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As the direct manifestation of human activities, land use change is the main driving factor in variations in
ecological processes and ecosystem services (ESs). For better land use management in the future, it is
essential to evaluate the changes of ESs affected by land use change and identify the relationships among
ESs. In this study, four primary water-related ecosystem services (WRESs), including water yield, food
production, water purification and soil conservation, were selected to assess the effects of past land use
change (1980—2015) on WRESs in the Xiangjiang River Basin, a typical agricultural watershed in
southern China. From 1980 to 2015, water yield, food production increased by 1.58% and 44.78%,
respectively. And soil conservation was improved with a 13.11% decrease in sediment export. Because of
the rapid expansion of agriculture and urbanization from 2000 to 2015, water purification was degraded
significantly with the increase in nitrogen export (+22.56%) and phosphorus export (+25.85%). Trade-
offs mainly occurred between water purification and other WRESs. Based on the existing ecological
problem, four alternative land use scenarios were designed to explore the underlying effects of various
land use polices. Among four scenarios, the combined scenario was selected as the optimal scenario
because of the greatest improvement in water purification and small negative effect on food production.
Our research provides an integrated WRESs trade-offs assessment framework. Moreover, the establish-
ment of multiple land use scenarios based on land suitability evaluation could inform future land use
decision-making and water conservation management in the agricultural watershed.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Synergies occur when the changes of two ESs are in the same di-
rection (Haase et al., 2012). However, relevant policies are often

Ecosystems and ecological processes continuously provide
ecosystem goods and services to human, which form the founda-
tion of human'’s survival. Ecosystem services (ESs), as the bridge
between natural ecosystem and human society, directly and indi-
rectly contribute to human welfare (Costanza, 1997; MA, 2005).
There are complex interactions among different types of ESs, which
primarily include two types: trade-offs and synergies. Trade-offs
represent an increase in one ES with the decrease in another ES;
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made to change land use pattern for satisfying the needs of social
development, which affect the structure and function of ecosys-
tems and then lead to the loss of balance among ESs (Burkhard
et al., 2012; Fu et al,, 2013). Deep understanding the relationships
among various ESs is needed to improve our ability to maximize the
total benefits of ESs.

Land use change, as the most direct response to human inter-
ference in the natural ecosystem, has been seen as one of the most
significant driving factors of changes in ecological processes and
ESs (Lawler et al., 2014; Polasky et al., 2010). Past land use man-
agement policies mainly focused on maximizing a certain type of
service while ignoring the effects of these policies on other services
(Bennett et al., 2009). For example, large-scale reclamation activ-
ities were carried out to improve agricultural production in
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Abbreviations

AD Agricultural development

ADWB Agricultural development with woodland buffer
strips

ADWB_GFG The combined scenario of ADWB and GFG

AHP Analytical Hierarchical Process

ESs Ecosystem services

FP Food production

GFG Grain for Green

InVEST  The Integrated Valuation of Ecosystem Services and
Tradeoffs

MCDM Multi-criteria decision-making

NE Nitrogen export

PE Phosphorus export

RMSE Root mean squared error

SC Soil conservation

SE Soil export

SWAT Soil and Water Assessment Tool

USLE The Universal Soil Loss Equation
WP Water purification

WP (N)  Water purification (nitrogen)
WP (P)  Water purification (phosphorus)
WRESs  Water-related ecosystem services

Wy Water yield
XJRB Xiangjiang River Basin

response to food risk. However, these activities were conducted
with the expense of forest and lakes, which resulted in serious
deterioration of regulating and supporting services (MA, 2005;
Molden, 2007). In the early 21st century, large ecological projects
such as Grain-for-Green Program exacerbated the crisis of water
scarcity despite their good performance in improving water quality
and soil conservation (Wang et al., 2017). Thus, for the purpose of
realizing the sustainable development of human-environment
system, integrating ESs quantification and trade-offs analysis into
landscapes management decision has become the current research
hotspot for many scholars (Doody et al., 2016; Hou et al., 2018;
Kennedy et al., 2016).

Rapid spatial pattern transformation of land use can lead to the
changes of water-related ecosystem services (WRESs) values and
relationships among WRESs. Due to the relative low requirements
of input data and integrating multiple ESs evaluation modules, the
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST)
model has been widely applied to identify the effects of land use
change on ESs (Rimal et al., 2019; Yang et al., 2018). Former studies
primarily focused on identifying the spatial and temporal distri-
bution of ESs and their response to land use change in the past
years, which did not take the direct guiding significance for future
policy making into consideration. Scenario analysis, as the most
commonly used method, can make up for the shortcomings in
previous researches. Identifying the changes of multiple ESs and
trade-offs under future or alternative land use patterns can directly
inform decision-makers of the optimal ESs conservation polices
(Nelson et al.,, 2009; Zheng et al., 2019). Scenarios are often
designed by some studies to assess the uncertainties of future de-
velopments (Liang et al., 2017, 2020). However, few studies set up
scenarios based on the suitability of land use conversion and local
existing ecological problems. Integrating multiple factors into the
establishment of scenarios will greatly improve the rationality of
the evaluation results for future land use management decision-
making.

As the artery of Dongting lake, the Xiangjiang River is the largest
and most important tributary in the Dongting Lake Basin. The
change of ecological environment in the Xiangjiang River Basin
(XJRB) has a great influence on ecological security in the Dongting
Lake Bain. However, with the rapid development of agriculture and
urban industry in the past few years, the XJRB has become the main
contributor of nutrients in Dongting lake, which lead to the dete-
rioration of water quality (Hou et al., 2017a). The local government
is facing the challenge on how to protect water environment and
relevant WRESs by regulating land use pattern. In this study, the
XJRB, a typical agricultural watershed, was chosen to evaluate the
influence of land use change on four primary WRESs including
water yield, food production, water purification and soil

conservation. Specifically, the main objectives of this paper were to
(a) assess the changes of four WRESs affected by land use trans-
formation from 1980 to 2015, (b) identify the main ecological
problem and trade-offs among WRESs and (c) design four alter-
native land use development patterns and explore the optimal
scenario for future water conservation based on trade-off analyses.
Our study integrates land suitability evaluation into scenarios
analysis, and the integrated WRESs trade-offs assessment frame-
work can provide a strong reference and guidance for land use
optimization and WRESs conservation in the agricultural
watershed.

2. Materials and methods
2.1. Study area

The Xiangjiang River Basin (XJRB), covering an area of approx-
imately 94346 km?, is located mainly in Hunan Province, China
(24°31-29°52'N, 110°31’-114°15'E) (Fig. 1). The average annual
precipitation and annual average temperature is approximately
1400 mm and 17.6 °C, respectively. The elevation of the XJRB ranges
from 33 to 2118m. The topography undulates and generally slopes
northward. The basin is bounded by mountains in the southern,
western, and eastern parts of the basin; the central and northern
parts are relatively low and consist of basins and valley plains. The
major land use types of the X]JRB are cropland, woodland, grassland,
built-up land, water, and bare land. Due to the rapid transformation
of land use types during the past 35 years, ecosystem structure and
functions have been influenced significantly, which led to changes
in WRESs and relationships among WRESs.

2.2. Data sources

Five basic data that we used to analyze the WRESs: satellite
image data, land use data, meteorological data, soil data, and sta-
tistic data. (1) A digital elevation model with 30 m x 30 m grid
resolution was obtained from Chinese Academy of Sciences (http://
www.gscloud.cn); (2) Land use data with a spatial resolution of
30m in 1980, 2000 and 2015 were acquired from GlobeLand30
(http://www.globallandcover.com) and the Resource and Environ-
mental Science Data Center of the Chinese Academy of Sciences
(http://www.resdc.cn). Six primary classes of land use types
(cropland, woodland, grassland, built-up land, water, and bare
land) are classified according to the actual land use settings in the
XJRB. (3) Meteorological data (daily precipitation, temperature,
solar radiation, etc.) covering the period 1980—2015 were collected
from the national meteorological stations network of the China
meteorological Data Service Center (http://data.cma.cn). Kriging
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Fig. 1. Location of the xiangjiang river basin.

interpolation method in ArcGIS10.5 was used to get the spatial
meteorological data. (4) The Harmonized World Soil Database
(v1.1) with a resolution of 1 km was supplied by Cold and Arid
Regions Sciences Data Center (http://data.casnw.net). (5) Agricul-
tural products of the Xiangjiang River Basin were obtained from
Hunan Statistical Yearbook, Jiangxi Statistical Yearbook, and
Guangxi Statistical Yearbook (http://data.cnki.net).

2.3. Quantification of ecosystem services

Considering the importance in this human-water coupling sys-
tem, four water-related ecosystem services (water yield, food pro-
duction, water purification, soil conservation) were selected for this
study. We quantified water yield, water purification, and soil con-
servation by using the InVEST 3.6.0 models (Sharp, 2018), and
quantified food production by using yield model (Sun and Li, 2017).
The average climate parameters (1980—2015) were used to
generate the results under past landscape or potential land-use
scenarios.

2.3.1. Water yield

Water yield in InVEST Water Yield model is defined as the
amount of water runoff from the landscape, which includes surface,
subsurface and baseflow. This model is based on the Budyko curve
and estimates the relative contributions of water from different
parts of a landscape (Sharp, 2018). The following equation was used
to calculate annual water yield in each pixel:

- (1-21) 8

1

where AET; and P; represent the annual actual evapotranspiration
and the annual precipitation on pixel i, respectively. Details about
the input parameters are included in Table S1.

2.3.2. Food production

Food product mainly include rice, wheat, corn, beans, and tubers
in the XJRB. Based on related research articles (Sun and Li, 2017;
Wang et al., 2019), the yield model was applied to assess food
production:

TFP;

FP,']': A x aj (2)
1

where FPjj is the food production for pixel j in town i, TFP; is the total
food production in town i; A; is the area of cropland in town i; and g;
represents the area of cropland for pixel j in town i, which equals to
900 m? in this study.

2.3.3. Water purification

The XJRB is one of the major contributors to the nutrients in
Dongting watershed (Hou et al., 2017b). The InVEST Nutrient De-
livery Ratio model can describe the movement of a mass of nutrient
through space by using a simple mass balance approach (Sharp,
2018). The nitrogen (N) and phosphorus (P) export values were
selected as indicators for assessing water purification. Lower nu-
trients export value indicates the higher capacity of water purifi-
cation service. The nutrient export for each pixel is calculated as
follows:

N_export; = load; x NDR; 3)

where N_export; is the nutrient (N, P) export on pixel i, load; is the
modified nutrient load on pixel i, NDR; is nutrient delivery ratio on
pixel i. Biophysical parameters used in this model are included in
Table S1.

2.3.4. Soil conservation

Based on the Universal Soil Loss Equation (USLE), the InVEST
Sediment Delivery Ratio model takes the concept of hydrological
connectivity into consideration (Borselli et al., 2008). The value of
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sediment export was selected as the indicator for assessing soil
conservation. Lower sediment export value indicates the higher
capacity of soil conservation service. For each pixel, the sediment
export is calculated as follows (Equations (4) and (5)):

USLE,' :Ri X K,‘ X LSi X C,' X Pi (4)

S_export; = USLE; x SDR; (5)

where USLE; is the annual soil loss on pixel i, R; is the rainfall
erosivity factor (MJ-mm (ha-hr)™!), K; is the soil erodibility factor
(ton-ha-hr (MJ-ha-mm)~1), LS; is the slope length-gradient factor,
G and P; are crop-management factor and support practice factor,
respectively. S_export; is the sediment export on pixel i, SDR; is the
sediment delivery ratio on pixel i. Biophysical parameters used in
this model are included in Table S1.

2.4. Alternative land use scenarios

The XJRB is a basin mainly for agricultural development. The
suitability for agricultural development, as a basis of the estab-
lishment of alternative scenarios, was accessed using multi-criteria
decision-making (MCDM) methods (Hossain and Das, 2010). This
method mainly includes two processes: the selection of evaluation
criteria and the determination of criteria weights. Evaluation
criteria that we selected included two topographical factors (slope,
elevation), two soil condition factors (soil organic matter, soil pH),
soil erosion intensity, and distance to the road. Each factor was
reclassified into five levels according to suitability assignment in
Table S2 (Fig. S1). The Analytical Hierarchical Process (AHP) was
used to determine criteria weights (Zhang and Lu, 2010). Eventu-
ally, evaluation criteria and criteria weights were integrated to
generate the suitability for agricultural development by using
Weighted Overlay tool in ArcGIS. The assessment result was clas-
sified as unsuitable, generally suitable, moderately suitable, and
extremely suitable (Fig. S2). Based on this evaluation, four alter-
native land use scenarios were established to illustrate the effects
of different land use management policies on the WRESs and trade-
offs among the WRESs. Land use in 2015 was served as the baseline
scenario.

(1) AD (agricultural development): Areas that were extremely
suitable for agricultural production were converted to crop-
land, except for built-up land and open water.

(2) ADWB (agricultural development with woodland buffer
strips): Relevant studies indicate that riparian buffer play an
important role in improving water purification service
(Gleason et al., 2011; Zheng et al., 2016). Based on AD sce-
nario, 100m-wide vegetative buffer surrounding rivers and
reservoirs were set by replacing cropland with woodland.

(3) GFG (Grain for Green): Soil erosion is easier to occur in areas
with steeper slopes, especially for cropland. Cropland with
slope greater than 25° were returned to woodland. At the
same time, unsuitable cropland with slope between 6° and
25° were transformed to grassland.

(4) ADWB_GFG (combined scenario of ADWB and GFG): Based
on AD scenario, cropland with slope greater than 25° were
returned to woodland; unsuitable cropland with slope be-
tween 6° and 25° were transformed to grassland. Moreover,
100m vegetative buffer strips were set.

2.5. Trade-off analysis among WRESs

The RMSE (root mean squared error) was used to quantify trade-

offs among WRESs at sub-watershed scale because of the effec-
tiveness and relative simplicity of this method (Bradford and
D’Amato, 2012). In order to eliminate unit differences among
WRESs, the value of each WRESs was standardized before calcu-
lating the RMSE. The RMSE is calculated as follows:

1 & —
RMSE = J — ; (WRES; — WRES) (6)

where WRES; is the standardized value of the i-th WRESs, and WRES
is the expected value of the i number of WRESs. The method of
standardization and RMSE are detailed in Supplementary
information.

3. Results
3.1. Land use change from 1980 to 2015 in the XJRB

The two primary land use types in the XJRB were cropland and
woodland, which accounted for over 85% of the total area during
past 35 years. Other land use types (grassland, water, built-up land
and bare land) took up only a small proportion of the XJRB (Fig. 2
and Table 1). During the period from 1980 to 2015, the propor-
tion of cropland decreased by 7.03% (1991.6 km?) from 1980 to 2000
and then increased significantly by 19.37% (5104.4 km?) from 2000
to 2015. Woodland kept decreasing during this period, which firstly
decreased by 5.77% (3550.59 km?) from 1980 to 2000 and then
decreased by 2.86% (1605.57 km?) from 2000 to 2015. Contrary to
the change of cropland, grassland increased greatly by 135.17%
(5209.93 km?) from 1980 to 2000, then decreased sharply by
67.27% (6097.69 km?) from 2000 to 2015. Built-up land increased
rapidly by 186.98% (2486.56 km?) while water area increased
gradually by 26.66% (323.76 km?) during the past 35 years. In
summary, the XJRB experienced the land use conversion from
woodland to cropland and built-up land, cropland to built-up land
and grassland to woodland.

3.2. Changes in WRESs and relationships based on past land-use
transformation

3.2.1. Changes in WRESs from 1980 to 2015

Changes in WRESs were drove by land use transformation in the
XJRB. Fig. 3 shows that the total amount and relative changes of
various WRESs from 1980 to 2015. With the decrease in evapo-
transpiration caused by the development of agriculture and ur-
banization, the total water yield increased gradually from
780.79 x 108 m> to 793.09 x 108 m? from 1980 to 2015. Although
the area of cropland decreased from 1980 to 2000, food production
increased by 37% as a result of the improvement of agricultural
production technology. And food production increased from
1572.97 x 10% t in 2010 to 1662.37 x 10% t in 2015 as the expansion
of cropland. Water purification was improved from 1980 to 2000
because of the decline in nitrogen export (—12.07%) and phos-
phorus export (—11.48%). However, from 2000 to 2015, the ability of
water purification declined significantly because nitrogen export
and phosphorus export increased by 22.56% and 25.85%, respec-
tively. The expansion of cropland and built-up land and shrinkage
of grassland and woodland were the main reasons for the decline of
water purification services. With the implementation of soil pro-
tection policies, sediment export decreased obviously by 9.05%
from 1980 to 2000 and 4.47% from 2000 to 2015, which indicated
that soil conservation was improved gradually. Overall, over the
past 35 years, WRESs have been enhanced in varying degrees
except water purification.
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Table 1

Proportions of land use types and the change in area from 1980 to 2015.
Land use types 1980 2000 2015

km? % km? % km? %

Cropland 28342.03 30.04 2635041 27.93 3145478 3334
Woodland 5958490 63.16 56144.31 59.51 54538.74 57.81
Grassland 3854.46 4.09 9064.39 9.61 2966.70 3.14
Water 1214.61 1.29 1322.84 1.40 1538.37 1.63
Built-up land 1329.81 141 1463.22 1.55 3816.36 4.05
Bare land 20.02 0.02 0.65 0 30.87 0.03

3.2.2. Effects of main land use transformation on WRESs

The transformation among three major land use types (crop-
land, woodland and grassland) and their impacts on WRESs are
analyzed (Table S3). Fig. 4 illustrates the direction of change in
WRESs caused by the conversion of these three land use types.
From 1980 to 2015, the total area of cropland, woodland and
grassland transformed into one another accounted for approxi-
mately 30% of the study area. When cropland was converted to
woodland and grassland, these changes largely decreased food
production. And nitrogen, phosphorus and sediment export expe-
rienced a significant decline under the conversion, which was the
sign of the enhancement of water purification and soil conserva-
tion. Although the conversion of cropland to woodland significantly
decreased water yield, the change in water yield was not obvious
when the transformation happened between cropland and grass-
land. The conversion of grassland to woodland resulted in the
decline of water yield because of the higher vegetation cover and
evapotranspiration in woodland. When grassland was transformed
to woodland, water purification and soil conservation enhanced as
a result of the substantial decline in nitrogen, phosphorus and
sediment export. Compared to grassland, woodland have better
capabilities in improving water quality and protecting soil.

3.2.3. Relationships between each pair of WRESs in 2015

Because the distributions of WRESs were not normal, Spear-
man’s correlation coefficients were used to describe the relation-
ships of pairs of WRESs at the grid level (Fig. 5). The result showed
that all WRESs were significantly correlated in 2015 (p < 0.05).
Sediment export had negative correlations with water yield (r < 0;

p < 0.01) and food production (r < 0; p < 0.05), which indicated soil
conservation had synergetic relationships with water yield and
food production. Also, water yield exhibited a synergetic relation-
ship with food production (r > 0; p < 0.01). However, nitrogen and
phosphorus export were highly positive with food production
(r > 0.5; p < 0.01), which meant an obvious trade-off relationship
between water purification and food production. In addition, ni-
trogen and phosphorus export were positively correlated with
water yield (r > 0; p < 0.01) and negatively correlated with sedi-
ment export (r < 0; p < 0.05), showing that water purification had
trade-offs relationships with water yield and soil conservation.

3.3. Comparison of WRESs and trade-offs based on alternative land-
use scenarios

3.3.1. Changes of WRESs

In order to detect the effect of different land-use development
patterns on WRESs in the XJRB, the changes of the total amount of
each WRESs (relative to 2015) were assessed under alternative
land-use scenarios (Table 2 and Fig. 6). Spatial changes of WRESs
were also mapped to analyze the spatial differences in WRESs
changes (Fig. 7).

Under AD scenario, the XJRB experienced the increase of
57.77 x 10% in food production and 1.67 x 108 m® in water yield
compared with the baseline scenario. However, nitrogen, phos-
phorous and sediment export increased by 3.89% (31.76 x 10%*kg),
4.25% (3.73 x 10%kg) and 4.97% (26.63 x 10%*t), respectively, which
indicated the decline of water purification and soil conservation. As
shown in Fig. 7, water yield and food production increased in
almost the entire XJRB, while the increase in the southwest and
northeast were higher than other areas. Differently, the spatial
changes of water purification and soil conservation were exact
opposite to those of water yield and food production, with rela-
tively high reduction in the southwest and northeast of the XJRB.

After adding an 100m-wide woodland buffer based on AD sce-
nario, water yield increased by 7.2 x 107 m> while food production
increased by 28.58 x 10% compared with the baseline scenario. In
addition, water purification was enhanced because nitrogen and
phosphorous export decreased by 3.98% (32.45 x 10*kg) and 4.41%
(3.87 x 10%kg) respectively, which represented the important role
of the vegetative buffer surrounding rivers in reducing the influx of
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Fig. 4. The impact of transformation between three major land use types on WRESs.
Blue WRESs ("+*) and red WRESs (’-*) represent the enhancement and reduction of the
WRESs, respectively. WY: water yield; FP: food production; WP (N): water purification
(nitrogen); WP (P): water purification (phosphorus); SC: soil conservation. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

nutrient into aquatic ecosystem. Due to the increasing risk of soil
loss, soil conservation was declined because sediment export
increased by 2.53% (13.57 x 10%). Under ADWB scenario, the
decline of water yield and food production mainly concentrated in
the north and central areas of the XJRB while the distribution of
areas with increased water yield and food production were similar
to the distribution under AD scenario (Fig. 7). Nitrogen and phos-
phorus export apparently decreased in most areas, only increased
in the southwest and a small part of the southeast. The decrease of
sediment export in some areas indicated that vegetative buffer not
only helped improve water quality but also performed well in
conserving soil.

Under GFG scenario, water yield decreased by 5 x 10’ m® as a
result of the increase of evapotranspiration. Also, food production
reduced by 4.21% (69.97 x 10%t) because of the loss in cropland. Due

0.[0 | 0.14 ) O.IB ) 0.]0 ) 0.[4 | 0.I8 )
% - = - b
0.21 0.36 095 -004 [ -
@ t P *x * i
=] 0.83 0.84 -0.36
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Fig. 5. Spearman’s correlations among WRESs in 2015 (*p < 0.05; **p < 0.01;
n = 3519). Red values and blue values represent positive and negative correlations,
respectively. WY: water yield; FP: food production; NE: nitrogen export; PE: phos-
phorus export; SE: sediment export. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

to the better nutrient retention capacities of woodland and grass-
land, nitrogen and phosphorous export decreased by 3.35%
(27.34 x 10%kg) and 3.35% (2.94 x 10%kg), respectively. And soil
conservation increased with the decrease of 5.89% (31.58 x 10%)in
sediment export. As illustrated in Fig. 7, under GFG scenario, water
yield and food production showed decreasing trends in all areas of
the XJRB. In particular, the decline of water was most obvious in the
south-central region while the area of largest decrease in food
production mainly distributed in the northwest and north of the
XJRB. On the contrary, water purification and soil conservation
were improved to varying degrees in the whole XJRB. Water puri-
fication increased most in the south region, while soil conservation
increased obviously in the mountainous southern, western, and
eastern parts of the basin.

With the comprehensive effect of agricultural development,
Grain-for-Green and woodland buffer, water yield increased by
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Table 2
Values of various WRESs under 2015 (the baseline) and alternative scenarios.

Alternative scenarios ~ Water yield (108m3/a)  Food production (10%/a)

Nitrogen export (10%kg/a)

Phosphorous export (10%kg/a) ~ Sediment export (10%t/a)

Baseline 793.09 1662.37 815.68 87.84 536.19
AD 794.76 1720.14 847.44 91.57 562.82
ADWB 793.81 1690.95 783.23 83.97 549.76
GFG 792.59 1592.40 788.34 84.90 504.61
ADWB_GFG 793.33 1621.87 759.04 81.39 519.35
Water yield Water yield Water yield Water yield
Soil ‘B Food Soil ‘N Food Soil ‘B! Food Soil ‘! Food
conservation [

conservation | production conservation production

Water Water

Water Water
purification (P) purification (N)  purification (P) purification (N)
AD scenario ADWB scenario

. |
conservation | N |

production production

—--... |

Water Water Water

Water
purification (P) purification (N)  purification (P) purification (N)
GFG scenario ADWB_GFG scenario

Fig. 6. Trade-offs between WRESs under alternative land-use scenarios. The lengths of the black bars represent various WRESs provision in 2015 (the baseline scenario) while the
lengths of the light blue petals represent the WRESs under different scenarios. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

2.4 x 10’ m® under ADWB_GFG scenario. Although food production
decreased by 2.44% (40.2 x 10%), there was a relatively small loss
compared with GFG scenario. In addition, water purification was
apparently enhanced because nitrogen and phosphorous export
reduced by 6.94% (56.64 x 10%kg) and 7.34% (6.45 x 10%kg),
respectively. Moreover, sediment export decreased by 3.14%
(16.84 x 10*), which indicated the improvement of soil conser-
vation. According to Fig. 7, water yield showed an increasing trend
in the southwest and northeast while the areas of decreased water
yield were mainly distributed in the north, central and south of the
basin. Although the distribution of food production changes was
similar to that of water yield, there were more areas of decreased
food production. Water purification in most areas was obviously
improved and the area with the most dramatic enhancement was
located in the north and the central of the XJRB. Although the in-
crease of sediment export appeared in small areas of the southwest
and southeast, sediment export declined in the most of the X]JRB,
especially in the south, which represented the great improvement
of soil conservation.

Overall, obvious trade-off could be found among provisioning
services and regulating services under AD and GFG scenario (Fig. 6).
Under ADWB scenario, soil conservation declined although other
three services increased. Water purification could be improved the
most under ADWB_GFG scenario. Moreover, water yield and soil
conservation increased with relatively small loss in food
production.

3.3.2. Changes of trade-offs

Based on the correlation analysis, trade-offs mainly existed be-
tween water purification and other WRESs. To further analyze the
changes of trade-offs under various land use scenarios, RMSE be-
tween water purification (WP) and other three WRESs (water yield
(WY), food production (FP) and soil conservation (SC)) were
calculated to quantify the trade-offs at sub-river basin scale (Fig. 8).
Compared with 2015, RMSE values between WY and WP decreased
in different degree under all scenarios; and most reduction could be

found under ADWB_GFG scenarios (Fig. 8a). RMSE values between
FP and WP were larger than those between other two services and
WP (Fig. 8b). Except for GFG scenario, RMSE values between FP and
WP decreased. Differently, RMSE values between SC and WP
decreased the most under AD scenario, following by ADWB and
ADWB_GFG scenarios (Fig. 8c). In summary, compared with 2015,
the changes of RMSE under different scenarios were comparatively
small at sub-river basin scale. Trade-offs between WY and WP and
between FP and WP decreased relatively more under ADWB_GFG
scenarios while trade-off between SC and WP decreased relatively
more under AD scenario.

4. Discussion
4.1. The quantifications of WRESs and trade-offs

WRESs affected by long-term land use change in the XJRB were
quantified in this study. Former studies on WRESs only focused on
three ecosystem services, including water yield, soil conservation
and water purification, which are related directly to hydrological
processes (Gao et al., 2017; Sahle et al., 2019). Food production,
linked indirectly with three ecosystem services mentioned above,
was taken into account in this study. During the past 35 years, four
WRESs in the XJRB were increased except water purification. In
particular, the improvement of soil conservation in this study
revealed the great effect of China’s Grain-for-Green Program on
improving regulating services and local ecology quality, which was
consistent with Peng et al. (2019). With average climate parameters
(1980—2015) as input data, the slight change was found in water
yield. This result demonstrates that climate factors (precipitation
and potential reference evapotranspiration) have the greater
impact on water yield than land use change, which is similar to
existing studies (Bai et al., 2019; Yang, D. et al., 2019). Although
cropland decreased from 1980 to 2000, food production showed an
increasing trend because the impact of cropland losses had been
compensated by the innovations in agricultural production
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technology. Agriculture and urban industry were two major con- different land use types would cause trade-offs among WRESs,
tributors of nutrients in the XJRB, the expansion of cropland and which should be considered carefully in regional land use man-
urbanization resulted in the deterioration of water quality from agement. In accordance with Fu et al. (2017), the conversion of
2000 to 2015. Moreover, our study revealed the conversion of cropland to ecological land (woodland and grassland) led to the
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improvement of soil conservation and water quality although food
production decreased. Therefore, for areas with adequate food
production, increasing the area of ecological land reasonably will
promote the protection of regulating services.

Our study also analyzed the relationships among various WRESs
based on correlation analyses. Synergy occurred between food
production and water yield. Trade-off existed between soil con-
servation and water purification, while the same relationship was
found between food production and water purification. These are
consistent with the research in Erhai Lake Basin, whose water
quality is also polluted by agricultural planting (Hu et al., 2018).
However, our results revealed the synergetic relationship between
food production and soil conservation in the XJRB, which was
different from the past research in Beijing-Tianjin-Hebei Metro-
politan Area (Yang, Y. et al., 2019). This was due to the fact that soil
erosion in the basin mainly occurred in woodland areas with higher
slope where food production was low. In addition, Hou et al. (2018)
and Hu et al. (2018) found a synergetic relationship between water
yield and water purification, while the relationship is trade-off in
our study. The spatial distribution of precipitation and evaporation
varies from region to region, which leads to different spatial pattern
of water yield. Our research suggests that the relationships among
ecosystem services in different regions are not exactly the same,
this difference should be taken into account in future land-use
management. The primary concern of policy makers should be
how to reduce trade-offs between water purification and other

services in the XJRB.

4.2. Implications of land use scenarios for management practices

In the past 35 years, although most WRESs showed a benign
trend under land use change in the XJRB, the deterioration of water
quality had intensified as a result of the rapid development of
agriculture and urbanization. Local policy makers will face great
challenge on water conservation management in the context of
future economic development. Blindly reclaiming cropland to in-
crease agricultural production fails to maintain the provision of
other ecosystem services. The suitability evaluation of agricultural
development in our study, which comprehensively considered the
characteristics of local geographical factors, can be used to identify
which areas are most suitable or unsuitable for agricultural pro-
duction (Chen et al., 2010). Although various national ecological
projects (i.e. the Grain-for-Green Program and Soil and Water
Conservation) have been implemented since the 20th century,
policy makers are anxious about whether the implementation of
these projects have created win-wins for all ecosystem services. In
order to help decision makers to deal with the uncertainties of the
future, our study set four alternative future land use scenarios to
analyze the effects of different regional development policies on
WRESs and explore an optimal scenario that could lead to more
balanced WRESs. From our scenario analysis, we showed that the
implementation of various polices in the XJRB will lead to different
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change direction and rates of WRESs in the region. The spatial
pattern changes of WRESs under various scenarios can provide an
important reference for decision-makers to identify which areas
are more sensitive to relevant polices. Increasing food production
by agricultural land expansion was not a reasonable approach as it
would lead to the degradation of soil conservation and water pu-
rification. The development of integrated soil—crop systems man-
agement and application of high-yielding crop breeds can provide
more scientific and sustainable way to improve food supply (Fan
et al., 2012; Jiang et al., 2016). The implementation of GFG will
contribute to obvious enhancement of regulating services, espe-
cially for soil conservation. But at the same time, the increasing
vegetation coverage will decrease the area of cropland and promote
the regional evapotranspiration. Thus, the potential ecological-
economic risks (i.e. regional food and water scarcity) under this
land management scenario should not be ignored by policy makers
(Jia et al., 2014). The great improvement of water quality and soil
conservation under ADWB and ADWB_GFG scenario support the
conclusion that the restoration of riparian vegetation plays an
essential role in soil and water quality conservation (Zheng et al.,
2016). The Beijing Government has invested $2.7 billion in the
Yongdinghe River Ecological Corridor project to restore riparian
zones (Wong et al., 2015). Our results suggest that similar ecological
projects should be considered by local policy makers in the XJRB as
their good performance on reducing soil loss and water pollution.
Under ADWD_GFG scenario, implementing ecological projects
under the situation of agricultural development can not only
generate significant ecological benefits but also mitigate the
negative impact of the decline of food production. According to the
quantitative analysis of trade-offs, ADWD_GFG scenario shows the
decreasing trends of trade-offs between water purification and
other WRESs despite the smallness in extent. Therefore,
ADWD_GFG scenario could be chosen as the optimal scenario
because land use development pattern under this scenario can help
policy-makers to achieve relative balance WRESs and a win-win
situation between regional development and ecological protection.

4.3. Limitations and future research direction

There are several limitations in this study. Firstly, our study only
analyzed the effects of land use change on WRESs. Climate change,
as another essential factor influencing the WRESs provision and
trade-off among WRESs, is not reflected in this study. In the future,
it is necessary to identify which factor has a greater impact on the
trade-offs among WRESs. The comprehensive consideration of
climate and land use change will establish a more complete WRESs
evaluation system for water conservation management. The setting
of land use scenarios is based on regional development character-
istics. However, the XJRB is a complex human-water system, and
land use conversion is affected by multiple anthropogenic factors
such as the costs of land transformation, local ecological network
and the demands of different interest groups (Liang et al., 2018).
Future studies should incorporate optimization algorithms such as
Modern Portfolio Theory into the establishment of land use sce-
narios, which will greatly improve the rationality of scenarios
setting (Hua et al., 2015). Secondly, the limitations of INVEST model
may affect the accuracy of the quantification results. For example,
water yield model may not fully consider the complex land use
patterns that may lead to complex water balances; and water pu-
rification model assume that once nutrient reaches the stream it
impacts water quality at the watershed outlet, which ignore the
biochemical processes of nutrients in the stream (Sharp, 2018).
Further studies need to integrate multiple models such as Soil and
Water Assessment Tool (SWAT) model to get more accurate results.
Thirdly, although four primary WRESs in the XJRB were evaluated

in our study, flood mitigation is not included because of the lack of
available data and the limitation of model. The XJRB, as a flood-
prone area, experienced several massive floods since 1860 (Zhang
et al., 2020). Flood mitigation service in the XJRB plays an essen-
tial role in ecological and socio-economic security in the Yangtze
River Basin. Thus, it is necessary to quantify flood mitigation and
explore the trade-offs between flood mitigation and other WRESs
despite the great challenge of in-depth research of evaluation
method (Cheng et al., 2019).

5. Conclusions

In this study, we analyze the changes of four primary WRESs and
trade-offs among WRESs based on past land use change
(1980—2015) in the X]JRB. During the past 35 years, the area of
cropland and built-up land increased while woodland and grass-
land decreased, these changes are particularly apparent from 2000
to 2015. Dramatic transformations in land-use have resulted in an
overall upward trend of water yield, food production and soil
conservation except water purification. Water quality deterioration
was a result of the rapid expansion of agriculture and urbanization.
The correlation analysis showed that trade-offs existed not only
between regulating (water purification) and provisioning services
(water yield and food production), but also between regulating
services (water purification and soil conservation). Scenario anal-
ysis was applied to explore the uncertainties of future develop-
ment. The results revealed that the pursuit of agricultural
production alone or ecology alone would lead to unbalanced
WRESs. Among four alternative scenarios, ADWB_GFG scenario is
selected as the optimal scenario in this study because the
improvement in water yield, water purification, soil conservation
and relatively small negative impact on food production. Mean-
while, trade-offs between water purification and other services
decreased most under ADWB_GFG scenario.

Despite the limitations in our research, we provide an integrated
WRESs trade-offs assessment framework for policy makers to
clarify how WRESs are impacted by land use change and optimal
WRESs management based on the effects of different alternative
scenarios on WRESs. Local governments will be better informed to
deal with the uncertainties of future development. This assessment
framework can be used to provide valuable reference information
for other agricultural watersheds. Through reasonable land use
management, the negative impacts of economic development will
be mitigated and the achievement of Sustainable Development
Goals will be promoted in the future.
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