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Beijing, China

ABSTRACT
Based on the data of meteorological, soil, and land use/land cover
(LULC), the InVEST model was used to evaluate the water yield
service in the middle and upper Ganjiang River region, which is
an important ecological function area in the hilly region of South
China. This study discusses the value of parameter Z, the impact
of climate and LULC change on water yield service, and comple-
ments related studies in the monsoon hilly watershed in South
China with obvious precipitation change, which is helpful to
understand the ecosystem water service functions in this region.
The results show that the water yield was closest to the statistical
data of total water resources when the parameter Z value of
1.555. The overall distribution of water yield in the MU-GJR was
high in the northeast (middle reaches) and low in the southwest
(upper reaches), with minimum of 111.8–315.2mm/a and max-
imum of 1679.1–2128.4mm/a from 1980 to 2018. The northeast
was a high importance region where high water yield values
were clustered, and the southwest was a low importance region
where low water yield values were clustered. Water yield was
highest in living space and lowest in ecological space. The rela-
tionship between land development and water yield service
should be coordinated. Climate change had a more significant
impact on water yield service than land use change. The results
of this study are consistent with the actual situation and help to
investigate and identify important areas of water resources in the
monsoonal humid zone.
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1. Introduction

Ecosystem service refers to the essential environmental conditions and utility pro-
vided by the ecosystem for the maintenance of human survival and development,
which are also the benefits that humans receive directly or indirectly from ecosystems
(Fisher and Turner 2008; Bennett et al. 2009; Daily 2013). Water yield is an import-
ant element of ecosystem services, reflecting the amount of water resources a region
can provide to humans under resource background conditions. China has only 6% of
the world’s freshwater resources (Bao and Fang 2012), faces with high per capita
shortage, and are characterized with abundance in the south and relative scarcity in
the north. China has large population. The increasing conflict between people and
the environment along with quick urbanization and economic development have
made China become one of the major resource consuming countries (Hubacek et al.
2009). Even in the South China, where precipitation is abundant, there are also prob-
lems such as ecological protection in mountainous hilly areas, the uneven spatial and
temporal distribution of water resources and the contradiction of social needs.
Therefore, it is of great value to carry out water yield service assessment and identify
the importance differences for coordinating the production-living-ecological spaces
layout and ecosystem services.

The InVEST is always used to assess ecosystem services, which is expressed in
maps. The spatialization of the output results makes it easy to identify the important
areas of ecosystem services. The model has also been widely used for habitat quality
and risk assessment (Choudhary et al. 2021), carbon storage and sequestration
(Babbar et al. 2021), water yield (Belete et al. 2020; Natalia et al. 2020;
Shirmohammadi et al. 2020; Daneshi et al. 2021; Wamucii et al. 2021; Bejagam et al.
2022), soil erosion and conservation (Gao et al. 2020; Kulimushi et al. 2021; Yang
et al. 2021), and others ecosystem service researches (Ronchi et al. 2020; Sridharan
et al. 2020).

The water yield service function of InVEST model simulates the spatial distribu-
tion of water yield service at grid scale based on the water balance method. The high
vegetation cover and the undulating topography of South China allow the InVEST
model to better reflect the water yield service in its natural environment. There are
abundant precipitation and water resources, and thus some studies have been con-
ducted in this region. In the southwest mountainous area, the land surface fluctuates
violently and the soil and water loss is heavy. The ecological restoration project in
this region has an insignificant benefit on water yield, both increase in soil erosion
and water yield, and climate change contributes 73.06% to water yield (Dai et al.
2020). From 2000 to 2019, the water yield in the Danjiang River Basin in the south-
eastern part of the Qinling Mountains shows a decreasing trend, where it is an
important water source for South-to-North Water Diversion Project and needs to be
designated as a soil and water conservation important areas (Li et al. 2021). The
Xiangjiang River Basin is a typical East Asian monsoon region, where precipitation
was the most sensitive factor affecting water yield, followed by evapo-transpiration
and Zhang coefficient (Yang et al. 2019). Rapidly urbanizing Shenzhen had an unbal-
anced spatial distribution of water supply and demand, where land use adjustment
affects water yield (Chen et al. 2020). These studies provide some references for
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ecosystem water yield service in South China. We believe that there are the following
perspectives that can be further considered. (1) Uncertainty of parameter Z value. (2)
The existing research examples are relatively few and distributed in different water-
sheds. More research results are necessary for further understanding the ecosystem
water yield service in South China. (3) The existing research does not consider the
maintenance of ecosystem services and the rational development of land resources.

It is necessary to investigate the water yield service in the southern hilly region in
China, where the monsoon climate changes greatly, the terrain does not easy to store
water resources, and increased land use/land cover (LULC) in recent years may lead
to irreversible degradation of ecosystem services. This study takes a case study in the
middle and upper Ganjiang River basin, which is an important ecological reserve and
water-conserving functional area in South China. The mineral exploitation, deforest-
ation and urbanization carried out by local residents have threatened the ecological
security. Therefore, we use the InVEST model to analyze the water yield service, in
order to clarify the current situation of water yield service change in this region, the
impact of climate and LULC change on water yield service, and put forward some
suggestions on the use of land resources. We hope this will contribute to the main-
tenance of ecosystem services and the rational development and utilization of
land resources.

2. Materials and methods

2.1. Study area

Ganjiang River is one of the eight major tributaries of the Yangtze River (Changjiang
River). The middle and upper reaches of Ganjiang River (MU-GJR)
(113�540–116�380E, 24�290–27�570N) are located in the south of Jiangxi Province
which belongs to Southeastern Hills of China (Figure 1). The topography is lower in
the north-central and higher around, dominated by mountains, hills, and basins, and
it’s surrounded by the Luoxiao Mountains in the west, the Nanling Mountains in the
southwest and the Wuyi Mountains in the east (Figure 1b) (Wang et al. 2021). Its cli-
mate is warm and humid with abundant precipitation which is mainly concentrated
in spring and summer (Figure 1c) (Wang et al. 2021). The average annual precipita-
tion is about 1400–2400mm and an average annual temperature is 14–23 �C (Wang
et al. 2020). The MU-GJR is rich in water resources but highly variable, with total
water resources of 348.23–907.9� 108m3 (mean 593.7� 108m3) from 2010 to 2020
(Figure 1d). The forest coverage reaches over 60%, with rich biological resources and
high ecological value. The study area mainly belongs to the middle and upper reaches
of Ganjiang River basin, and the southeast part belongs to the Dongjiang River basin
(tributary of Pearl River) (Wang et al. 2021), which is an important ecological zone
for soil and water conservation in China. The land use survey shows that forest land
and cultivated are the main type, and land use dynamic degree of buildup land is
larger (G Liu et al. 2021).
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2.2. Research framework and data sources

Based on the InVEST model, this study evaluates the spatial-temporal characteristics
of water yield services in the monsoon hilly watershed in South China, and explores
the impact of climate and LULC change on water yield services (Figure 2). (1)
Identify the study objective as MU-GJR water yield service assessment; (2) prepare
data according to the InVEST model (Table 1); (3) debug the parameters of the
assessment model, obtain results, and analyze the spatial-temporal characteristics of
water yield service with climate and LULC change scenarios; and (4) discuss the
parameters, compare the results, and put forward recommendations.

Figure 1. Study area. (a) Location of the middle and upper reaches of Ganjiang River basin (MU-
GJR), where EASM, EAWM and SASM represent East Asian Summer Monsoon, East Asian Winter
Monsoon and South Asian Summer Monsoon, respectively (Wang et al. 2021); (b) elevation and
river system of MU-GJR, which is defined as the regions of Ganzhou and Ji’an City (G Liu et al.
2021), LXM, NLM and WYM represent Luoxiao Mountains, Nanling Mountains and Wuyi Mountains
respectively; (c) monthly precipitation and evaporation (2000–2019) and monthly average tempera-
ture (2010–2019) at Ganzhou Meteorological Station (from http://data.cma.cn); (d) total water
resources volume from 2010 to 2020.
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There are five types of data, including watershed boundaries, meteorological data,
soil data, LULC data, and total water resources data (Table 1). The watershed boundary
includes Ganzhou City and Ji’an City (Figure 1b). Meteorological data include average
annual precipitation from 2010–2020, annual precipitation in 1980, 2000, 2010, and
2018, average annual potential evapotranspiration from 1981–2015, and daily precipita-
tion from 1961–2016. Soil properties, including content of sand, slit, clay, organic mat-
ter. LULC in 1980, 2000, 2010 and 2018 were classified as production-living-ecological
spaces. Total water resources, including total water resources volume (it divides by area
to get the water resources depth) and runoff depth. All data were unified into the pro-
jection coordinate system of Asia_Lambert_Conformal_Conic. ArcGIS10.2 was used for
data pre-processing, and mapping exporting results from the InVEST model.

2.3. Water yield service assessment of InVEST model

The water yield assessment in InVEST (Integrated Valuation of Ecosystem Services
and Tradeoffs) model is based on the water balance method, and comprehensively
considers the effects of soil texture, soil structure, precipitation characteristics, solar
radiation evaporation, surface transpiration, land use types, topography, water resour-
ces confluence, etc., which is calculated by the following equations (Terrado et al.
2014; Sharp et al. 2020):

Figure 2. Research framework for water yield service based on InVEST model in MU-GJR.

Table 1. Data sources of water yield service assessment.
Data Sources

Regional boundary Resource and Environmental Science Data Center (http://www.resdc.cn/)
Meteorological data (txt, 1961–2020) China Meteorological Data Service Centre (http://data.cma.cn/)
Soil property (raster, mdb) Harmonized World Soil Database (http://www.fao.org/)
LULC (1km, 1980, 2000, 2010, 2018) National Earth System Science Data Center (http://www.geodata.cn/)
Total water resources (2010–2020) Jiangxi Water Resources Bulletin
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Yxj ¼ 1� AETxj

Px

� �
� Px (1)

AETxj

Px
¼ 1þ xxRxj

1þ xxRxj þ 1=Rxj
(2)

xx ¼ Z � AWCx

Px
þ 1:25 (3)

Rxj ¼ k� ET0

Px
(4)

AWCx ¼ Min RLDx,RDxð Þ � PAWCx (5)

PAWCx ¼ 54:509� 0:132� Sand � 0:03� Sand2 � 0:55� Silt � 0:006� Silt2 � 0:738

� Clayþ 0:007� Clay2 � 2:688� C þ 0:501� C2

(6)

In Eq. (1), Yxj is the average annual water yield (mm/a) of the jth land use in ras-
ter cell x; AETxj is the actual annual evapo-transpiration (mm/a) of the jth land use;
Px is average annual precipitation (mm/a). AETxj/Px is based on the Budyko curve
(Zhang et al. 2004), calculated from Eq. (2). xx is a non-physical parameter of natural
climate-soil properties, calculated from Eq. (3). Z (Zhang) is an empirical coefficient,
which can represent the regional precipitation distribution and hydrogeological char-
acteristics (Zhang et al. 2004); in this study, the simulation results were compared
with the statistical data of average total water resources from 2010 to 2020 to cali-
brate the Z parameter. AWCx is the effective soil water content (mm), determined by
soil texture and effective soil depth when the model requires the proportional param-
eter (plant available water fraction), calculated from Eq. (5); 1.25 is the xx base par-
ameter, which is the ratio of annual water demand to annual precipitation for
vegetation in bare ground (root depth of 0) (Donohue et al. 2012). In Eq. (4), Rxj is
the dryness index of the jth land use type, which is the ratio of evapo-transpiration
to precipitation; ET0 is the potential evapo-transpiration (mm/a); k is the evapo-tran-
spiration coefficient, which is obtained from the vegetation leaf area index and can
also be determined by the vegetation nature of LULC (Allen et al. 1998). In Eq. (5),
RLDx and RDx are restricted layer depth and root depth respectively. In Eq. (6),
PWACx is plant available water fraction; Sand, Silt, Clay and C are the content of soil
sand, silt, clay and organic carbon, respectively.

2.4. Production-living-ecological spaces

Water yield service has obvious spatial heterogeneity. Analyzing the differences of
water yield service under different land cover types is helpful to optimize ecosystem
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services. In this study, land use was divided into production-living-ecological (PLE)
spaces according to the difference of land use functions (Table 2) (Lv et al. 2013; Shi
et al. 2018). The classification comprehensively considers the spatial multi-function of
land, the centrality of ecological functions and the classification principle of the main
functions, which is an important basis for sustainable development (Lv et al. 2013;
Shi et al. 2018). Compared with LULC, PLE space can better reflect the distribution
of human development and utilization of land resources. The water yield difference
of different PLE space types was used as a reference for the optimal development of
land resources. And PLE space change was used to analyze the impact of human
activities on water yield.

2.5. High/low clustering

The High/Low Clustering (Getis-Ord Gi) is an inferential statistic which is used to
analyze the clustering characteristics of elements in space (Mitchell, A., 2005) and
similar to Moran’s I (Guo et al., 2021). On the premise of passing the significance
test, it is usually described by Z-score. If the z-score value is positive, indicating that
high values (hot spots) for the attribute are clustered in the study area. Contrary if
the z-score value is negative, indicating that low values (cold spots) are clustered. In
this study ArcGIS10.2 was used to analyze the spatial characteristics of High/Low
Clustering of water yield service, hot spots represent high water yield clusters, cold
spots represent low water yield clusters.

2.6. Climate and LULC change scenarios

Climate and LULC change are important factors affecting water yield service
(Daneshi et al. 2021; Wei et al. 2021). In the InVEST model, precipitation and actual
evapotranspiration significantly influence water yield service under the water balance
method, which in turn is influenced by LULC variability. To investigate the differen-
ces in the response of water yield service to climate and LULC changes, two scenarios
were set up in this study (Table 3). Scenario 1 is climate change. The LULC in 2018
remains unchanged, and the precipitation in 1980, 2000, 2010 and 2018 are input

Table 2. Corresponding system of production-living-ecological (PLE) space type and land
use type.

PLE space types

Land use typesFirst class Secondary class

Production space Agriculture (code 11) Paddy field, dry land
(code 1) Industry and mining (code 12) Other construction land
Living space Cities and towns (code 21) Urban land
(code 2) Countryside (code 22) Rural residential area
Ecological space Forestland (code 31) Forest, shrubland, sparse forest, other forest
(code 3) Grassland (code 32) High coverage, medium coverage and low

coverage grassland
Water (code 33) Rivers and canals, lakes, reservoirs and ponds,

permanent Glacial Snow, shoal, beach land
Others (code 34) Sandy land, Gobi, saline alkali land, swamp land,

bare land, bare rock land and other
unused land
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successively. Scenario 2 is LULC change. The precipitation in 2018 remains
unchanged, and LULC in 1980, 2000, 2010 and 2018 are input in proper sequence.
The statistics of water yield service in 1980, 2000, 2010, and 2018, and the water yield
service changes in 1980–2000, 2000–2010, and 2010–2018 to explore the differences
of water services in the two scenarios.

3. Results

3.1. Input data of InVEST model for water yield service

3.1.1. Precipitation and potential evapotranspiration
There are two types of precipitation data. The first was the average annual precipita-
tion from 2010 to 2020 (Figure 3a), which coincides with the statistics time of the
total water resources. This was to facilitate the debugging of model parameters. The
second type was the annual precipitation in 1980, 2000, 2010, and 2018 (Figure
3b–e). The lowest annual precipitation was 1446.7–1614.9mm and the highest was
1939.7–2399.6mm, and the spatial distribution of precipitation was highly variable
(Figure 3a–e). The annual potential evaporation was the average value from 1980 to
2015, 1033.5–1128.2mm, which represents a relatively stable annual potential evapor-
ation characteristic of the region.

3.1.2. Root restriction depth and plant available water fraction
The root restriction depth was determined based on LULC. The range of root restric-
tion depth was 1–3500 cm, larger in the woodland distribution area, covering more
areas of MU-GJR; the smaller root restriction depth was in the urban and water dis-
tribution area, with block and strip distribution (Figure 4a). The PAWC was
0.114–0.277 (Figure 4b), reflecting the proportion of soil water content that could be
used by crops, and its distribution characteristics were related to soil properties.

3.1.3. LULC (PLE space) and watersheds
The PLE space was obtained by reclassification according to LULC. The agricultural
production space was mainly distributed in the flat area in the middle and lower
reaches of the river, with an area of about 1.4� 104 km2 (20.78% of the four-year
average proportion); and the forestland ecological space was distributed in most areas,
especially in the hilly area in the west, south and east, with an area of about
4.7� 104 km2 (70.49% of the four-year average proportion); and the area of other
spaces was relatively small (Figure 5). The watershed was based on the region of
Ganzhou and Ji’an City, and no sub-basin was used.

Table 3. Water yield service under climate and LULC change scenarios.
Scenario Stable Changes

Scenario 1: climate change LULC in 2018 Precipitation in 1980, 2000, 2010
and 2018

Scenario 2: LULC change Precipitation in 2018 LULC in 1980, 2000, 2010 and 2018;
root restriction depth in 1980,
2000, 2010 and 2018 (based
on LULC)
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3.1.4. Biophysical table and Z parameter
According to relevant studies in the adjacent region, the root restriction depth was large
for forest and grassland (reach 2400–3500mm), moderate depth for agricultural land
(about 2000mm), and shallow depth for built-up land, water bodies and unused land
(less than 10mm) (Xu et al. 2016; Yang et al. 2019) (Table 4).The Kc value reflects the
plant evapotranspiration coefficient for each land use type, and it ranging from 0 to 1.5.
Refer to values taken from adjacent region of the same vegetation type (Xu et al. 2016;
Yang et al. 2019) (Table 4). Vegetation cover was indicated by 1 and 0 for the presence
or absence of vegetation cover, respectively, with agricultural production space, forest-
land and grassland ecological space having vegetation cover (taking the value 1) and
other spaces set to no vegetation cover (taking the value 0).

Figure 3. Precipitation and potential evapotranspiration for InVEST model. (a) Average annual pre-
cipitation from 2010 to 2020; (b)–(e) annual precipitation from 1980 to 2010; (f) average annual
potential evapotranspiration from 1980 to 2015.
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The statistics of the Water Resources Bulletin of Jiangxi Province in 2010–2020
showed that the water resources depth in the study area (Ganzhou and Ji’an City)
was 927.99mm (Figure 6a), which was used as a reference for debugging the Z value
of the water yield service assessment of the InVEST model. The relationship between
Z-value and water production was obtained by input data into the InVEST model,
which data was the average annual precipitation from 2010–2020 and the LULC for
the three years 2010, 2015 and 2018, respectively. This relationship showed that there
was a difference in taking values of Z, and when Z takes a value of 1.555 in the curve
of its mean, the water yield depth (928.72mm) was closer to the statistical informa-
tion (927.99 mm) (Figure 6b).

3.2. Water yield service assessment results

3.2.1. Actual evapotranspiration and evapotranspiration precipitation ratio
Actual evapotranspiration was 105.1–1353.1mm/a (Figure 7a). It was highest near riv-
ers and was distributed in a dotted line, while evapotranspiration was also relatively
high in forested areas where surface water resources are abundant and can supply
sufficient evaporation; actual evapotranspiration is lowest in urban areas, where
impervious surfaces are widespread and surface water retention is low, limiting actual
evapotranspiration (Figure 7a). The higher values (0.81–0.92) of evapotranspiration
precipitation ratios also occur near rivers and the lower values (0.05–0.06) occur in
urban areas, both with a scattered distribution (Figure 7b–e). The spatial distribution
of actual evapotranspiration and evapotranspiration precipitation ratios was closely
related to land cover conditions, especially manifested in urban living spaces, where
actual evapotranspiration and evapotranspiration precipitation ratios were low. Since
the great modification of the surface environment in such areas was irreversible, we
should consider the ecological effects of land development on the water environment.

Figure 4. Root restriction depth in 2018 and plant available water fraction (PAWC).
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3.2.2. Water yield service assessment results from 1980 to 2018
The overall distribution of water yield in the MU-GJR was high in the northeast
(middle reaches) and low in the southwest (upper reaches), with minimum of
111.8–315.2mm/a and maximum of 1679.1–2128.4mm/a from 1980 to 2018(Figure

Figure 5. Production-living-ecological spaces based on land use from 1980 to 2018. (a)–(d)
Distribution of PLE spaces; (e) area of PLE spaces.

Table 4. Biophysical table for water yield service assessment.
Code Describe Root depth (mm) Kc Vegetation

11 Agriculture 2000 0.9 1
12 Industry and mining 10 0.15 0
21 Cities and towns 1 0.1 0
22 Countryside 500 0.3 0
31 Forestland 3500 1 1
32 Grassland 2400 0.75 1
33 Water 1 1.2 0
34 Others 1 0.2 0
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8a–d). There was no significant spatial differentiation in 1980, 2000 and 2018 (Figure
8a, 8b, and 8d), and relatively high in the north and northeast with large spatial dif-
ferences in 2010 (Figure 8c). Annual water yield was 1236.3, 1174.2, 1373 and 1091.9
respectively, which decreased from 1980–2000 and from 2010–2018, and increased
from 2000–2010 with increased differences in minimum and maximum values
(Figure 8e).

The variation in water yield was relatively significant, with decreased of
428.7–1704.5mm and increased of 1028–1194.5mm (Figure 8f–i). In 1980–2000, the
central mountainous area of the water yield decreased significantly and the periphery
was an increase (Figure 8f); in 2000–2010, the southern of the water yield decreased
and the northern was increased (Figure 8g); and in 2010–2018, there was a decreased
in north, and an increase in most region of the south (Figure 8h). The overall spatial
variation in water yield from 1980 to 2018 was significant, with the largest increase
from 2000–2010, and the largest decrease from 2010–2018 (Figure 8i).

3.2.3. Clustering characteristics and importance of water yield service
The water yield service in the MU-GJR from 1980–2018 shows obvious aggregation
characteristics (Figure 9a–d). Hot spots are concentration areas of high water yield,
cold spots are concentration areas of low water yield, and without obvious aggrega-
tion are transition areas between high and low water yield. In 1980, hot and cold
spots in the northeast and west, respectively (Figure 9a); in 2000, the cold spots were
distributed in irregular concentric polygon with the central part as the center, and
the northwest and southeast were hot spots (Figure 9b); in 2010, the aggregation fea-
ture was most obvious, with cold spots distributed in a semicircle centered in the
southwest and hot spots distributed in the north (Figure 9c); and in 2018, cold spots
in the central part and hot spots in the east and south (Figure 9d). Using the natural
breaks classification, the importance of water yield service in the study area in

Figure 6. Total water resources and Z value. (a) Total water resources from 2010 to 2020, which is
based on total water resources volume divided by area and is also equal to the runoff depth; (b)
relationship between Z value and annual water yield of InVEST model, which parameters for pre-
cipitation and average total water resources based on average values from 2010 to 2020, and PLE
space in 2010, 2015 and 2018, respectively.

GEOMATICS, NATURAL HAZARDS AND RISK 2035



average annual water yield from 1980 to 2018 was classified into 5 categories (Figure
9e). The north and northeast were extreme importance region, with a gradual transi-
tion to generally importance toward the southwest. This can be used as a reference
for the conservation of ecosystem water yield service.

3.2.4. Water yield service difference in PLE space
There were differences in the water yield of different PLE space types, with the high-
est mean value of water yield in living space (1494.1mm/a), followed by production
space (1335.6mm/a) and the lowest in ecological space (1022.9mm/a) (Figure 10a).
In 1980–2018, the average proportion of water yield in the three PLE space types
were 27.4%, 30.7% and 42%, respectively (Figure 10b–e). Specifically, the water yield
of industrial and mining production space (1405.9–1620.9mm/a, 14.8%–16.1%), cities

Figure 7. Actual evapotranspiration and evapotranspiration precipitation ratio. (a) Average annual
actual evapotranspiration from 1980 to 2018; (b)–(e) evapotranspiration precipitation ratio from
1980 to 2018.
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Figure 8. Water yield service results based on InVEST model. (a)–(d) Annual water yield distribution from
1980 to 2018; (e) water yield statistics, where the bars indicate the mean water yield and the line segments
indicate the water yield range in study area; (f)–(h) changes distribution of water yield in 1980–2000,
2000–2010 and 2010–2018, respectively; (i) water yield change statistics, where the bars indicate the mean
water yield change and the line segments indicate the water yield change range.
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and towns living space (1469.9–1720.3mm/a, 15.7%–16.8%), countryside living space
(1252.8–1601.7mm/a, 14.1%–14.6%) and other ecological space (1342.4–1750.3mm/a,
15.4%–15.9%) was higher, which may be due to the low evapotranspiration in these
areas with less vegetation and weaker ability to trap precipitation. In contrast, agricul-
tural production space (1029.1–1314.2mm/a, 11.8%–12%), forestland ecological space
(908.5–1110.4mm.a, 10.1%–10.4%), grassland ecological space (1078.2–1296.2mm/a,
11.8%–12.3%) and the water bodies ecological space (248.4–570.2mm/a, 2.8%–5.2%)
have higher soil water content and high evapotranspiration capacity, and thus lower
surface water yield.

3.3. Water yield service change under climate and PLE spaces change scenarios

3.3.1. Climate change scenario
Under the 2018 PLE space conditions, the climate change scenario resulted in water
yield of 1231.4mm/a, 1172mm/a, 1338mm/a and 1091.9mm/a from 1980 to 2018,

Figure 9. Clustering characteristics and importance of water yield service from 1980 to 2018.
(a)–(d) Clustering characteristics; (e) importance of water yield service, which is the average annual
water yield from 1980 to 2018, and classified by natural breaks.
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respectively (Figure 11a). Average water yield was 1333mm/a, 1480.2mm/a and
1010mm/a in production space, living space, ecological space lands, respectively
(Figure 11a). The water yield decreased 12.7–79.3mm from 1980–2000 and
174.9–335.8mm from 2010–2018, and increased 108.4–243.5mm from 2000–2010
(Figure 11b). The change characteristics of water yield were consistent with those of
precipitation (Figure 3b–d).

3.3.2. PLE spaces change scenario
Under the 2018 climatic conditions, the PLE space change scenario resulted in water
yield of 1100.9mm/a, 1099.1mm/a, 1099.1mm/a and 1091.9mm/a from 1980 to 2018,
respectively (Figure 12a). Average water yield were 1226.1mm/a, 1362.9mm/a and
900mm/a in production space, living space, ecological space lands, respectively (Figure

Figure 10. Difference of water yield service in PLE space. (a) Changes of water yield, and (b) pro-
portion of water yield of PLE spaces from 1980 to 2018.
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Figure 11. Water yield changes under climate changes scenario in 2018 PLE space. (a) Water yield
statistics of different PLE space; (b) water yield changes of different PLE space.

Figure 12. Water yield changes under PLE space changes scenario in 2018 climate. (a) Water yield
statistics of different PLE space; (b) water yield changes of different PLE space.
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12a). The water yield change �19.7–6mm from 1980–2000, �12.2–0.1mm from
2000–2010, and �22.1–0.9mm from 2010–2018, respectively (Figure 12b).

4. Discussion

4.1. Value of parameter Z

Z value is a parameter characterizing precipitation characteristics. For areas with
similar water resources, more precipitation gives higher Z value (Zhang et al. 2004).
This study debugged the Z value based on statistical data of total water resources,
and obtained 1.555 for Z value (Figure 6b). And the results were similar to the water
yield and distribution characteristics shown by the ecosystem service assessment in
the entire Ganjiang River Basin (Wang et al. 2016), which indicated reliable results.
For the same subtropical monsoon region, Z values were 2.32 and 7 in southern and
central Hunan Province (located in west of the study area), respectively (Xu et al.
2016; Yang et al. 2019), and 4 and 11.5285 in southern and whole Fujian Province
(located in the east of the study area), respectively (Huang and Peng 2017; Y Liu
et al. 2021), and 6.5 in northern Zhejiang Province (located in northeastern Jiangxi
Province) (Zhang et al. 2012). These values were differences, also different from this
study, which shows that even under similar climatic conditions, the differences of
surface environment and spatial scale in a region may affect the Z value.

Donohue et al. (2012) studied a series of climatic conditions in Australia and
showed that the seasonal parameter Z can also be determined by the formula of
Z¼ 0.2�N (N represents the number of rainfall events per year). The Ganzhou
Meteorological Station is located in the middle of the study and recorded 8913 days
of precipitation from 1960 to 2016, with an average of 156.4 days of precipitation per
year (Table 5). According to the formula of Donohue et al. (2012), Z should be 31.28,
but it is beyond the value range of 1–30 of parameter Z. This indicates that this
method may not be suitable for regions with high precipitation frequency.

4.2. Comparison of water yield service in different study areas

Based on the InVEST model, the water yield of MU-GJR was obtained as
1091.9–1236.3mm/a (Figure 8a–e). The study area is located in South China, which
is an East Asian monsoon influenced area with high variability of precipitation, so
the water resources change greatly. South China has better vegetation coverage and
high water conservation capacity. Studies have shown that the water yield was high in
South China (Zhang et al. 2012; Wang et al. 2016; Xu et al. 2016; Yang et al. 2019;
Huang and Peng 2017; Y Liu et al. 2021).

Table 5. Precipitation days of Ganzhou Meteorological Station from 1960 to 2016.
Time Time length days Time Time length days

1960–1970 11 1753 1971–1980 10 1680
1981–1990 10 1581 1991–2000 10 1589
2001–2010 10 1419 2011–2016 6 891
Total 57 8913 Average 1 156.4
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InVEST model was widely used in other regions in China (Wang and Dai 2020;
Gong et al. 2021; Ma et al. 2021; Song et al. 2021). The conflict between water supply
and demand is prominent in North China, where agricultural production, urban con-
struction, and population distribution are relatively intensive. Bai et al. (2011) focused
on the spatial characteristics of biodiversity and ecosystem services and found a posi-
tive correlation between biodiversity and water yield in the Baiyangdian watershed.
The fallowing and grass restoration project may have caused the decrease in water
yield from 1990 to 2012 in the West Liaoning River Basin (Wu et al. 2019). The spa-
tial variation in water yield in North China is large, as water yield is more sensitive
to temperature and precipitation fluctuations in wet forest land and warm grasslands,
respectively (Yin et al. 2020). Cong et al. (2020) compared the simulation results of
SWAT and InVEST models on hydrological ecosystem services in the Nansihu Lake
Basin. They found that the overall pattern of soil and water conservation services was
consistent, the pattern of water yield service was consistent in the mountainous area,
while the pattern of water purification services was consistent in the plain. Northwest
China is an arid and semi-arid region with scarce water resources and fragile eco-
logical environment. Water yield and changes there are always a hot topic. Several
studies based on InVEST model shows that water yields in the Qinghai Lake Basin,
the Bosten Lake Basin and the upper reaches of the Shuler River had gradually
increased in recent decades, but with spatial differences, as climate change driving
more pronounced effect than that from land use changes (Lian et al. 2019; Yang et al.
2020; Wei et al. 2021). The Loess Plateau is an important ecological function area in
Northwest China, which is located in the semi-humid to semi-arid transition zone
with frequent human activities and gradually increasing water needs. The water hold-
ing capacity of different forest types in the region varies widely (Lv et al. 2017), water
yield was significantly decreasing while evapo-transpiration of different land use types
were increasing. The trade-offs and synergies between water yield service and other
factors differ with different spatial and temporal scales (Hou et al. 2017). Water pro-
duction services based on the InVEST model have been extensively studied in other
locations around the world. Significant spatial variability in water supply and negative
impacts on future water security in forested watersheds in the semi-arid zone of Iran
further increases the pressure on its inhabitants, economic activities and ecological
values (Daneshi et al. 2021). The vast majority of the variation in water production in
the source region of the Blue Nile Basin in Africa from 2003–2017 was contributed
by climate variability (Belete et al. 2020). Most areas within and outside the East
African forest water towers are under pressure from human impacts, but water pro-
duction services are more sensitive to climate change (Wamucii et al. 2021). As these
observed contributions from climate change are more pronounced, it is also a direc-
tion to pay attention to the impact of future climate change on water yield and
evapotranspiration (Natalia et al. 2020; Shirmohammadi et al. 2020; Bejagam et al.
2022). These studies provide abundant references for the water yield service assess-
ment with different spatial-temporal scales. In addition, it also shows that the envir-
onmental background differences will affect the water yield while the water yield has
different sensitivity to climate and land use change. Therefore, regional factors need
to be considered in the specific study area.

2042 X. WANG ET AL.



4.3. Impact of climate and LULC changes on water yield service

Climate and land use change are often analyzed together for their impact on water
yield services (Mo et al. 2021). This topic was also discussed in this study. Under cli-
mate change scenarios, water yield decreased by 59.3mm from 1980–2000, increased
by 166mm from 2000–2010, and decreased by 246mm from 2010–2018; while under
LULC change scenarios, water yield decreases by only 1.8mm, 1.9mm and 5.2mm,
respectively. This result indicates that precipitation changes have a more significant
effect on water yield service than LULC changes.

There were numerous factors that influence water yield service, among which cli-
matic factors were an important (Sun et al. 2011; Pan et al. 2013; Chang and
Bonnette 2016; Delphin et al. 2016; Dai and Wang 2020; Bejagam et al. 2022).
Climatic conditions determine the spatial and temporal distribution of water resour-
ces and influence precipitation and potential evaporation (Dai and Wang 2020).
South China is controlled by the monsoon climate, with high variable temperature
and precipitation, leading to great changes of water resources. LULC changes are the
most obvious manifestation of the effect of human activities on ecological environ-
ment. LULC changes had obvious impact on the spatiotemporal characteristics of
ecosystem services such as water yield service (Gao et al. 2017; Zhang et al. 2019;
Akhtar et al. 2020; Aneseyee et al. 2020; Latinopoulos et al. 2021; Liang et al. 2021;
Singkran et al. 2021), even more impact than that from the climate driving effect (Hu
et al. 2020). LULC changes also have an irreversible changing trend, especially urban-
ization and the increase of impervious surface, which greatly changes the distribution
of surface water and groundwater resources and also affects evapo-transpir-
ation process.

4.4. PLE space optimization suggestions based on water yield service

Combining the distribution of the PLE space (Figure 5), the importance of water
yield service (Figure 9e) and the difference of water yield service in PLE space
(Figure 10), we have the following preliminary suggestions. The production space is
distributed in a sheet-band, mainly in areas with flat topography and sufficient water
resources. There may be competition between production space and water yield ser-
vice in the north, so the development pattern of both needs to be coordinated. The
western is less important, but the mountainous hills are widespread and also not suit-
able for large-scale development and construction, and production activities should
be reduced to be located there. The coverage of living space is small, and it is only
distributed in the river valley area. Combined with the natural environment and eco-
logical protection policy of the study area, the scope of living space should not be
expanded, so both town and village planning should be intensified to improve land
use efficiency. The ecological space covers a wide range. According to the importance
assessment of water yield service, the northeast is of high importance and can be
used as an important water connotation area, which should focus on ecological pro-
tection. Residents can be relocated in ecologically fragile areas to cultivate sustainable
industries and reduce the ecological and environmental costs of economic and social
construction. It should be noted that these optimization recommendations are only
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based on the importance of water production services. A variety of factors should be
taken into account in territorial spatial planning, and decisions should be
made carefully.

5. Conclusion

This study evaluated the water yield service in the middle and upper reaches of the
Ganjiang River basin based on the InVEST model. Analyzed the values of parameter
Z, the differences in water yield between different PLE space, and the effects of cli-
mate and PLE space changes on water yield. The results showed that when the par-
ameter Z value is taken as 1.555, the water yield (928.72 mm/a) was the closest to the
statistical data of total water resources (927.99 mm/a in average 2010-2020). The
overall distribution of water yield in the MU-GJR was high in the northeast (middle
reaches) and low in the southwest (upper reaches), with minimum of
111.8–315.2mm/a and maximum of 1679.1–2128.4mm/a from 1980 to 2018. The
Getis-Ord Gi results show that high water yield concentrated in the northeast and
low water yield concentrated in the southwest. The importance of water yield service
was closely related to water yield. The statistical results of water yield in the PLE
space show that water yield was highest in the living space and lowest in the eco-
logical space. The distribution of the PLE space, the importance of water yield service
and the difference of water yield service in PLE space suggest that the relationship
between land development and water yield service should be coordinated. The results
of scenario analysis show that climate change had a more significant impact on water
yield service than land use change.
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