driven land use change, impacted ecosystem services, and
induced serious environmental problems. As a result, urban planning is a critical issue in sustainable develop-
ment. In this study, we developed a framework to quantify how urbanization influences ecosystem services (ESs)
in order to provide suggestions for urban planning during large scale urban agglomeration in northwestern
China. We separated the region into three sub-regions (developed urban, developing urban, and rural areas),
quantified five critical ESs (crop production, carbon storage, nutrient retention, sand fixation, and habitat
quality), analyzed the relationships (trade-off, synergy, and bundle) among ES changes, and investigated the
impacts of urbanization on these ESs. The results show that urbanization results in large scale reclamation and
small scale deforestation in rural areas; it comprehensively results in an increase of four ESs (not habitat quality).
Urban expansion mainly occurs in developing urban areas and causes a decrease in four ESs (not sand fixation).
Based on temporal change in ESs, synergy relationships exist among them, except for between nutrient retention
and crop production, which have an insignificant correlation. Urban expansion would strengthen the synergy
relationships among regulating services, while green infrastructure in core urban areas would weaken these
relationships. Based on the spatial distribution of ES change, two bundles were identified among the five ESs: 1)
crop production, carbon storage, and nutrient retention; and 2) sand fixation and habitat quality. Based on these
findings, several suggestions for urban expansion and land use planning are proposed to achieve an optimized
balance between urbanization and ES protection. Investigating the impacts of rapid urbanization on ESs and
their relationships could provide scientifically based suggestions for urban planning according to ES protection,
sustainable urban development, and human well-being.
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1. Introduction urbanization, including: climate warming (Xu et al.,, 2016); con-

tamination of soil, air, and water (Roberts et al., 2009); and biodiversity

Urbanization is a key anthropogenic driver affecting urban ecosys-
tems as it can influence interactions among the atmosphere, hydro-
sphere, and biosphere (Polydoros and Cartalis, 2015). Unprecedented
urbanization has occurred all over the world (Wu et al., 2015), with
urban land having quadrupled between 1970 and 2000 (Alberti, 2005);
this trend is expected to continue in the future, with triple the land and
a 60% increase in the urban population by 2030 (Elmqvist et al., 2013;
Seto et al., 2011). Urbanization in China is considered to be one of the
two key drivers of human development in the 21 st Century (Fang and
Yu, 2016), as it not only converts natural landscape into impervious
surfaces, but also drives land use change away from cities, encouraging
the utilization of natural resources to meet the growing demands of
human population; furthermore, urbanization is accompanied by in-
dustrial production (Deng et al., 2015; Wu et al., 2011; Zope et al.,
2016). Several ecological problems have emerged with rapid
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loss (Seto et al., 2012). Ecosystem services (ES) are the goods and
benefits that humans directly or indirectly obtain from ecosystems
through ecological processes; for example, climate regulation, con-
servation of water, food supply, and leisure provision, including
tourism and entertainment (Costanza et al., 1997). This concept is now
widely used among scientists and policy makers to highlight the im-
portance of the environment in global sustainable development (La
Notte et al., 2017). Human activities have impacted and will continue
to impact on ecosystem functions and services on a global scale (MA,
2005). Therefore, assessing the impacts of urbanization on ESs is cri-
tical and urgent for providing information and suggestions for urban
planning and policy formulation that could minimize their potential
negative impacts on the environment (Delphin et al., 2016; Li et al.,
2017).

Complex relationships and interactions exist among ESs at regional
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to global scales; these can be classified into three types: trade-off, sy-
nergy, and neutral relationships (Jopke et al., 2015). Trade-off re-
lationships, where one ES is elevated at the expense of another ES, are
useful to investigate the impacts of strategies on different scales
(Bennett et al., 2009). Goldstein et al., 2012 found that increases in
carbon storage were accompanied by water quality reduction. ES
bundles occur where landscapes have multifunctionality in providing
multiple ESs simultaneously, with some ESs tending to repeatedly ap-
pear together across space and time (Raudsepp-Hearne et al., 2010).
The spatial-temporal patterns of ESs, trade-offs, synergy, and bundle
relationships among ESs have become an important topic in ES studies
(Jopke et al., 2015).

A large number of studies have been conducted to investigate the
impacts of urbanization and land use change on ESs, but most have only
concentrated on single ESs (He et al., 2016; Zhang et al., 2012). To our
knowledge, only a few studies have assessed the effects of urbanization
on multiple ESs simultaneously (Jiang et al., 2016b), let alone revealed
the temporal trade-offs, synergy relationships, and bundles among ESs
driven by urbanization. Haase et al. (2012) proposed an analytical
framework for the spatial and temporal integration of different ESs in
an urban region to determine synergy and trade-offs among ESs. Li et al.
(2016) compared six ESs in three urban areas and identified urbani-
zation problems through interaction analysis. Most of the relationships
analyzed are based on spatial correlations at a given time, but there is a
lack of research on temporal change correlations owing to limited data
(Cord et al., 2017). Moreover, how urbanization impacts multiple ESs
and their changing relationships has not been considered over a large
scale region, especially for large metropolitan or urban agglomerations,
which have significant importance in future socioeconomic develop-
ment (Kantakumar et al., 2016).

A proposed development strategy (the Silk Road Economic Belt)
provides an opportunity for northwestern China to have a rapid de-
velopment, but also presents a significant threat to fragile ecosystems in
this arid region. Most previous studies have been applied to developed
coastal cities, in which built-up land occupies the main part. To com-
pensate for the shortage in studies with respect to large urban ag-
glomerations, especially for less developed agglomerations, we selected
the city belt along the Yellow River in Ningxia to investigate the im-
pacts of urbanization on multiple ESs. The main objectives of our study
were to: 1) assess the impacts of urbanization on ESs change; 2) detect
the urbanization-driven temporal trade-offs, synergies, and bundle re-
lationships among ESs; and 3) provide suggestions for future urban
planning in large urban agglomerations.

2. Materials and methods
2.1. Study area

The city belt along the Yellow River in Ningxia (CBYN) is located in
the northwestern part of the Ningxia Hui Autonomous Region, China
(36°54-39°23'N, 104°17-106°53'E), and covers an area of
~22,000 km?. It is located adjacent to three deserts, with the Tengger
desert to the west, the Maowusu desert to the east, and the Ulan Buh
desert to the north. This region has a typical continental climate and is
characterized by rare precipitation, abundant sunshine, strong eva-
poration, and four distinct seasons: 1) late windy spring; 2) short
summer; 3) early autumn; and 4) long cold winter. The CBYN is a large
urban agglomeration consisting of four prefecture-level cities:
Shizuishan, Yinchuan, Wuzhong, and Zhongwei (Fig. 1). The Yellow
River passes through the region, providing a convenient source for an
extensive agricultural irrigation system that has allowed the region to
become one of the largest crop production bases in China. It is also a
core area in the West Longhair-LanXin Xian economic belt; thus, its
development would have significant importance for China’s western
development.
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2.2. Data collection and process

A series of Landsat TM/ETM + /OLI images, located in row/column
of 129/33, 129/34, and 130/34, were acquired on 8/24/1989 and 7/
31/2015, with a horizontal spatial resolution of 30 m. These images
were pretreated in ENVI 5.3, with atmospheric correction, radiation
correction, geometric correction, seamless mosaic, gram-Schmidt pan
sharpening, and subset via boundary. The processed data were exported
into eCognition 8.7 to derive land use distribution through an object-
oriented classification procedure. To facilitate spatial analysis and ES
valuation simultaneously, land use was categorized into six types, in-
cluding cropland (e.g., irrigable land, paddy land, and vegetable field),
forest land (e.g., arbor, bush forest, and orchard), grass land, water
(e.g., rivers, lakes, lagoons, and reservoirs), urban land (e.g., industrial,
residential, transportation, and commercial land), and unused land
(e.g., sandy areas and bare land). Subsequently, a manual correction
process was undertaken to ensure the accuracy of classification based
on sample points in field surveys and Google Earth. The Kappa metrics
for the classification results were 0.77 and 0.81 in 1989 and 2015,
respectively.

Meteorological data (e.g., rainfall, temperature, solar radiation,
wind speed, and humidity) were obtained from the China
Meteorological ~ Data  Service  Center  (http://data.cma.cn).
Socioeconomic data, including demography and economic data, were
acquired from Ningxia Statistical Yearbooks (1990-2016) published by
China Statistics Press. The digital elevation model (DEM) was derived
from Shuttle Radar Topography Mission (SRTM) images with a hor-
izontal spatial resolution of 90 m. Soil data were derived from the
Harmonized World Soil Database (HWSD) (Table 1).

2.3. Urban expansion zoning

Urban spatial typology was used to describe the type of urban dis-
tribution and expansion, which has significant importance in designing
sustainable urbanization (Kantakumar et al., 2016). Larger built-up
proportions are considered to represent greater levels of urbanization;
thus, we classified urban land into developed urban areas, developing
urban areas, and rural areas based on the proportion of built-up land
(BD) (Table 2). The calculation and classification of urban expansion
zoning was conducted using the block statistics tool in ArcGIS 10.2
within a neighborhood of 3*3 cells.

2.4. ES quantification and mapping

In CBYN, water is the main constraining factor for ecosystems and
human uses. The Yinchuan Plain, a part of CBYN, is one of the most
important grain production bases in northwestern China; thus, the
provision service of crop production is critical for the CBYN and as
considered in this study. Carbon storage, which has great importance in
mitigating global warming and regulating the CO, gas cycle, has been
proven to be effectively influenced by urbanization (Svirejeva-Hopkins
and Schellnhuber, 2008).

Water yield and sediment retention have been analyzed in several
studies owing to their importance for human life and ecosystems (Zhou
et al., 2017). However, the flat topography, especially in the central
plain, make the problem of soil loss unimportant in CBYN. Meanwhile,
water sources for human demand mainly came from the Yellow River
owing to low precipitation and high evaporation; thus, the amount of
water yield is relative low compared with whole water consumption.
Therefore, these two services were excluded from this study.

In the study region, precipitation mainly concentrates in July to
September, when it generates strong runoff that transfers nutrients into
streams (Zhang et al., 2008). Heavy water pollution caused by crop
cultivation (Alam et al., 2017) in the form of nutrient retention; this
was analyzed to estimate the impacts of reclamation on water quality.
Sand fixation is important in arid and semi-arid areas in order to
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Fig. 1. Location and administrative division of the study area: a) map of China with the study area shown in red; b) political map of the Ningxia Hui Autonomous
Region; and c) topographical map of the Ningxia Hui Autonomous Region with the locations of the urban centers (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article).

Table 1

Data sources®.
Types of data Format Sources
Landsat TM/OLI GeoTIFF  USGS website (http://landsat.usgs.gov)
DEM GeoTIFF SRTM data (http://srtm.csi.cgiar.org)
Soil Data MDB HWSD (http://westdc.westgis.ac.cn/data)
Meteorological data ~ TXT China Meteorological Data Service Center

(http://data.cma.cn)

Socioeconomic data ~ TXT Ningxia Statistical Yearbook (1990-2016)

? TM/OLI = Thematic Mapper / Operational Land Imager; DEM = digital
elevation model; USGS = United States Geological Survey; SRTM = Shuttle
Radar Topography Mission;, HWSD = Harmonized World Soil Database.

Table 2
Urban spatial typology in CBYN®.

Urbanization region Classification criteria

Developed urban area BDjogo = 50 %, BDyg15 = 50 %
Developing urban area BDjggo < 50 %, BDyg15 = 50 %
Rural area BDjogo < 50 %, BDyg15 < 50 %

@ CBYN = city belt along the Yellow River in Ningxia; BD = proportion of
built-up land.

preserve soil and water, and to prevent dust storms and other adverse
weather (Wang et al., 2017). Habitat quality, defined as the ability of a
landscape to provide suitable conditions for the persistence of living
species, was selected as representative of supporting ESs (Yang et al.,
2017). ES was classified into four categories: provision, regulating,
supporting, and cultural ES (Assessment, 2005). As cultural ES has a
higher dependence on social constructions (Paracchini et al., 2014), it
was excluded from this study. Overall, five ESs of great importance for
terrestrial ecosystems in arid areas were selected for analysis: crop
production, carbon storage, nutrient retention, sand fixation, and ha-
bitat quality. We adapted a non-monetary approach owing to associated
uncertainties and data deficiencies (Carreno et al., 2012; Seppelt et al.,

2012).

2.4.1. Crop production and carbon storage simulated by CASA model

Net primary productivity (NPP) is the net carbon and remaining
part of the organic substance amount gained by plants through the
process of photosynthesis, which equals the difference between gross
primary production and plant respiration (Chapin et al., 2011). The
NPP of cropland has been used to estimate food production owing to
cropland’s ability to generate products (He et al., 2017; Yan et al.,
2009). On the other hand, the NPP is also a direct reflection of
aboveground carbon fixation by the ecosystem; thus, it can be used to
estimate carbon storage (Imhoff et al., 2004). The NPP (t/ha per year) is
calculated using the CASA model with the following equations:

NPP = APAR X ¢ (@)
APAR = SOL x FPAR X 0.48 2
€= T X Ta X W, X €max, 3)

where, APAR is the photosynthetically active radiation absorbed by
green vegetation, FPAR is the fraction of absorbed photosynthetically
active radiation, SOL is the solar radiation (MJ/m?), 0.48 is the ratio of
incident photosynthetically active radiation to solar radiation, ¢ is the
light-use efficiency, €,y is the maximum value (gC/MJ), T;; and T, are
temperature stress coefficients, and W; is water availability. The related
parameter value can be found in Zhu et al., 2007.

Crop production is crucial for food security and the social stability
of society, especially in urban regions (Haase et al., 2012; Jansson and
Polasky, 2010). Most previous studies preferred to calculate crop pro-
duction based on statistical data; however, this cannot generate spa-
tially precise results (Zhou et al., 2017). He et al. (2017) used the NPP
of cropland (CNPP) to estimate crop production at the national scale.
We collected mean grain yields from 1989 and 2015 from the Ningxia
Statistical Yearbook, including rice, wheat, corn, tubers, soybeans, and
other economic crops. We then performed regression analysis between
CNPP and grain yield in each county using the R package. The results
indicate that CNPP exhibits a good correlation with grain production at
a significance level of 0.001 (R? = 0.804). Thus, we could use the CNPP
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to evaluate the spatial distribution of crop production in the CBYN in
1989 and 2015.

2.4.2. Nutrient retention simulated by the InVEST nutrient delivery ratio
(NDR) model

Using the NDR model, we calculated the annual average amount of
nutrients exported from each cell to the stream network, including ni-
trogen (N) and phosphorus (P). The model computes a nutrient mass
balance that represents long-term and steady-state nutrient flow, based
on: 1) nutrient sources related to different land use types, and 2) re-
tention properties of pixels related to topography and surface vegeta-
tion (Redhead et al., 2018). Related nutrient retention coefficients and
the filtering capacity of each land use type were derived from relevant
literature (Yang et al., 2009). This model can be described as follows:

NE; = ALV, X f; C))

ALV, = (ﬁ
Aw

ol
)X b Q)
where, NE; is nutrient retention from pixel i (kg/pixel), fj is the nutrient
retention capacity of land use j, ALV; is the adjusted nutrient loading
value in pixel i modified by a hydrological sensitivity score, pol; is the
exported coefficient in pixel i, A; is the runoff index in pixel i, and 1 is
the mean runoff index.

Records from gauging stations were derived from the Ningxia en-
vironment quality bulletin and water resources bulletin published by
Ningxia water conservancy. Monthly data concentrations for nitrogen,
phosphorus, and river flow were used to estimate monthly and annual
nutrient retention by calculating the nutrient load difference between
the inlet and outlet of the basin (Redhead et al., 2018; Terrado et al.,
2014). Simultaneous nutrient concentration and river flow data were
only available for 3 stations in 2015; therefore, we compared our si-
mulation with gauge data for two sub-basins of the watershed (Fig. 2).

2.4.3. Sand fixation
Sand fixation was estimated using the model of Dong (1998) as
follows:

Q= [JJf 3.9V x (1.0413 + 004416 + 0.00216°~0.00016%)
txy
SDR?

X (1—(8.2 X 107%)°¢) x ————
(= ) H®xd*>XF

, X, Y, thdxdydt ®)
where, Q is loss due to wind erosion (t), 6 is the slope (%), V is wind
speed (m/s), C is annual mean vegetation coverage (%), SDR is surface
structural damage rate (100% in our study), H is the relative humidity
of air as derived from meteorological stations, d is the soil particle size
(mean of 0.2 mm), F is the hardness of the soil body (0.9 N/cm?), tis the
sand blowing time in seconds (a total of 21 and 20 days in 1989 and
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2015, respectively, according to Statistical Yearbook of Ningxia), and x,
y is the distance from the point to the reference point (km).

2.4.4. Habitat quality evaluated by the InVEST habitat quality model

Habitat quality is estimated using information on land use suit-
ability and threats to biodiversity (Mansoor et al., 2013; McKinney,
2002). The computational method can be described as follows:

o= eXp[_(%)dw] @
f y
Dy = ;1 yZZI (Ef::vw)ryirxyﬁ‘sﬁ ®
2
=0 @

where Q,; is the habitat quality of land use type j, D,; is the total threat
level in cell x with land use type j, Hj is the habitat suitability of land
use j, ir is the impact of the threat r from grid cell y on habitat in cell x,
dyy is the linear distance between cell x and y, dmax is the maximum
effective distance of the threat r, W, is the importance of threat r
compared to the others, S is the relative sensitivity of land use j to the
threat r, R is the number of threats, and Y is the number of grid cells.

2.5. Trade-offs, synergy, and bundle analysis among ESs

Relationships between ESs can be classified into three categories:
synergy, trade-off, and neutral, in which: 1) synergy refers to a win-win
situation of two ESs with mutual improvement; 2) trade-off is where
one ES improves at the expense of another; and 3) neutral refers to one
ES changing without causing an increase or decrease in another. Using
‘Create Random Points’ in ArcGIS 10.2, we randomly selected 10,000
points in the CBYN, with the distance between each point greater than
300 m to eliminate the influence of spatial autocorrelation. The changes
in multiple ESs were derived using ‘Extract Multi Values to Points’ in
ArcGIS 10.2. All variables were firstly standardized between 0 and 1
based on minimum and maximum values to eliminate the effects of
magnitude. Correlation analysis was performed using the R package to
investigate the relationships among ES changes between 1989 and
2015. Corrgram was used to illustrate the correlations among the ES
changes.

Ecosystem service bundles, sets of ES that repeatedly co-occur
across space or time, were analyzed to compare the correlations among
ESs. Using R, principal component analysis (PCA) was used to detect ES
bundles based on their change trends over time. This ordination-based
technique transforms a set of ESs to uncorrelated components with
concentrated information for spatial-temporal change (Marsboom et al.,
2018). To express the spatial distribution of ES bundles, ES maps were
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Fig. 2. Nitrogen (N) and phosphorus (P) from the InVEST nutrient delivery ratio (NDR) model (black bars) and from gauging data for two sub-basins (grey bars).
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firstly standardized to 0-1, and then summed using ‘Map algebra’ in
ArcGIS 10.2 depending on the correlation structure revealed by PCA.
Summed maps were created to express the dominant changes for mul-
tiple ESs in each grid cell and represent the spatial variations in ESs
change. Based on the results, specific suggestions for urban planning
could be formulated for different regions.

3. Results
3.1. Urbanization in the CBYN

3.1.1. Urban expansion zoning

Urban land in CBYN increased from 179.69km? in 1989 to
1113.05 km? in 2015 at an annual growth rate of 19.98%. In the CBYN,
urban land only occupied a small part of the whole region (0.82% in
1989 and 5.06% in 2015), with 146.86 km®> (0.67%), 977.34km®
(4.44%), and 20,876.72 km? (94.89%) accounting for developed urban
areas, developing urban areas, and rural areas, respectively. The mean
urban land proportion for rural areas (0.5%) was less than that for
developing urban areas (88.78%) and developed areas (95.73%) in
2015. Meanwhile, the mean annual growth of urban land in developing
areas was 83.42%, much larger than that for rural areas (41.35%) and
developed areas (0.23%). Therefore, rapid and explosive urban ex-
pansion occurred in developing urban areas.

3.1.2. Land use change

Land use transformation analysis was performed in the three zones.
In rural areas, which occupied 94.89% of the whole region, three main
land use transformations occurred: grassland to cropland
(1639.45 km?), forestland to grass land (1124.54 km?), and unused land
to cropland (475.01 km?). In comparison, urban growth was relatively
low (12.36 km?) and mainly came from the transformation of cropland.
In developing urban areas, the main transformation occurred through
urban expansion, which primarily came from cropland (273.39 km?),
grassland (240.74 km?), and unused land (46.4km?). In developed
areas, which represents the smallest area (146.86 km?) and that with
the highest built-up land proportion, urban land increased by 8.05 km?;
this change mainly came from cropland loss. Meanwhile, green infra-
structure increased with urban expansion, especially in cities.

3.2. Ecosystem service changes

3.2.1. Overall ES changes

From 1989-2015, the four ESs (crop production, carbon storage,
nutrient retention, and sand fixation) increased by 31.35%, 74.82%,
12.81%, and 318.32% in their total values, respectively, while the total
value of habitat quality decreased by 18.46% (Table 4). Since the
spatial distribution and geophysical character of soils do not change
over short timescales, land use change and climate dynamics drove the
ESs change (Assessment, 2005). The increases in precipitation (growth
rate of 17.74%) and temperature (7.9%) between 1989 and 2015 were
beneficial for access to water and growth of vegetation; thus, they
contributed to nutrient filtering and growth in carbon storage. Mean-
while, according to the computational method described in Section
2.4.3, the decrease in the relative humidity of air (16.57%) would have
increased sand fixation. Therefore, climate change was a contributing
factor for ESs change. However, considering the coarse resolution of
climate data and high spatial heterogeneity of ES change in our study
(Fig. 3), land use change driven by urbanization contributed more.
Besides, the mean precipitation, temperature, and humidity had almost
the same values in the three sub-regions, confirming that the differences
in ES changes among the different zones were mainly induced by dif-
ferences in land use change.

3.2.2. ES changes in three urban expansion zones
We evaluated the mean ES values in different urban expansion zones
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to further compare the influence of urbanization on ESs (Table 3). Be-
tween 1989 and 2015, the mean crop production increased in devel-
oped urban areas and rural areas by 9.59 and 3.42 gC/(m?>a), respec-
tively, but decreased in developing urban areas by 16.93 gC/(m?a). The
highest value was in rural areas, with 153.78 gC/(mZ-a) in 1989 and
157.2 gC/(m?>a) in 2015. Carbon storage followed the same trend in the
three zones, with values of 23.34, 43.16, and 15.46 gC/(mzva), re-
spectively. Developing urban areas had the highest mean carbon sto-
rage in 1989, while t?a) in developed urban areas, 1746.41 t/ (km? a) in
developing urban areas, and 1729.16 t/(km?a) in rural areas. The
highest mean value was in rural areas for both 1989 and 2015.

Nutrient retention decreased in developed and developing urban
areas, by 99.76 and 379.05kg/(m>a), respectively, but increased in
rural area by 97.23 kg/(m?a). The highest mean value was for devel-
oping urban areas in 1989 and rural areas in 2015. Habitat quality
decreased by 0.13 in developed urban areas, 0.31 in developing urban
areas, and 0.11 in rural areas. The highest mean values of habitat
quality were in rural areas for both 1989 and 2015.

3.3. Relationships among changes in ESs

3.3.1. Interactions at the regional scale

The interactions of each ES pair were analyzed to identify the re-
lationships with respect to synergy, trade-off, and neutral at regional
scale. The Kolmogorov-Smirnov test showed that the changes in five
ESs were not normally distributed; thus, Spearman’s correlation ana-
lysis was used to investigate the relationships among them. The results
(Fig. 4) showed that only 1 in 10 pairs of ES change (carbon storage vs.
nutrient retention) was not significantly correlated between 1989 and
2015 (p < 0.01, two tailed). The other ESs pairs had significant posi-
tive correlations, with correlation coefficients ranging from 0.044 to
0.961.

3.3.2. Interactions at a sub-region scale

To investigate the impacts of urban expansion on ES change re-
lationships, the correlation coefficients among the changes in ESs in
three urban expansion zones were analyzed and compared. The results
(Table 5) showed that the correlations among ESs in rural areas were
almost the same as the relationships across the whole region. The
provision service of crop production was not significantly correlated
with other ESs, except for carbon storage across developing areas and
developed urban areas, despite 32 sample points in these two zones. In
developing urban areas, there were seven significant positive correla-
tions among ten pairs of ESs. Meanwhile, in developed urban areas,
only three significant correlations occurred (nutrient retention vs. sand
fixation, r = 0.351; nutrient retention vs. habitat quality, 0.551; and
habitat quality vs. sand fixation, 0.528).

3.4. ES bundles

We used principal component analysis (PCA) to detect bundles
among the five ESs based on their temporal change (Fig. 5). The first
two principal components (with eigenvalues of larger than 1.0) to-
gether explained 58% of the total variance in the five ES changes.
Principal component 1 had high loadings for crop production (corre-
lation of 0.74), carbon storage (0.90) and nutrient retention (0.49);
thus, these three services had higher growth in the cropland of the plain
fringe, and higher loss in urban expansion area (Fig. 4a). Principal
component 2 had high loadings for habitat quality (0.83) and sand
fixation (0.62); thus, these two services had higher growth in the
northern mountains, moderate growth in southern mountains, and
higher loss in urban expansion and cropland growth areas. Using PCA,
two ES bundles were identified with similar change trends over time:
bundle one (crop production, carbon storage, and nutrient retention),
and bundle two (sand fixation and habitat quality).
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Fig. 3. Changes in the five ecosystem services between 1989 and 2015.
Table 3
Main parameters used in the InVEST habitat quality model.
Land use type Habitat suitability Relative sensitivity of each habitat type to each threat
Cropland Rural residents Urban residents Unused land Water area Primary road Secondary road Light road
Cropland 0.4 1 0.2 0.3 0.1 0.1 0.2 0.1 0.1
Forest land 1 0.6 0.7 0.8 0.4 0.7 0.6 0.5 0.5
Grassland 0.8 0.2 0.35 0.5 0.25 0.2 0.3 0.2 0.1
Water 0.6 0.7 0.75 0.9 0.8 1 0.7 0.6 0.5
Unused land 0.05 0.1 0.3 0.4 1 0.1 0.4 0.3 0.2
Urban 0.1 0.4 1 1 0.6 0.7 0.8 0.7 0.6
Village 0.2 0.5 1 1 0.5 0.6 0.7 0.6 0.5
Primary road 0.07 0.4 0.7 0.8 0.75 0.7 1 0.9 0.8
Secondary road 0.08 0.5 0.6 0.7 0.65 0.6 0.9 1 0.8
Light road 0.09 0.6 0.5 0.6 0.55 0.5 0.9 0.8 1
Threat property Maximum distance 0.9 3 6 9 2.7 3 1.8 0.9
Relative impact 0.05 0.1 0.2 0.1 0.05 0.2 0.2 0.1
Decay type Linear Linear Exponential Linear Linear Linear Linear Exponential

4. Discussion

Previous research suggest that climate conditions, such as pre-
cipitation, temperature, wind speed, air humidity, and land use pattern
would significantly impact ESs (Assessment, 2005). In recent decades,
climate has not changed significantly; despite this there is a high spatial
variation in ESs. Instead, land use change driven by urbanization has
been the main contributor for dynamic spatial and temporal ES
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changes. In detail, the total value of four ESs (crop production, carbon
storage, nutrient retention, and sand fixation) increased with land use
change driven by urbanization, while only habitat quality decreased
with intense human activities. Meanwhile, obvious differences existed
in the changes in ESs and their trade-off and synergy relationships be-
tween rural areas and urban areas, including developed areas and de-
veloping urban areas.
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Table 4
Mean ES values in three urban expansion zones.
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Crop production gC/(m?a) Carbon storage gC/(m*a)

Nutrient retention kg/(m?a)

Wind prevention and sand fixation t/(km?a) Habitat quality

1989 2015 1989 2015 1989 2015 1989 2015 1989 2015
CBYN 153.04 157.77 54.02 94.44 611.79 690.17 653.47 2733.61 0.65 0.53
Developed 123.54 133.13 51.1 74.44 735.18 635.42 589.15 2318.31 0.17 0.04
Developing 147.71 130.78 100.79 85.33 988.40 690.35 597.1 2343.51 0.48 0.1
Rural 153.78 157.2 51.85 95.01 593.31 690.54 656.56 2754.78 0.66 0.55

a.ES = ecosystem services; CBYN = CBYN = city belt along the Yellow River in Ningxia.

4.1. Influence of urbanization on ESs in the CBYN

Urbanization is always characterized by converting natural land-
scapes into impervious surfaces, and by attracting population mobility
into urban areas (Du and Huang, 2017). In the CBYN, this has not only
caused large-scale urban expansion, but drove reclamation and defor-
estation to provide materials for urbanization. Thus, the complex
change of land use pattern has contributed to the high spatial hetero-
geneity in ESs and their change. As concluded by previous studies
(Larondelle and Haase, 2013; Radford and James, 2013), the differ-
ences in mean ES values in the three urban expansion zones also de-
monstrate ES gradients along an urban-suburban-rural gradient.

In rural areas, large amounts of grassland and unused land have
been reclaimed to cropland for the pursuit of higher economic effi-
ciency, such that crop production has been largely improved.
Meanwhile, a part of the forestland in Helan Mountain was deforested
and degraded to grassland to satisfy the demands of humans and in-
dustrial production. Chuai et al. (2013) demonstrated that LULC change
from high- to low-vegetation biomass would release carbon into the
atmosphere. Owing to low vegetation coverage of grassland and high-
biomass quality of irrigated cropland in the CBYN, large scale re-
clamation in irrigated areas increased carbon storage from
89.437 x 10* tC in 1989 to 109.615 x 10* tC in 2015, and compen-
sated for global warming caused by deforestation (1.29 x 10* tC;
Schaldach and Alcamo, 2007). Nutrient pollution presents a significant
threat to human health; it mainly comes from anthropogenic sources,
including industrial effluent, agricultural fertilizer, residential effluent,
and other emissions (Ozcan et al., 2016). The high nutrient filtering
function of cropland, which comes from its intensive vegetation cov-
erage, and its critical role in non-point source pollution in the CBYN
(Zhang et al., 2008), both contributed to the increase in nutrient re-
tention caused by cropland expansion. Meanwhile, although reclama-
tion converts previously unused bare land into vegetated areas suited
for wildlife, this human activity has also inflicted great damage on re-
gional native habitats (grassland) and species biodiversity, ultimately
decreasing habitat quality.

Crop Production “ \\’ T /
\

Carbon Storage \

S 96Y

-0.025
0.284 0.044 0.138 Sand Fixation {
0.105 0.215 0.190 0.276

Despite the small proportion of urban land (4.24% in 2015), its
unique biophysical character and rapid expansion (annual increase rate
of 19.98%) has made urbanization a critical driver for ES change,
especially in developed and developing urban areas. Both of the main
land use conversions in these two zones involved urban expansion onto
cropland, while a large amount of green infrastructure was established
in developed urban areas. Dong and Ma (2012) suggested that green
infrastructure increased from 10.67 km? in 2001 to 53.56 km? in 2012
in Yinchuan city; as a result, the city changed from ‘lower’ to ‘higher’ in
the national ecology garden city standard. Rapid urban expansion
happened in developing urban areas, and was accompanied by a ve-
getation coverage decrease and impervious land surface increase. As a
result, crop production and carbon storage decreased in developing and
developed urban areas. Despite the increase of nutrient retention
caused by green infrastructure growth (Chenoweth et al., 2018), the
occupation of cropland has reduced the sources of nutrients and its
ability to intercept nutrients through vegetation coverage; thus, nu-
trient retention had decreased in developing and developed urban
areas. Densified transportation networks accompany rapid urbaniza-
tion, causing habitat degradation and landscape connections, and re-
ducing the suitability for species to live and migrate.

Jiang et al. (2016a) suggested that rapid urbanization and cropland
reclamation from grassland would decrease sand fixation by the eco-
system in Inner Mongolia. However, in our study, sand fixation in-
creased with urban expansion and reclamation in all the three sub-
zones. This can be explained by the decreasing value of the relative air
humidity in the CBYN, as caused by global climate change (Lu, 2013),
suggesting that the influence of air conditions on sand fixation sur-
passed that of land use change. Meanwhile, the cropland difference in
arid areas and irrigated areas also enhanced sand fixation, as vegetation
coverage and ecological quality in the former is far lower than that in
the latter.

According to the results, large scale of reclamation and urban ex-
pansion could significantly affect ecological processes (e.g., carbon
cycle, water cycle, soil retention, and nutrient transformation). ES
changes cannot be identified or predicted simply through land use

Fig. 4. Corrgram of ecosystem service (ES) pairs in the city
\ belt along the Yellow River in Ningxia (CBYN). The values in
the lower-left of each graph are the correlation coefficients of
each ES pair in the whole CBYN (For interpretation of the
references to colour in this figure legend, the reader is referred
to the web version of this article).

Habitat quality
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Table 5
Correlation coefficients among ES pairs in three sub-zones®.
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Crop production

Carbon storage

Nutrient retention Sand fixation Habitat quality

Crop production Rural 1
Developing 1
Developed 1
Carbon storage Rural 0.963 1
Developing 0.786 1
Developed - 1
Nutrient retention Rural —-0.023 0.266
Developing -0.196 0.607
Developed - —0.078
Sand fixation Rural 0.288" 0.003
Developing —0.092 0.412"
Developed - 0.110
Habitat quality Rural 0.104" 0.176"
Developing 0.126 0.594"
Developed - —0.053

1

1

1

0.104 1

0.411" 1

0.351 1

0.14 0.247 1
0.836 0.482" 1
0.551 0.528 1

** p < 0.05.

? ES = ecosystem service.

changes, although this is least true for vegetation coverage and ecolo-
gical quality. High-quality vegetation coverage is beneficial for the
protection and improvement of the discussed ESs, while increases in
urban impervious surfaces would negatively impact all of these ESs.

4.2. Impacts of urbanization on trade-off and synergy relationships among
ESs

Correlation analysis among multiple ESs could provide information
for ES linkages and relationships. The magnitude and variability of
correlations are governed by the temporal changes in the different ESs,
which are place-based and context dependent (Gissi et al., 2016). Our
study is focused on the correlations of temporal changes among ESs
induced by land use transformations.

According to previous studies, a general trade-off relationship be-
tween provision services and regulating services could be suggested,
especially between crop production and regulating services of carbon
storage, water interception, and soil retention (Jopke et al., 2015; Zhou
et al.,, 2017). However, in our study, crop production had a synergy
relationship with carbon storage, which mainly depends on the unique
geographical character of the CBYN. owing to high-biomass irrigated
cropland, low coverage of high-carbon storage forest land, and a large
area of sparse grassland in the CBYN, cropland was a significant

contributor for carbon storage; thus, crop production was positively
correlated with carbon storage in terms of temporal change among
rural and urban areas.

Vegetation coverage plays an important role as a carbon sink, and
can be directly altered by land use change (Chuai et al., 2013). Tian
et al. (2016) suggested that vegetation coverage growth could improve
carbon fixation and alter the hydrological cycle and nutrient transfor-
mation. Owing to the decrease in air humidity at a large scale, sand
fixation increased for areas of the CBYN. Land use change both en-
hances and weakens this increase. The growth of vegetation coverage
decreases the power of wind and increases the function of sand fixation
(Azoogh et al., 2018). Thus, sand fixation increased more in the
northern CBYN owing to the growth of vegetation coverage, as de-
monstrated by NDVI. Although chemical fertilizer in agricultural pro-
duction surpasses nutrient degradation in the soil and vegetation fil-
tering ability of cropland (Pickard et al., 2016), cropland of high
vegetation coverage would intercept a large portion of the nutrients
(Ozcan et al., 2016). Therefore, large-scale reclamation has induced a
synergy relationship among crop production, carbon storage, nutrient
retention, and sand fixation. Cropland expansion mainly resulted from
grasslands, which threatens native species and wildlife (Yang et al.,
2017). For the supporting service of habitat quality and the other four
ES, deforestation caused simultaneous losses, while their adverse
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Fig. 5. Radar maps indicating the correlations between standardized ESs and the two principal components (panels ¢ and d) derived from principal component
analysis (PCA), and weighted summed maps of the two principle components (panels a and b).
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changes were induced by reclamation. These two diverse correlations
resulted in the weak positive correlations between habitat quality and
other services.

In developing urban areas, urban expansion—the dominate land use
change process—mainly came from cropland and caused simultaneous
loss in the five ESs. As this land use transformation is simpler than those
in rural areas, the synergy relationships among all of the services be-
came more obvious in developing urban areas. In developed urban
areas, urban land continued to occupy cropland to satisfy the demands
of human living and industrial production, while green infrastructure
increased with urbanization to improve landscape suitability for re-
sidents (Davies and Lafortezza, 2017). Only three significant correla-
tions existed in developed urban area, those among nutrient retention,
sand fixation, and habitat quality. This reflects the positive impacts of
green infrastructure on them, and the negative impacts of cropland
occupation. Thus, the establishment of green infrastructure should be
encouraged in core urban areas.

4.3. Spatial distribution of ESs change

As discussed in Section 4.2, the trade-off or synergy relationships
among ESs are not constant across the whole region. The converse
correlations between ESs caused by different land use transformations
could cumulatively result in weak correlations, such as between habitat
quality and carbon storage, which has a trade-off relationship induced
by reclamation, and simultaneous loss induced by deforestation. To
further understand the spatial variations in the temporal relationships
among ESs, PCA was used to classify ES bundles and illustrate their
spatial distribution.

In our study, we defined an ES bundle as a mix of ESs having cor-
related temporal change at the same place, in order to further explore
the relative correlations among multiple ESs. The five ESs have been
classified into two bundles based on their temporal change pattern:
bundle A (crop production, carbon storage, and nutrient retention), and
bundle B (sand fixation and habitat quality), where ESs in the same
bundle have higher correlations with each other. The multifunctionality
of the landscape in providing ESs has been confirmed in previous re-
search using cluster analysis (Queiroz et al., 2015). Our analysis also
verifies the multifunctionality of land use changes in affecting multiple
ESs simultaneously (i.e., the contrasting effects of reclamation on crop
production and habitat quality). Driven by human activities, complex
land use changes have occurred with different dominant transformation
processes across space. Thus, the trade-off and synergy relationships of
ES temporal changes would have high spatial heterogeneity, which
should be further analyzed to formulate specific planning suggestions
for different regions.

Mouchet et al. (2017) proposed that ES supply patterns could reflect
the natural character of the landscape and spatial distribution of land
use types simultaneously. The two principal components generated in
PCA (Fig. 4) could also represent the spatial distribution of ES temporal
change and the areas where their change was dominant or favored.
Crop production, carbon storage, and nutrient retention showed higher
increases in cropland expansion, especially on the plain fringe, and
higher losses in urban expansion areas. Thus, we should pay more at-
tention to vegetation coverage increases and to protecting landscapes
from human interference. Sand fixation and habitat quality had higher
increase in the northern and southern mountains, and higher losses in
expansion areas of cropland and urban area. Thus, forest plantation,
native habitat preservation and landscape establishment should be
encouraged in these areas.

4.4. Suggestions for urban planning
Since the second stage in the Northam “S” curve of urbanization is

unnecessarily long compared to the other two stages, a four-stage ur-
banization theory was proposed. In this proposal, the second stage is
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split into two stages at the 60% of urban resident percentage (Fang and
Yu, 2016). Therefore, based on the metric of urban resident rate derived
from the Ningxia Statistical Yearbook edited by the Statistical Bureau of
Ningxia Hui Autonomous Region, we argue that there are three primary
stages for the urbanization of the CBYN, namely: the initial stage
(1949-1985), the middle stage (1986-2004), and the mature stage
(from 2005 to now). During the study period (1989-2015), urbaniza-
tion in the CBYN progressed from the middle to mature stage, with a
significant GDP increase (from 5.05 x 10° to 252.63 x 10° yuan be-
tween 1990 and 2015) and population growth (from 261.70 x 10* to
439.33 x 10* persons between 1990 and 2015). As suggested by Fang
and Yu (2016), economic growth and urbanization in the CBYN will
continue at a lower growth rate, and more attention will be paid to
living quality and environment protection.

ESs are provided to human beings at varying scales, from local to
global (Power, 2010), and all of us have the responsibility to protect
ecosystems. Land use allocations and patterns have been proven to have
a significant influence on ESs. However, most of us tend to retain the
existing land use types to generate the most profit (Paterson and Bryan,
2012). Therefore, it is critical that policymakers have the knowledge on
how to constitute land use structure in a more reasonable and beneficial
manner for sustainable urban development. Based on the analysis re-
sults, we propose several suggestions for future urbanization and land
use planning in different regions (urban areas, irrigated croplands, and
mountain areas). These suggestions would also be useful for other
urban agglomerations subject to rapid urbanization, and especially for
those experiencing urbanization at the middle or mature stages.

Large increases in the provision service of crop production, and in
the regulating services of carbon storage and nutrient retention could
be obtained by reclaiming unused land and grassland into irrigated
cropland with high water accessibility. However, this activity also
brings the risk of significant damage to habitat quality for native spe-
cies, especially on the fringe areas of cropland. Meanwhile, lower in-
creases in crop production and carbon storage have been observed in
interior croplands near urban areas, which are affected by human dis-
turbance with decreased vegetation coverage. Therefore, we should
encourage reclamation in irrigated areas, protect existing irrigated
cropland from human intervention to improve their vegetation cov-
erage, favor utilization of sparse grassland for reclamation to protect
native habitats, and improve fertilizer efficiency in agricultural pro-
duction to decrease water pollution.

Sand fixation, which is largely influenced by climate change at the
macro scale, showed a significant increase in the northern and southern
mountains. Deforestation is harmful to carbon storage, sand fixation,
and habitat quality, while forest plantation demands large amounts of
water and investment of funds. Thus, we should encourage reasonable
forest plantation and protection, especially in the northern and
southern mountains. Vegetation coverage increases (i.e., from unused
land to grassland) should be encouraged to promote environment re-
storation and improve habitat quality. Declining climate regulating
services have been observed accompanying urban expansion, which
would increase environmental stressors, such as urban heat island, air
pollution, and so on. The growth of ESs in developed urban areas de-
monstrates the effects of green infrastructure, and thus we should en-
courage the establishment of green belts in urban core areas to elim-
inate the negative effects of increased impervious surfaces. Considering
the low contribution of unused land to ESs, new urbanization sites
should be first sited on unused land. In future research, we would es-
tablish a more comprehensive ES set to represent the natural and so-
cioeconomic characters of arid ecosystems and explore the potential
impacts of different policy-based scenarios on future ES flow.

5. Conclusions

This study calculated one provision service (crop production), three
regulating services (carbon storage, nutrient retention, and sand
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fixation), and one supporting service (habitat quality) for the city belt
along the Yellow River in Ningxia (CBYN). We then analyzed the im-
pacts of urbanization on these services and their relationships (trade-
off, synergy, and bundle).

Between 1989 and 2015, the CBYN experienced rapid urbanization,
with demographic growth, economic development, and significant land
use change. In rural areas, massive reclamation and deforestation have
occurred, and comprehensively caused increases in all services, except
habitat quality. Urban expansion mainly occurred in developing urban
areas through the occupation of cropland, and caused decreases in these
services, except for sand fixation, which was more effected by air hu-
midity at the macro scale. In developed urban areas, urban expansion
from cropland and the growth of green infrastructure have occurred
and comprehensively resulted in the increase of crop production,
carbon storage, and sand fixation, and the decrease of nutrient reten-
tion and habitat quality.

Based on temporal changes in the five ESs, synergy relationships
exist among them, except for between crop production and nutrient
retention. Urban expansion enhances the correlations among regulating
services, while green infrastructure in urban core areas decreases them.
Based on the correlations among ES temporal changes, the five ESs were
classified into two bundles with different spatial distributions. Crop
production, carbon storage, and nutrient retention show significant
increases in the plain fringe owing to reclamation; higher losses in
urban expansion areas are due to the decrease in vegetation coverage.
Sand fixation and habitat quality had higher increases in the northern
and southern parts of the CBYN owing to the increase of vegetation
coverage; higher losses occurred in expansion areas of cropland and
urban area. Sand fixation was largely impacted by climate change at the
macro scale and showed significant increases in the northern and
southern mountains. Thus, we propose several suggestions for urban
expansion and land use planning in different regions.
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