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Abstract: Land use change is widely regarded as a key factor altering the structure and function of
ecosystems. Urbanization is a particular driver and influence in land use change and is expanding
globally, especially in developing countries like China. The InVEST model was employed in this
study to comprehensively assess the temporal-spatial impacts of urban land use changes (ULUC)
on ecosystem services (ESs) and clarify the tradeoffs between urbanization and ecosystem services
provision (ESP) in Dianchi Lake Basin (DLB), China, during 1995-2015. The results showed that
DLB’s constructed land, particularly in lakeside areas, has increased substantially because of rapid
urbanization (built-up area increase 51%, urbanization rate increase 91%), at the expense of agricul-
ture, grassland, and scrubland, greatly altering ESP. Compared with 1995, carbon storage in 2015
decreased, while soil retention and nitrogen exports only fluctuated slightly. Although water yield
increased, the ecological water volume of the whole DLB decreased through an increase in regional
surface runoff. This resulted in more pollutants being carried into Dianchi Lake, impairing water
quality and causing serious ecological and environmental issues. Thus, this study provides empirical
evidence of the significant influence of ULUC on ESP. For eco-friendly urbanization in DLB and
similar areas with rapid urbanization, a sustainable pattern of urbanization should be followed. The
best tradeoffs between urbanization and ESP should be identified and considered in decision-making
relating to urban planning, land use management, optimal natural resources management, and

ecological conservation.
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1. Introduction

Ecosystems maintain normal operation of the Earth’s ecosphere, through system
features, functions, and direct or indirect supply of services and products. They thereby
provide most of material basis for the survival, development, and well-being of human
societies and for the environment [1,2]. This is mainly manifested in biological production,
material circulation, energy flows, and information transmission. Ecosystem services (ESs)
usually refer to benefits people derive directly and indirectly from nature [3], and which are
useful in maintaining human welfare and addressing sustainability challenges [4]. Interest,
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attention, and efforts by scientists worldwide are now being directed to the field of ESs
assessment and management optimization [1,5].

Unfortunately, on a global scale, almost two-thirds of ESs are degenerated and this trend
may accelerate in parallel with the increasing reach and intensity of human activities, and the
growing ability of humans to influence nature [1,6]. Activities such as urbanization inevitably
and particularly remold urban land use forms, intensity, types, and structure [7-9]. Already,
ULUC is affecting a vast range of ESs and causing deterioration and even loss of vital
ESs that require an unpolluted environment and biodiversity [10,11]. Research is urgently
needed to identify the explicit temporal-spatial variation in ESs in urbanized areas. It is also
critical to estimate the influence of urbanization on ESs variation through land use change,
aiming at optimizing land use management, urban planning [12], and decision-making for
economically, socially, and environmentally sustainable urban development [13,14].

The most prominent feature of urbanization is that it converts vast areas of semi-
natural or natural land to construction land [15], with corresponding impacts on ESs.
Numerous studies have demonstrated that land use changes can significantly reduce
ESP [16], e.g., by damaging regional biodiversity, decreasing carbon storage and sequestra-
tion [16], exacerbating soil erosion and nitrogen export [17], deteriorating water quality
and availability [18], and decreasing recreational and esthetic values [19]. Consequently,
land use change has been proven to be the direct and main driving factor of recent ESs
change and global environmental change [20]. Moreover, land ESs differ distinctly from
other tangible goods and services, and are usually neglected by stakeholders (government,
businesses, and individuals) during the process of urbanization, thus exacerbating potential
threats to ecological security. A better understanding of the driver-response relationship
between urbanization (through land use change) and ESP is critical for sustainable urban
planning, land use management, and ecosystem protection [17,21].

However, there is a certain knowledge gap regarding the driving mechanism of land
use change. Many studies ascribe land use change to continuously increasing human
activities, such as farming and mining, or to climate variation [16,22,23]. Few studies have
specifically examined the potential driving forces behind land use change, particularly
the effect of conversion from non-urban land to urban land on regional ESs [24]. This
makes investigation of driver-response relationships more complex, but is critical for sound
decision-making on ecological environment protection and urban planning.

Urbanization is an unavoidable stage in global economic and social development [25],
which is rapidly expanding globally. While acting as an efficient path to improve people’s
life quality, economic, and social development extensively drives land use changes [26].
Urbanization inevitably leads to ecosystem changes by converting agricultural and forest
land into constructed land, causing inevitable loss of ESs [27]. Even worse, most current
policies neglect the impacts of urbanization-driven land use change on regional ecological
and ESs. Identification of a sustainable urbanization pattern is an urgent global need
to maintain ecological balance and ESP [17,28]. To attain this goal, the pressure-driver-
response path by which urbanization drives ULUC, and the resulting variation in ESs, need
to be identified.

Dianchi Lake Basin (DLB) is a typical example of an urban development model based
on a plateau-lake ecosystem. It is located in the most active region of economic and
social development in both Kunming city and Yunnan province, where it is the most
concentrated area of urban construction and development. However, in parallel with
large-scale and rapid urbanization, ecological regulation and self-recovery functions in the
basin have gradually weakened and even been lost, with biodiversity reductions, water
quality deterioration, and lake pollution becoming increasingly severe (Figure S1). This has
caused increasingly serious ecological and environmental problems in the basin, severely
affecting local residents’ lifestyle [29]. One of the main reasons for the increasing lake
pollution and unrecoverable ecosystem function in DLB is unreasonable land use [30].

The aim of the present study was to help policymakers better understand the impacts
of urbanization in driving land use change and changes in ESs, and the tradeoffs between
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these processes. The ecological dilemma posed by economic and social development in
DLB creates an urgent need to clarify the following three issues: (1) Land use changes
arising from urbanization; (2) the status of ESs in DLB; and (3) the impact of ULUC on ESs.

2. Materials and Methods
2.1. Study Area

Dianchi Lake (the sixth largest freshwater lake in China, covering an area of 2920 km?)
is located in the middle of the Yunnan-Guizhou Plateau and Jinsha River system
(Figure 1). The basin (elevation 1755-2825 m asl) has a subtropical plateau monsoon
climate zone, with mean annual precipitation of 797-1007 mm, annual evaporation of
1409-1871 mm, and mean annual temperature of 14.6-15.9 °C [31]. The altitude of the ter-
rain in DLB is lower in the south and center, around Dianchi Lake (hereafter ‘lakeside area’,
defined as area with slope lower than 8° around the lake), and higher in the surrounding
mountains (hereafter ‘mountainous area’) [32]. Urbanization and construction are mainly
distributed around the lake, because of lower construction costs, easy drainage and flood
control, and lake views. The mountainous area was defined here as all other areas in DLB.

102"2‘0'0”E 102"3‘0'0“E 1 02“4‘0'0"E 1 02“5‘0'0"E 103"?'0"E

T
25°30'0"N

25“ZP'O"N

s===== Boundary of China
I Boundary of study area o

["] Boundary of province
o 700 1,400 2,800km" ¥
Lo e

T
25°20'0"N

25°1 ?’0"N
T
25°10'0"N

ZS“O"O"N

25°0'0"N

24"5?'0"N
T
24°50'0"N

Legend

- Lake
|:| Mountainous area
:I Lakeside area

DEM
we High: 2825

24°4 P‘O"N
T
24°40'0"N

- LOW: 1755

24“3P'O"N
T
24°30'0"N

5 10 20 km
I

T T T T T
102°30'0"E 102°40'0"E 102°50'0"E 103°0'0"E 103°10'0"E

Figure 1. Location and composition of Dianchi Lake Basin (DLB) in Southwest China.
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Dianchi Lake is revered as the ‘mother lake’, due to the irreplaceable role of maintain-
ing local people’s livelihoods and regional economic and social development in the form
of water supply, agricultural production, climate regulation, tourism, and recreation [31].
Dianchi Lake is the foundation and support for urban development in Kunming city, the
political, cultural, and economic center of Yunnan Province, and its most densely populated
and developed area [33]. From 1995 to 2019, the GDP of DLB increased from 32.97 billion
(RMB) to 647.59 billion (RMB), an approximately 20-fold increase, and the permanent
resident population increased from 2.36 million to 4.05 million, a 1.7-fold increase. The
built-up area of cities and towns increased by 229 km?, or 1.6-fold. Indirectly, these changes
and trends indicate that urbanization is a direct and main factor in land use change in DLB.

Due to a relative lag in urban drainage systems and sewage treatment facilities,
resulting in pollution from agricultural and urban non-point sources, the pollutant load
to Dianchi Lake has increased sharply and the water quality has dropped rapidly since
the 1990s [34]. Dianchi Lake has become a heavily eutrophicated lake, with cyanobacteria
blooms nearly every year [35]. These seriously impair the regional ecological environment
and overall urban water landscape, significantly impacting local residents’ lifestyle, culture,
and living environment quality, damaging the beautiful image of Spring City, and reducing
the overall urban competitiveness of Kunming. Protection and treatment of Dianchi Lake is
a difficult problem facing governments at all levels, and a series of comprehensive measures
for ecological restoration and pollution control are urgently needed.

2.2. Ecosystem Services Assessment
2.2.1. Representative Parameter Selection

To analyze the characteristics and existing problems in DLB’s economy, social devel-
opment, and ecosystems, considering the demands of all stakeholders [17], we used the
ecosystem services classification framework defined by Common International Classifica-
tion of Ecosystem Services (CICES) and Millennium Ecosystem Assessment (MEA) [1,36].
We selected four representative indicators to represent ESs in DLB for which data were
available, namely: water yield, carbon storage, nitrogen export, and soil retention. These
selected parameters are critical for DLB, primarily due to requirements for optimizing
urban development pattern and addressing water quality and availability issues faced by
local governments and residents (a detailed description of the selected ESs can be found in
the Supplementary Materials, Section S1).

2.2.2. Ecosystem Services Evaluation

Water yield, soil retention, nitrogen export, and carbon storage in DLB were assessed
using the InNVEST model (Version.3.7.0, Stanford University, The Nature Conservancy and
the World Wide Fund for Nature, Stanford, CA, USA) and a 20-year timescale (1995-2015).
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) is a set of model sys-
tems developed by the U.S. Natural Capital Project Group to evaluate ecosystem services
and their economic value, and to support ecosystem management and decision-making. It
includes three types of ecosystem service evaluation models: terrestrial, freshwater, and ma-
rine. The InVEST model is now widely used in spatial planning, ecological compensation,
risk management, adaptation to climate change, and other environmental management
decisions in more than 20 countries and regions [37]. INVEST was originally developed
to map the distribution of ESs at spatial scale and evaluate tradeoffs between different
ESs [38]. The evaluation procedure is described in the Supplementary Materials, Section S2
and parameterization of InVEST in Supplementary Materials, Section S3. The sources and
availability of data are summarized in Table S2 (Supplementary Materials, Section S3),
while model settings are listed in Tables S3 and 54 (Supplementary Materials, Section S3).

The water yield model in INVEST was used to calculate water production per pixel
of a certain landscape on a certain occasion, always simplified as precipitation minus
evapotranspiration [37]. The main input data were annual soil depth, precipitation and
evapotranspiration, and plant-available water content (PAWC). Soil retention was deter-
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mined using the sediment delivery ratio model in InVEST, which estimates generation and
delivery of overland sediment to streams, with main input data including a DEM, raster
data on precipitation, soil texture, and land cover, and biophysical attributes based on soil
erosion caused by land use and land cover changes (LUCC, listed in Tables S2 and S4).
Carbon storage was determined using the carbon sequestration and storage model in In-
VEST, using LUCC rasters and carbon-pool parameters (from a biophysical attributes table;
Tables S2 and S3) to calculate the carbon quantity captured and stored in a certain landscape
at a certain occasion [37]. Nitrogen export was estimated using the nutrient delivery ratio
model in InVEST. It applies the principle of mass conservation to calculate transmission
and attenuation of nutrient mass while flowing through a certain landscape, with main
driving data including DEM, land use and cover rasters, precipitation capacity data, and a
biophysical attributes table based on the nutrient loading and retention efficiency related to
LUCC (Tables S2-54). A flow chart of the methodology used in the present study is shown
in Figure 2.

2.2.3. Model Parameterization and Validation

The InVEST model has its own unique regional attributes, i.e., a specific region has
a set of specific parameters. The parameters for a specific region are relatively stable in
specific time and space, and are based on actual data on the study area, such as DEM,
land use, precipitation, soil, and other data input into the model. In accordance with
the principles, methods of use, and accepted rules of the academic community in using
the InVEST model [20], literature and monitoring data were used here to calibrate the
models and validate the simulation results. Water yield 2009-2011 is reported to be
0.45-0.75 x 10° m? [39], while our modeled amount was 0.73 x 10° m3 in 1995 and
0.78 x 10° m3 in 2015. Considering the variation in annual rainfall in DLB, the prediction
results of our model were reasonable. Soil retention was modeled to be 0.31 x 10” t in 2015,
which was similar to the 0.34 x 10° t reported for almost the same period [40]. Annual
nitrogen export in DLB, based on relevant research and monitoring results, varies between
1240 t and 1951.1 t [41]. Our simulated value was 1980.42 t in 1995 and 1794.85 t in 2015, i.e.,
within reasonable limits. Carbon storage parameters (Tables S3 and S4) extracted from the
literature were used in model calibration, while the simulation results were validated using
other independent reported data. Total carbon storage of the forest in DLB was estimated
to be 1.96 x 10° t in 2008 [42], which was very close to our modeled result of 2.72 x 100 t
in 2015.

2.3. Statistical Analysis

Quantifying the amount, location, and spatial distribution of ESs is a critical step in
integrating ESs into decision making on ecosystem management [43]. The spatial patterns
and amounts of the ESs mapped in this study were comparable to those in other relevant
previous studies.

To assess the influence of various factors on land use change in DLB, regression
analysis was used over the course of the study (1995, 2000, 2005, 2010, 2015, and 2019).
Built-up area was chosen as the indicator, and also as the dependent variable to characterize
land use change, because it underwent tremendous changes in the study period and
is highly correlated with urbanization [30]. The selected independent variables were
urbanization rate, permanent resident population, GDP, industrial added value, and major
meat production, which are commonly regarded as the main factors in LUCC [44], and for
which it was easy to obtain data (Table S1).

The relationships between ESs and land use change were evaluated using correlation
coefficient (Pearson’s r) over the study period and on spatial scale in DLB (whole basin,
lakeside area, mountainous area) [45]. A total of 500 points each were randomly generated
in the mountainous area and lakeside area, and relevant indicator values of these points
were extracted and used to analyze the correlations between ESs. The tradeoffs between
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urbanization and ESs were then aggregated and analyzed on the scale of the whole basin,
mountainous area, and lakeside area.

2.4. Data Preparation

Spatial maps and designated biophysical parameter tables were used as inputs to
run the InNVEST model [23]. DEM (30 m spatial resolution) and land use data (overall
accuracy 92.27%) were acquired from http://www.resdc.cn/ (accessed on 20 January
2020). In total, six types of land use were considered in the analysis: agriculture, forest,
constructed, shrub, open water, and grass (Table S5). Spatial and other relevant data needed
are summarized in Table S2. The main parameters applied to drive the INVEST model
are listed in Tables S3 and S4. All layers applied were assigned to the WGS 1984 Albers
reference system and re-sampled to 90 m resolution.

| Data collection: literature, maps, remote sensing image data; Field survey |

l Economic and social
N status & data
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Figure 2. Flow chart of the methodology used in the present study.

3. Results
3.1. Land Use Classes and Changes

Constructed land, grassland, and agriculture were the three major land use changes
in the whole DLB from 1995 to 2015 (Tables S6 and S7, Figure 3). The overall area of
constructed land increased significantly, from 273.89 km? in 1995 to 412.94 km? in 2015
(Table 1). This largely derived from agricultural land, which constituted 21.3% of the
total constructed land in 2015, followed by conversion of grassland (8.2%). The overall
agricultural area declined dramatically, from 723.97 km? in 1995 to 634.24 km? in 2015, with
12.5% of this becoming constructed land and 0.4% becoming forest over the study period.
Grassland decreased slightly, from 569.78 km? in 1995 to 531.83 km? in 2015, with 5.9% of
the grassland area in 1995 converted to constructed land and 0.6% to forest.

In the lakeside area, constructed land, agriculture, grassland, and shrubland were
the four major land use changes from 1995 to 2015, excluding water area of Dianchi Lake.
The grassland area was reduced sharply, from 66.23 km? in 1995 to 42.88 km? in 2015,
mainly because of conversion of 24.73 km? (37.3% of grassland in 1995) to constructed
land. The total area of agriculture was reduced significantly from 328.66 km? to 249.15 km?,
mainly because of conversion of 79.51 km? to constructed land (23.7% of agriculture in
1995). For shrubland, the main change was conversion of 1.73 km? to constructed land
(15.9% of shrubland in 1995). Meanwhile, total constructed zone dramatically increased,
from 230.62 km? in 1995 to 339.57 km? in 2015, mainly from agriculture (79.51 km?) and
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grassland (24.73 km?). The newly-added constructed land constituted 32.1% of the total
constructed land in 2015.

Change

Legend
[ Lakesice area
=

Figure 3. Spatial distribution of land use classes and changes in Dianchi Lake Basin (DLB) between

1995 and 2015.

Table 1. Land use transfer matrix from 1995 to 2015 in Dianchi Lake Basin (DLB).

Land Type (km?)

Area (km?)
Grass Shrub Constructed Agriculture Forest Open Water Total
Grass 528.98 1.13 33.99 2.38 3.22 0.09 569.78
Grass 0.76 486.96 11.31 0.49 0.28 - 499.80
Constructed 0.23 - 273.50 0.05 0.08 0.04 273.89
Whole DLB, - 5o ricylture 1.79 - 87.96 631.19 2.87 0.16 723.97
1995 Forest 0.07 - 2.29 013 509.02 0.04 511.55
Open water - - 3.89 - 0.03 339.58 343.50
Total 531.83 488.08 412.94 634.24 515.50 339.90 2922.50
Grass 41.44 0.02 24.73 0.03 0.01 0.00 66.23
Shrub 0.01 8.94 1.73 0.15 0.00 - 10.84
Lakeside Congtructed 0.20 - 230.30 0.04 0.08 0.00 230.62
area. 1995 Agriculture 1.22 - 78.00 248.93 0.35 0.16 328.66
4 Forest - - 0.96 - 5.62 - 6.59
Open water - - 3.85 - 0.03 318.83 322.71
Total 42.88 8.96 339.57 249.15 6.09 319.00 965.65
Grass 487.54 1.11 9.25 2.35 3.21 0.09 503.55
Shrub 0.75 478.01 9.58 0.34 0.28 - 488.96
Mountainous Congtructed 0.03 - 43.20 0.01 0.04 43.28
area. 1995 Agriculture 0.57 - 9.96 382.26 2.52 - 395.31
4 Forest 0.07 - 1.33 0.13 503.40 0.04 504.97
Open water - - 0.04 - - 20.75 20.79
Total 488.96 479.12 73.38 385.08 509.41 20.90 1956.85

In the mountainous area, constructed land, grassland, and agriculture were the three
major land use changes during 1995 and 2015. Grassland area experienced a slight decrease,
from 503.55 km? in 1995 to 489.96 km? in 2015. Agriculture area also diminished slightly,
from 395.31 km? in 1995 to 385.08 km? in 2015. However, constructed land increased signif-
icantly, from 43.28 km? in 1995 to 73.28 km? in 2015. This construction land came mainly
from agriculture (13.6% of constructed land in 2015), shrubland (13.1% of constructed land
in 2015), and grassland (12.6% of constructed land in 2015). The area of forest expanded
slightly, mainly at the expense of grassland (3.21 km?) and agriculture (2.52 km?).

In correlation analysis, urbanization rate showed more a significant correlation with
land use change than with GDP, industrial development, extensive livestock, or other
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factors (Table S1; n = 5, p < 0.01). This shows that urbanization was the key driving factor
exerting the greatest impact on land use changes from 1995 to 2019 in DLB.

3.2. Ecosystem Services in DLB

In the whole DLB, the overall quantity of water yield and soil retention increased from
1995 to 2015, while the quantity of nitrogen export and carbon storage decreased. Water
yield rose from 0.73 x 10° m? in 1995 to 0.78 x 10° m3 in 2015, and soil retention from
31.119 x 10° tin 1995 to 31.125 x 10° t in 2015. Meanwhile carbon storage declined from
13.29 x 10° t in 1995 to 13.22 x 10° t in 2015, and nitrogen export from 1980.42 t in 1995 to
1974.85 t in 2015.

The lakeside area displayed a similar trend in ESs variation to the whole DLB, with
increasing water yield and soil retention, and decreasing carbon storage and nitrogen
export. Specifically, water yield increased from 2.81 x 10° m? in 1995 to 3.19 x 10° m3 in
2015, and soil retention from 26.88 x 10° t in 1995 to 26.93 x 10° t in 2015. Nitrogen export
in the lakeside area decreased from 904.20 t in 1995 to 735.92 t in 2015, and carbon storage
from 185.27 x 10° tin 1995 to 174.58 x 10° t in 2015.

The trend in ESs variation in the mountainous area differed slightly from that in
the whole DLB and lakeside area, with increasing water yield, soil retention, and car-
bon storage, and decreasing nitrogen export. Specifically, water yield increased from
4.58 x 10° m? in 1995 to 4.69 x 10° m? in 2015, soil retention from 284,322.02 kiloton
in 1995 to 284,327.87 kiloton in 2015, and carbon storage from 1144.22 x 10° t in 1995 to
1144.86 x 10° t in 2015. Nitrogen exports decreased from 1076.22 t in 1995 to 1058.91 t
in 2015.

In spatial terms, high-provision areas for carbon storage and soil retention were
mostly distributed at the periphery of DLB, especially in the mountainous area, while
high-provision areas for nitrogen export and water yield were mostly distributed in the
middle of DLB, particularly the lakeside area (Figure 4). The spatial variation in carbon
storage, water yield, and nitrogen export mainly occurred in northern and eastern parts
of lakeside area, and that in soil retention on eastern and northeastern hillsides of the
mountainous area near the lakeside area (Figure 5). Thus, it can be concluded that the
spatial-temporal changes in ESs in DLB have mainly been caused by land use changes,
dominated by urbanization in the lakeside area.

Water yield Soil retention Nitrogen export

Carbon storage,

s

1995

Figure 4. Spatial distribution of four major ecosystem services in Dianchi Lake Basin (DLB) in 1995
(upper diagrams) and 2015 (lower diagrams).
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Figure 5. Spatial changes in four major ecosystem services in Dianchi Lake Basin (DLB) from 1995
to 2015.

3.3. Tradeoffs between ESs

At the scale of the whole DLB, correlations between the ESs were investigated by Pear-
son correlation test (Table 2; df = 998). Carbon storage showed a highly significant positive
correlation with soil retention (p < 0.01), and a highly significant negative correlation with
water yield and nitrogen export (p < 0.01), in both 2015 and 1995. Water yield displayed a
highly significant positive correlation with nitrogen export in both 1995 and 2015 (p < 0.01),
and a highly significant negative correlation (p < 0.01) with soil retention in 2015 and a
significant negative correlation (p < 0.05) with soil retention in 1995. Soil retention showed
a non-significant correlation with nitrogen export in both 1995 and 2015 (p > 0.05). The
trends in the mountainous area generally resembled those in the whole DLB.

Table 2. Tradeoffs between ecosystem services in the lakeside area, mountainous area, and whole Dianchi Lake Basin (DLB).

Basin Partition ESs Carbon Storage Water Yield Soil Retention
. 0.463 ** 2 _ _
1
Water yield 0.433 b B -
i ; . 0.210 ** 0.166 ** _
Lakeside area Soil retention 0.209 ** 0168 ** B
Nitrogen export 0.443 ** 0.169 ** 0.103 *
gen exp 0.419 * 0.089 ** 0.1
. —0.610 ** _ _
Water yield 0,597 ** B -
M . Soil . 0.108 * —-0.1 -
ountainous area o1l retention 0.100 * 01 -
Nitrogen export —0.275** 0.403 ** —-0.1
S —0.270* 0.348 ** o1
p —0.281 ** _ _
Water yield 0303 +* B -
. . . 0.176 ** —0.071* -
Whole basin Soil retention 0.178 ** 0,082 B
Nitrogen export —0.171** 0.272 ** 0.002
gen exp —0.159 * 0.212 % 0.013

b For each ecosystem service indicator, the upper value represents 1995 and the lower value represents 2015; * p < 0.05; ** p < 0.01 (1 = 1000
in the whole DLB, n = 500 in lakeside area and mountainous area).

In the lakeside area, the correlations between the ESs displayed quite different ten-
dencies (Table 2; df = 498). Carbon storage showed a very highly significant positive
correlation (p < 0.01) with nitrogen export and water yield, and a highly significant positive
correlation (p < 0.01) with soil retention, in both 1995 and 2015. Water yield displayed a
highly significant positive correlation with soil retention in both 1995 and 2015 (p < 0.01),
and a highly significant positive correlation with nitrogen export in 1995 (p < 0.01), but
only a significant positive correlation in 2015 (p < 0.05). Soil retention showed a significant
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correlation with nitrogen export in 1995 (p < 0.05), but a non-significant correlation in 2015
(p > 0.05).

There were tradeoffs between urbanization and ESs in DLB (Figure 6). Urbanization
rate increased rapidly, from 36.7% in 1995 to 70.1% in 2015. With this great increase in
urbanization rate, the amount and distribution of ESs also changed clearly in the opposite
direction in the whole DLB, and especially in the lakeside area. There were only slight
variations in carbon storage and soil retention, while nitrogen export was reduced and
water yield was higher in 2015 than in 1995 (Figure 6).

Urbanization rate
0.8

Nitrogen export Carbon storage

Soil retention Water yield

=4=1995
-B=2015

Figure 6. Tradeoffs between urbanization and ecosystem services (ESs) in Dianchi Lake Basin (DLB).

4. Discussion
4.1. Impact of Urbanization on ESs

Urbanization is an inevitable worldwide trend in global socio-economic development
and plays an irreplaceable role in improving quality of life and urban civilization [46].
Unfortunately, accelerating global urbanization is also having real and potential negative
effects and posing threats to the surrounding ecological environment. Consequently,
coordinating and balancing urbanization with ecosystem health is increasingly becoming a
pressing global strategic issue for academics and for decision-makers in government [47].
However, previous research has concentrated mainly on assessing changes in ESs in term of
biophysical parameters and monetization, based on historical (previous) land use change
or future land use scenarios. Effective approaches to ensure sound urban planning and
land use management decisions and policy must be based on in-depth knowledge of the
mechanisms and dynamics of ESP variations in response to urban land use changes.

Taking DLB as a case study and using the novel methodology of integrating InVEST
models with socio-economic data, this study revealed that the type, amount, and degree of
land use changes in DLB varied markedly from 1995 to 2015, particularly in the lakeside
area. In both the lakeside area and whole DLB, only constructed land increased from 1995 to
2015, while all the other land use types decreased (Tables S6 and S7). The mountainous area
experienced an increase in grassland area, but also a slight increase in forest and shrubland
in 1995-2015 (mainly due to implementation of the Grain for Green Project and Natural
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Forest Protection Project). Surprisingly, in the mountainous area, lakeside area, and whole
DLB, there was a sharp decrease in agricultural land. The lakeside area and whole DLB both
experienced a significant reduction in forest and shrubland, all of which mostly became
constructed land. Urbanization was confirmed to be the most influential factor in land use
quantity and distribution changes in DLB, rather than other factors, such as population
growth, economic growth, industrialization, and livestock and poultry breeding. The rapid
and large-scale urbanization resulted in a net increase of 139.05 km? in constructed land,
mainly at the cost of agricultural land, forest, shrubland, and grassland. Urbanization was
the dominant land use change in both the lakeside area and whole DLB. Constructed land
in DLB is mostly distributed along the north and east side of Dianchi Lake, on available
land with the best geological conditions, topographic gradient, drainage conditions, water
source, wind direction, natural landscape, and other convenient conditions for urban
construction. Construction on this land has significantly increased with the demand caused
by urbanization since the 1990s. In DLB, the contradiction between supply and demand
for land resources is becoming increasingly acute, but the productivity level and intensity
of land use are not high, large areas of land are being overexploited, the structure and
distribution of land use are unreasonable, and planning control is difficult [48].

Land use changes in DLB derived from urbanization, and obviously involved conver-
sion of land formerly under agriculture, forest, shrub, and grass into built-up area. This
decreased the regional ecological water volume and carbon storage in the whole DLB dur-
ing the study period, but with only slight variations in nitrogen export and soil retention.
The lakeside area, besides these variations, also experienced a sharper reduction in carbon
storage, mainly due to diminished forest area since the 1990s, which caused an overall
reduction in the total carbon sink in the whole DLB. In the mountainous area, carbon
storage increased over the study period (Figure 6). Soil retention in both the mountainous
area and lakeside area displayed a slight increasing tendency over the study period.

Tradeoffs between urbanization and ESs were also identified. In the mountainous
area and the whole DLB, the strongest correlations were mainly between urbanization
and nitrogen export and soil retention. In the lakeside area, the primary tradeoffs were
mainly between urbanization and carbon storage, soil retention, and nitrogen export
(Figure 6). Although water yield increased, the regional ecological water volume of the
whole DLB decreased with increasing regional surface runoff caused by the growing
impervious surface area accompanying the increase in constructed land in the lakeside
area [49]. With the increased surface runoff flowing into Dianchi Lake, more pollutants
are being carried into the lake, particularly from the lakeside area, increasing the water
pollution burden of Dianchi Lake. Total ESP in DLB from 1995 to 2015 was demonstrated to
be severely impacted by sprawl of constructed land deriving from urbanization, confirming
previous findings [22,50].

4.2. Implications of ESs Optimization and Management

Dianchi Lake Basin is a typical example of a lake basin transforming under economic
development and population pressure, and increasingly experiencing ecological pressure
and even ecological deterioration. Governments at all levels in China are confronted with
various difficulties in protecting Dianchi Lake and surrounding ecosystems, and the other
similar areas with rapid urbanization, and effective policies and measures are urgently
needed. The current urbanization in DLB has problems such as incomplete planning
system, imperfect basic functional facilities, heavy pressure on resources and environment,
unreasonable structure and layout of land use, and low level and intensity of land use
productivity. Considering the noticeable impacts of ULUC on the regional integrated
ESP in DLB, three major suggestions can be made to improve decision making on ESs
maintenance, land use administration, urban planning, and territorial space control.

First, since urbanization is an inevitable trend and the primary mode of global eco-
nomic and social development, it should take a sustainable path, namely sustainable
urbanization [51]. In top-level planning by government, ESP in DLB should be considered
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the most important ecological factor. Therefore, more severe constraints should be imposed
on urban planning and land use, so as to control the urban scale. Specifically, ecological
principles and ESP should be taken into consideration in promoting and optimizing sus-
tainable strategic land use management and city planning [52,53], especially for urban land
use. In addition, it is critical to optimize the economic benefits and intensity of land use.
The increase in construction land should be controlled, especially the total constructed land
area, and the annual amount of new construction land should be strictly monitored. The
local government should increase the clearance and disposal of abandoned land, fully revi-
talize existing urban construction land, strengthen the management of rural homesteads,
strictly control the scale of development zones, and make full use of its economic leverage.

Second, the current ecological environmental programs that protect forest, cropland,
shrubland, and grassland, especially the Returning Cropland to Lake and Grain to Green
Project planned to end in 2020, should be prolonged and extended to 2030 and beyond.
These programs and projects clearly play a vital role and have contributed to improving the
carbon sink and other ESs (e.g., water quantity adjustment and purification, biodiversity,
etc.), and could continue to serve well over a long period. In addition, local governments
should formulate and implement responsive protection policies according to the needs
for ecosystem protection in DLB. A set of effective, scientific, systemic, and normative
mechanisms to monitor, reward, and punish changes in ecosystem services should be
established as soon as possible [27]. This should include a long-term ecosystem and
environment change monitoring system (ECM), with the main role of timely monitoring
and understanding changes in ecosystem and environmental conditions at temporal and
spatial scale. Local government should have the responsibility for establishing a reward-
punishment system (RPS) to ensure reasonable and sound tradeoffs between urbanization
and ESs, by setting strict thresholds for the environmental capacity baseline, pollutant
emission limits, environmental quality baseline, resource utilization ceiling, ecological
environment access list, ecological protection boundary, and ecological protection red
line. Based on the above rules and criteria, local government could legally punish or
reward stakeholders (businesses, individuals, government departments) found to damage
or protect the regional ecosystem and ESs according to the monitoring results of EMC.

Third, regional ecological restoration should be actively carried out. For areas under
ecological protection and restoration in DLB, afforestation, conversion of agriculture to
forest, and renovation of low-efficiency forest should be carried out in a planned and
targeted way, so as to restore vegetation and reduce landslides and soil erosion. For water
source protection areas, ecological protection areas and natural parks should be established
in selected areas. Protection of the water conservation area for Dianchi Lake is needed,
by controlling soil erosion and restoring damaged ecosystems. In the Dianchi lakeside
ecological function protection zone, measures in the Four Retreats and Three Restoration
Program have been implemented to gradually restore the lakeside ecological wetland and
protect the Dianchi lake water environment and lakeside wetland system [54]. In addition,
we suggest establishing ecological buffer strips for high-density urbanized area, which
could effectively reduce surface runoff, decrease soil and nitrogen exports, increase land-
scape connectivity, and enhance biodiversity [55]. A 100 m wide buffer strip can effectively
improve water quality, reducing soil export by 9.6% and nitrogen export by 4.9% compared
with areas without buffer strips [56]. Ecological buffer strips are especially recommended
around high-density urbanized areas in DLB, to alleviate and reduce non-point source
pollution from these areas. Efforts should be intensified to promote construction of sunken
green space and permeable pavement in the urban area of the basin, and facilities should
be established for initial rainwater interception and treatment, so as to control pollution
caused by urban rainwater.

4.3. Innovation and Limitations

The innovative value of this study lies in the presentation of empirical evidence that
urbanization exerts noticeable impacts on urban land use in a regional landscape like DLB,
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resulting in variations in ESs through decreasing carbon storage and regional ecological
water volume, and deteriorating water environment quality. Building on these observa-
tions, corresponding countermeasures are proposed. This provides important theoretical
guidance and a technical basis for ecological protection, urban planning, strategic land use
management, and territorial space control in DLB.

However, the study also has some limitations, which should be considered in future
studies so as to further clarify the mechanism and optimize the methodology in the field.
(i) The pressure-driver-response path by which urbanization drives urban land use changes,
resulting in ESs variations, was not fully analyzed here. Future work is needed on how
to simulate the impacts on the carbon cycle of conversion from agricultural land and
other non-forest types to forest. A comprehensive database on long-term and spatial-
temporal dynamics of socio-ecological factors should be established for this purpose [55].
Additionally, the legacy effects of environmental change on ESs should be taken into
consideration, such as the effects of the continuity of ecosystem variables on agricultural
land carbon storage and soil nitrogen content. (ii) This study only considered water yield,
carbon storage, nitrogen export, and soil retention, but urbanization can also influence other
ESs not taken into consideration here, e.g., regional capacity for biodiversity maintenance,
climate regulation, and pollination. In addition, assessments of ESs impacted by urban land
use changes dominated by urbanization were only quantified at the scale of the whole DLB,
while ESP with urbanization along urban gradients was not quantified. (iii) The influence of
potential future uncertain scenarios on ESs demand, selection of indicators used to quantify
ESs demand for further urbanization, and the methodology used to balance provision and
demand for ESs need further study. More meteorological factors (such as temperature,
atmospheric radiation, wind speed, evaporation) and annual dynamic factors (such as
annual precipitation, plant growth, nitrogen absorption, and hydrological flux) should be
included in the model, so as to further enhance the accuracy and precision. Due to lack
of data in this research area, we were unable to carry out data verification for more years.
Although the model and the simulated results were credible and reliable when compared
against previous findings in scientific studies [20,56,57], actual measured data should be
used to verify the model in future, so as to reduce the uncertainty of the simulation results.

5. Conclusions

This study refined and optimized existing methodology by integrating the simulation
capacity of In'VEST models with socio-economic data in a combined analysis. The combined
approach was used to conduct a series of comprehensive evaluations of the impact of ULUC
on ESs and to identify tradeoffs between urbanization and ESP in DLB from 1995-2015. The
results revealed that construction land increased substantially in the period and was the
main factor in land use changes, resulting in great changes in the amount and distribution
of ESs in DLB, particularly within the lakeside area. Although water yield increased over
the period, the ecological water volume decreased due to increasing regional surface runoff.
This runoff carried more pollutants into Dianchi Lake, resulting in deterioration of water
quality and causing ecological and environmental issues in DLB. Carbon storage in the
whole basin decreased sharply during the study period. Urbanization was identified as the
driving factor exerting the greatest impact on regional land use changes, and ultimately
resulted in temporal-spatial changes in ESs in DLB.

Despite methodological limitations and some unavoidable assumptions, the results
can be used to formulate temporal-spatial explicit guidance for decision-making on eco-
logical conservation, urban planning, land use, and natural resources management. DLB
should follow a sustainable path of urbanization, ESP and demand in the basin should be
considered in top-level decision-making by government, and effective environmental mon-
itoring and reward-punishment systems should be established. Stakeholders, in particular
local government and local businesses have the responsibility and obligation to reinforce
current ecological environmental programs and to achieve the best use of the available land.
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Regional ecological restoration should be actively carried out, and buffer strips (especially
for high-density urbanized area) should be established during future urbanization.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13094813/s1, Figure S1: Changes in urbanization rate and water quality (represented by total
nitrogen content) in Dianchi Lake Basin, 1992-2015, Table S1: Results of power regression analysis
of built-up area (dependent variable) and potential influencing factors (independent variable);
Section S1: Justification of the Selected Ecosystem Services, Section S2: INVEST Models, Section S3:
InVEST Parameterization.
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