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Abstract: Spatial and quantitative assessments of water yield services in watershed ecosystems are
necessary for water resource management and improved water ecological protection. In this study,
we used the INVEST model to estimate regional water yield in the Dongjiang Lake Basin in China.
Moreover, we designed six scenarios to explore the impacts of climate and land use/land cover
(LULC) changes on regional water yield and quantitatively determined the dominant mechanisms of
water yield services. The results are expected to provide an important theoretical reference for future
spatial planning and improvements of ecological service functions at the water source site. We found
that (1) under the time series analysis, the water yield changes of the Dongjiang Lake Basin showed
an initial decrease followed by an increase. Spatially, water yield also decreased from the lake area to
the surrounding region. (2) Climate change exerted a more significant impact on water yield changes,
contributing more than 98.26% to the water yield variability in the basin. In contrast, LULC had a
much smaller influence, contributing only 1.74 %. (3) The spatial distribution pattern of water yield
services in the watershed was more vulnerable to LULC changes. In particular, the expansion of
built-up land is expected to increase the depth of regional water yield and alter its distribution, but it
also increases the risk of waterlogging. Therefore, future development in the basin must consider the
protection of ecological spaces and maintain the stability of the regional water yield function.

Keywords: water yield services; INVEST; land use/land cover; Dongjiang Lake Basin

1. Introduction

Ecosystem services are the basis for human survival and development and are closely
related to human well-being [1]. The implementation of the Millennium Ecosystem Services
Assessment developed and improved the research on ecosystem services. These studies
identified a two-thirds decline in ecosystem services over the past 50 years, which likely had
a significant negative impact on human well-being [2]. As an important ecosystem service
function, water yield services play a critical role in the sustainable development of regional
economies and ecosystems; however, the anthropogenic demand for water resources has
increased rapidly in response to rapid economic development and urbanization. In addition
to the uneven distribution of water resources, imbalances between water resource supply
and demand are becoming increasingly prominent [3]. Moreover, climate anomalies caused
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by global climate change and water pollution have enhanced water shortage problems
to varying degrees in certain regions [4,5]. It is, therefore, necessary to study the factors
influencing ecosystem water yield services, as water shortages directly affect human
survival and development [6,7].

There is currently no accepted definition of ecosystem water yield services in academia,
and many studies show conceptual confusion with regards to water yield, water supply,
and water conservation. Generally, water yield is defined as the rainfall amount minus
actual evapotranspiration [8,9]. Water supply is the quantification of water supply services,
which can be divided into a broad and narrow sense: in the broad sense, the water supply
is considered the water yield [10,11], and in the narrow sense, the water supply is the
availability of effective water sources to meet specific demands (i.e., by subtracting water
yield from water consumption for a specific demand) [12]. Water conservation is the
quantification of the water conservation function; it is related to the forest ecosystem
through the interception of precipitation by the canopy, water absorption by the litter layer,
and precipitation retained in the soil layer to redistribute rainfall, regulate runoff, and
improve water quality [13]. Some studies have directly used water yield to characterize
water conservation, while others have used related parameters to modify water yield
and obtain a measure of water conservation [14,15]. Water supply and conservation are
integrated concepts, and water yield is the basis for both. This study mainly uses water
supply services in the broad sense—i.e., water yield, which is also referred to as water
yield depth.

The water yield is mainly affected by the combined effects of climate and land
use/land cover (LULC) changes [8,16]. Climate change alters precipitation and evap-
otranspiration (solar radiation, temperature, and precipitation) in watersheds [17], which
alters the regional water cycle, infiltration processes, water holding model, and thus water
yield [18]. Recent research has investigated this process. For example, Zhan et al. (2011)
estimated the number of water resources upstream of the Miyun Reservoir and found that
land-use change was the main driver of water yield changes in the region [19]; Pessacg
et al. (2015) assessed the water yield in various precipitation data and found that precipi-
tation changes are likely to cause significant location and magnitude differences in water
yield [20]; Gao et al. (2017) assessed the influence of land-use change on water-related
ecosystem services and found that ongoing expansion of built-land is likely to increase
water yield. These researchers have conducted in-depth analyses of climate and LULC
changes on regional water yield [21]. However, most studies have only focused on the
influence of a single factor, and few have quantitatively assessed the degree of influence of
two different factors on regional water yield. Notably, the IN'VEST (Integrated Valuation of
Ecosystem Services and Tradeoffs) model, a tool with open-source and strong spatial ability,
has been used widely in ecosystem service evaluation and provides important technical
support for the research into water yield service. Compared to the other models, the IN'VEST
model has more sample and convenient calculation with fewer data requirements and can
effectively reveal the response law of ecosystem service and provide a scientific basis for
ecological management and ecological protection planning [22,23]. However, most of the
studies related to the INVEST model were conducted for administrative divisions or on
river scales, and research on the water yield services at the water head site is relatively rare.

The Dongjiang Lake Basin is an important water resource site in Hunan Province in
China. The basin is a key watershed and a site for ecological compensation pilot projects
for water resources in China. Dongjiang Lake is the largest reservoir in Hunan Province,
supplying rare, high-quality water to its inhabitants. As the second water source for the
Changsha-Zhuzhou-Xiangtan Urban Agglomeration in China, the Dongjiang Lake Basin
has benefited 13 million people in 13 counties (cities), including Changsha, Zhuzhou,
Xiangtan, Hengyang, and Chenzhou. Thus, the stability of the water supply service
function in this watershed is essential for regional, social, and economic development.
Existing studies only focus on the monitoring of changes in water quality and water storage
in the reservoir region and exploring the ecological compensation mechanisms based on
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them [24-29] but lack in-depth investigation of the driving mechanism of the watershed
water yield changes.

This study attempted to use the water yield module of the InVEST model to estimate
the water yield service of the Dongjiang Lake Basin. Moreover, six scenarios were designed
to quantitatively explore the impact of climate and LULC changes on the water yield of the
watershed. The results are expected to provide an important theoretical reference for the
ecological management and protection of water source sites, as well as the planning and
utilization of water resources.

2. Materials and Methods
2.1. Study Area

The Dongjiang Lake Basin (113°13'26"’E-114°3'00"'E, 25°20'51'"N-26°10'30"’N) mainly
refers to the catchment area of rivers flowing into Dongjiang Lake. The region is located
in the southern part of Chenzhou city, Hunan, China, and covers 4851.04 km? (Figure 1).
The terrain is high in the east and low in the west, with elevations ranging from 180 to
1691 m above sea level. The basin has a typical subtropical monsoon humid climate, with
warm and humid summers and cold and dry winters. The average annual precipitation is
1645 mm, and the annual mean temperature ranges from 13.7 to 18.7 °C. The Dongjiang
Lake Reservoir was constructed in the 1970s. When the normal impounded level was
285 m, the water surface area was 160 km?, the water storage was 8.12 billion m3, and the
effective storage capacity was 5.67 billion m3. The reservoir is also a downstream source of
industrial, agricultural, and domestic water. Since 2000, Dongjiang Lake has replenished
the water of the Xiangjiang River almost every year. In particular, the water supply reached
2.25 x 10° m?, 846 x 10° m3, 900 x 10° m?, and 12.9 x 10° m?® during the arid years of
2003, 2008, 2009, and 2017, respectively. Moreover, the heavy metal concentration in the
Zhuzhou, Xiangtan, and Hengyang sections of the Xiangjiang River often exceeds the
standard values; these sections are also diluted by Dongjiang Lake sluicing to avoid water
shortages in the downstream city. Therefore, the stability of the water supply service in
the Dongjiang Lake Basin is critical for maintaining the normal ecological function of the
entire Xiangjiang River Basin.

Figure 1. Location and boundary of the Dongjiang Lake Basin.

2.2. Data Source

The data used in this study include LULC data, meteorological data, soil data, digital
elevation data, etc., as shown in Table 1.
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Table 1. Data types and sources.

Data Types Context Resolution Source
The Resources and Environmental
The year of 2000, 2005, 2010, 2015, Sciences Data Center (RESDC),
Land use/land cover 30m Chinese Academy of Sciences
and 2020.
(http:/ /www.resdc.cn, accessed on
4 July 2021).
Daily meteorological data of 16
national meteorological statlor}s in China Meteorological Data net
the watershed and surrounding
- . - (http://data.cma.cn, accessed on 4
Meteorology areas in 1998-2020 (including
. . July 2021)
temperature, wind speed, sunshine
duration, etc.).
The Resources and Environmental
Precipitation data from 1998 to Sclgnces Data Center (R}.ESDC)'
2015 1 km Chinese Academy of Sciences
' (http:/ /www.resdc.cn, accessed on
4 July 2021).
Food and Agriculture Organization
of the United Nations (FAO),
. Soil reference depth, soil type, soil International Institute for Applied
Soil 1km . . :
texture, etc. Systems Analysis. China soil map
based harmonized world soil
database (HWSD) (v1.1) (2009)
Geospatial Data Cloud site,
. . Computer Network Information
Digital Elevation Model ASTER GDEM v2 30m Center, Chinese Academy of
(DEM) )
Sciences. (http://www.gscloud.cn,
accessed on 4 July 2021)
National Highway, provincial road, Open-source data site
Road
county road. of Openstreet
hvdrolo Dongjiang reservoir inflow data in Hunan Hydrographic and Water
y 8y the years 2015 and 2020. Resources Survey Center
2.3. Methods

2.3.1. Estimation Model for Water Yield

In fact, the mMVEST model has been applied maturely in water ecosystem services [22,30,31],
and this study used the water yield module of InVEST3.9.0 to simulate the water yield
and its spatial distribution pattern in the Dongjiang Lake Basin. The model was based on
Budyko’s assumptions: the watershed water storage variables on the multi-year average
scale are neglected, simplifying the confluence process, and there is no distinction between
surface runoff, soil runoff, and base flow. The specific principles can be found in the
InVEST2.3.0 practical manual [18], and the related equations are shown as follows.

AETy
Y= (1- ) X Py 1)
X
P 1+wax]-+Rix/
k x ET,
ij = P, (3)
A
wy = 220G )
Py

AWC, = MIN(Max soil Depthy, Root Depthy) x PAWC, (5)


http://www.resdc.cn
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In Equations (1)—(5): Yy; is the average annual water yield on pixel x for land cover
type j; Py is the average annual precipitation on pixel x; AET); is the average annual actual
evapotranspiration on pixel x for land cover type j; wy is a dimensionless non-physical
parameter that revises the ratio of plant available water to expected precipitation on pixel
x; Ryj is the Budyko aridity index on pixel x for land cover type j; k (or ETj) is a crop factor
based on the ratio between evapotranspiration ET and reference evapotranspiration ET,
for crops in various developmental phases; Z is the Zhang coefficient (seasonality factor),
which should be adjusted based on the simulation results of water yield and the annual
runoff observations in model validation; AWC; is the volumetric plant available water
content on pixel x; Max Soil Depth, is the maximum soil depth on pixel x; Root Depth, is the
root depth on pixel x; and PAWC; is the plant available water capacity on pixel x.

2.3.2. CA-Markov Model

The CA-Markov model is the coupling of the cellular automaton (CA) and Markov
models. The Markov model reflects the transformation of LULC by obtaining the initial
probability and transfer probability based on the Markov chain. As a result, it can be used
to predict trends in the number of future land types [32]. CA is a type of statistical dynamic
model based on conversion rules to simulate complex spatial-temporal evolutions and
has a strong complex spatial prediction ability, which can be applied in both raster and
vector data [32-34]. This combination has been extensively utilized in relevant research
and can improve the accuracy or strengthen the simulation of spatial changes in LULC
patterns [35,36]. Therefore, we selected the CA-Markov model to simulate and predict
the LULC patterns in 2030, and the process was mainly completed by the CA-Markov
module of IDRISI Selva 17.0. In this process, this study combined LULC data from 2000
and 2010 with DEM and road data to build the transition suitability image collection
(i.e., DEM, slope, and distance from National Road, Provincial Road, County Road) and
conducted 10 iterations to simulate the LULC pattern in 2020 with the 5 x 5 cellular filter
(1km cellular size). Finally, the validation accuracy of the simulated data was conducted
with the obtained data in 2020. The kappa coefficient was 0.859, indicating that the model
was suitable for the Dongjiang Lake Basin.

Meanwhile, based on the LULC of 2020, considering the two main development
demands of the Dongjiang Lake basin in the future—tourism development and water
source protection [37,38], we used the CA-Markov model to simulate the LULC pattern
in 2030 through the two scenarios. (1) Natural development scenarios. The Dongjiang
Lake basin continued to develop based on the past tourism conditions (e.g., the terrain
and traffic factors), so we made no restrictions on the conversion between LULC, only
simulating the LULC pattern in 2030 with the suitability image collection. (2) Ecological
protection development scenario. As a key regional water source, the woodland, grassland,
and water bodies in the basin need to be protected seriously. Thus, when simulating
the ecological protection scenario, we restricted the conversion of woodland, grassland,
water into farmland and built-up land, respectively, based on the original suitability image
collection. Finally, we explored the impacts of LULC changes on the distribution of water
yield through the two future scenarios.

2.3.3. Scenario Settings

This study designed six scenarios to quantitatively study and characterize the impacts
of climate and LULC changes on water yield, as shown in Table 2. Moreover, as the
Dongjiang Lake Basin is located in a mountainous region and the LULC changes were
smaller in a short time interval, we conducted a comparative study at 10-year intervals
to reflect differences in the temporal changes of climate and LULC. For the real scenario,
the climate data corresponded to the LULC data in Dongjiang Lake in 2000, 2010, and
2020, respectively. For the climate change scenarios, the LULC was set to no change to
determine the impacts of climate change on ecosystem water yield services. For the LULC
change scenarios, climate elements remained unchanged to determine the impacts of LULC
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changes on ecosystem water yield services. Finally, to conduct a comparative analysis, the
study period was divided into three periods: 2000-2010, 2010-2020, and 2000-2020.

Table 2. The scenario settings of climate and LULC changes.

Fact Real Scenario Climate Change Scenario LULC Change Scenarios
actor
2000 2010 2020 Scenariol Scenario2 Scenario3 Scenario4 Scenario5 Scenario6
Climate 2000 2010 2020 2010 2020 2020 2000 2000 2010
LULC 2000 2010 2020 2000 2000 2010 2010 2020 2020

According to the water yield changes under the different scenarios, the contribution
of climate and LULC changes to ecosystem water yield services can be quantified by the

following formulas:
C

Re = == x 100 ©)
R = —F %100 @)
L=c+r

In Equations (6) and (7): Rc refers to the contribution of climate change to ecosystem
water yield services; R} refers to the contribution of LULC changes to ecosystem water
yield services; C is the changes in water yield in a climate change scenario; L is the changes
in water yield in the LULC change scenario.

2.4. Data Processing

The input variables for the INVEST water yield module included LULC, precipita-
tion, reference evapotranspiration, plant-available water fraction, depth-to-root restricting
layer, and the biophysical parameter table. The data were processed as follows: DEM
and LULC data were resampled to 1 km by ArcGIS10.4 (Nearest Neighbor Assignment
Method) over five periods (2000, 2005, 2010, 2015, 2020). Precipitation data for 2000, 2005,
and 2010 were obtained by averaging from 1 km raster precipitation data for 1999-2001,
2004-2006, and 2009-2011, respectively, to correspond with the LULC data time and avoid
the low representation of single-year data while considering the impact of extreme climate
change in certain years. The precipitation data for 2015 and 2020 derived from the national
meteorological station data for 20142016 and 2018-2020, respectively, were processed into
1 km raster data after ANUSPLIN spatial interpolation (The software was mainly based
on thin-plate smoothing splines for multivariable spatial interpolation, widely used in
meteorological data spatial interpolation [8,9].) and averaging (arithmetic mean value).
The plant-available water fraction was calculated using the empirical formula proposed by
Zhou et al. (2005) [39] and was then processed into 1 km raster data using ArcGIS10.4. Us-
ing the corrected FAO-56 Penman-Monteith formula on the daily meteorological data [40]
and the multi-year average and ANUSPLIN spatial interpolation, reference crop evapo-
transpiration was processed into 1 km raster data. The depth of the root-restricting layer
was approximately replaced by soil reference depth. The biophysical parameter table
reflected the attributes of the LULC type, including LULC coding, maximum root depth,
and evapotranspiration coefficient. Maximum root depth refers to the maximum root
depth of a vegetation-covered land-use type derived from the InNVEST model description
document [18]. The evapotranspiration coefficient of each LULC type was based on the
Food and Agriculture Organization (FAO) evapotranspiration coefficient reference value
(Table 3).
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Table 3. Maximum root depth and evapotranspiration coefficient of different land use/cover types
in the Dongjiang Lake Basin.

Maximum Root Evapotranspiration
Code Land Cover Types Depth (mm) pCoefﬁcfent
1 Evergreen needle leaf forest 7000 1
2 Evergreen broad leaf forest 6700 1
4 Deciduous broad leaf forest 3100 1
5 Mixed forests 4800 1
6 Brushwood 5000 0.6
7 Grassland 2400 0.75
8 Wetland 100 1.2
9 Farmland 2000 1
10 Urban and built-up 1 0.1
12 Bare land 1 0.2
13 Water bodies 1 1

2.5. The Determination of the Seasonal Factor (Z)

Having determined other parameters, we calibrated the model by adjusting the
seasonal factor (Z) within the range of 1 to 30. According to the principle of water balance,
the difference between precipitation and actual evapotranspiration is equal to the sum
of soil water storage and surface runoff, while the measurement of soil water content
is complicated and of low precision; therefore, the variation of soil water storage on the
annual average scale could be negligible. Moreover, referring to related research results and
the Dongjiang reservoir inflow data [25-29], the actual surface runoff depth (1297.74mm)at
a multi-year average scale could be calculated from the results of Xu et al. (2016 and 2017).
Based on this, we conducted many calculations to make the scatter diagram between the
mean of water yield depth over five periods and the seasonal factor (Z) (Figure 2). Finally,
through the linear equation of the scatter, combined with the actual surface runoff on the
multi-year average scale obtained above, the Z value was finally determined as 1.58.

1.4
E o
=13
i)
o} >
8 1.2
ff, Q)
e
g 11 O
) - -
= y=-0.0075x + 1.3085
R2=0.9871
1
0 5 10 15 20 .n 30

The seasonal factor Z

Figure 2. Scatter diagram of the seasonal factor Z and the mean of water yield depth over five periods.

3. Results and Analysis
3.1. Temporal and Spatial Variation of Water Yield in the Dongjiang Lake Basin
For the temporal changes, the trend in water yield in the Dongjiang Lake Basin during

2000-2020 showed an initial decrease followed by an increase (as shown in Figure 3). The
average water yield depth was between 1000 and 1400 mm, and the total water yield was be-



ISPRS Int. ]. Geo-Inf. 2021, 10, 466

8of 17

2000

1800

1600

1400

1200

1000 |

800

600

400

200 I
0

2000

T

T

T

tween 4.65 x 10 and 6.5 x 10° m?; the highest water yield occurred in 2000 (6.48 x 10° m?),
and the lowest in 2010 (5.02 x 10” m?). In terms of water balance, precipitation and evapo-
ration are the key factors determining water yield in ecosystems. Moreover, precipitation is
an important variable of climate change, and actual evapotranspiration is affected by both
climate (radiation, temperature, humidity, and wind speed) and underlying surface cover.
As shown in Figure 3, the change in average precipitation throughout the time series was
consistent with that of water yield, showing an initial decrease followed by an increase: the
highest precipitation occurred in 2000 (1733.42 mm), and the lowest in 2010 (1418.84 mm).
Moreover, both potential evaporation and actual evaporation showed considerable high
fluctuation, but their multi-year differences were not significant and were maintained close
to 900 mm and 340 mm, respectively.

M Average precipitation B Annual potential evaporation
M Average actual evaporation Average water yield depth
2005 2010 2015 2020

Figure 3. Changes in mean annual precipitation, evapotranspiration, and water yield in the Dongjiang Lake Basin in

2000~2020.

The spatial pattern of annual water yield in the Dongjiang Lake Basin was consistent
(as shown in Figure 4), increasing from the lake area to the surrounding region. The lowest
value occurred in the lake area, with an annual water yield of between 190 and 700 mm.
The highest value occurred in the northeast area, with an annual water supply of between
1400 and 1900 mm. In this study, the INVEST model mainly used the difference between
precipitation and actual evaporation to calculate water yield, and the spatial distribution
of precipitation interpolation showed increasing precipitation from the lake area to the
surrounding region. The lake area was, therefore, a low-value precipitation zone. Due to
the storage capacity of Dongjiang Lake, the initial water content of the underlying surface
of the water body was saturated, and the rain infiltration capacity was therefore limited.
Moreover, the evapotranspiration of the lake area can be divided into water evaporation
and vegetation evapotranspiration (non-water). The evaporation of the lake water body
was difficult to measure directly, and most of it was converted by the observation value
of the onshore evaporator. Usually, the evaporation of water bodies is higher than that of
the onshore evaporation pool and exceeds vegetation evapotranspiration [41], resulting
in the low-value water yield zone in the lake area. The high-value zone in the northeast
area was likely related to the precipitation and evapotranspiration of different vegetation
cover types.
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Water Yield Depth
(Unit: mm)

] High : 1858.20

—_ Low : 193.51

0 30 60 km
| | |

Figure 4. Spatial distribution of water yield in the Dongjiang River Basin.

To further analyze the spatial variation differences, the distribution changes of water
yield were derived from the raster calculator tool of ArcGIS10.4, as shown in Figure 5. We
observed a clear reduction trend in 2000-2010, and the degree of reduction was higher in
the north and lower in the south. The reduction degree was highest during 2005-2010,
especially in the lake area, which was evidently related to the precipitation decrease
during this period (average annual precipitation reduced by 16.14%, and average annual
evapotranspiration decreased by only 1.87%). In contrast, the overall watershed water
yield increased significantly during the period 2010-2020, especially during 2010-2015,
and the degree of increase was higher in the northeast and lower in the mid-west, ranging
from 0 to 700 mm (the average unit increase degree was 300.81 mm). During this period,
the average annual precipitation increased significantly by 22.03%, while the average
annual actual evapotranspiration showed a much smaller increase of only 3.43%. As
a result, the watershed water yield showed an overall increase. We observed a slight
reduction in water yield during the period 2015-2020, mainly due to the reduction in
precipitation (average unit annual precipitation reduced by 3.07%) and the significant
increase in evapotranspiration (the average annual actual evapotranspiration increased
by 1.6 times) in the Dongjiang Lake Basin. This caused a reduction in water yield, with
a reduction range of between 0 and 200 mm (average of 53.54 mm). Thus, relative to
precipitation, actual surface evaporation had little effect on the watershed water yield.
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Figure 5. Spatial distribution of water production changes in the Dongjiang Lake Basin.

3.2. Scenario Analysis

Scenario analysis is commonly used in ecological environments and regional develop-
ment planning to quantitatively explore the internal mechanisms of regional change by
comparing the results of different setting conditions [42]. As shown in Table 4, the water
yield depth of each land cover type in the Dongjiang Lake Basin occurred in the order of
urban and built-up land > grassland > thickets > woodland > cultivated land. Although
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urban and built-up land showed the highest water yield, this water source is difficult
to access because precipitation falls on impervious surfaces and directly flows into the
urban drainage pipeline. In addition to precipitation and evapotranspiration, grassland,
thickets, woodland, and cultivated land are also affected by the combined factors of surface
runoff, soil water content, litter water holding capacity, and canopy interception, resulting
in different water yield services between the various land cover types. Bare land had the
highest water yield depth, but a small areal coverage and the water yield capacity was
vulnerable to other surrounding land cover types. The precipitation of the lake area was
lower, and evaporation was higher than that of vegetation [41]. Moreover, the change in
water yield depth and precipitation for each LULC type was notably consistent, showing an
initial decrease followed by an increase. However, the different ranges of change between
the different land cover types were notably affected by the combination of climate and
LULC changes.

Table 4. Water yield depth of each LULC type in Dongjiang Lake Basin under different scenarios (mm).

Land Use/Land Cover Change

Real Climate Change Scenarios S .
Type Code cenarios
2000 2010 2020 Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
1 1418.55 1109.77 1367.02 1110.02 1367.58 1367.34 1418.38 1418.13 1109.48
2 1415.59 1105.68 1343.31 1105.82 1344.66 1344.46 1415.50 1414.85 1105.07
4 1404.88 1095.66 1352.21 1095.66 1347.48 1347.48 1404.88 1408.38 1100.10
5 1419.75 1106.29 1365.68 1108.11 1360.40 1350.44 1414.65 1427.68 1119.67
6 1502.52 1187.04 1441.12 1186.77 1441.92 1441.97 1502.68 1502.08 1186.36
7 1522.70 1212.85 1490.64 1215.76 1494.53 1490.64 1519.54 1519.54 1212.85
9 1380.27 1075.36 1298.88 1074.92 1297.99 1298.38 1380.54 1380.82 1075.74
10 1607.39 1289.88 1539.50 1288.41 1517.71 1520.03 1608.04 1619.48 1300.72
12 1530.15 1201.09 1392.60 1201.09 1411.60 1411.60 1530.15 1510.13 1168.39
13 711.44 249.36 510.01 252.69 513.26 510.01 709.71 709.71 249.36

3.2.1. Effects of Climate Change on Water Yield

Climate change mainly affects water yield through precipitation and potential evap-
otranspiration. As shown in Figure 6, the average water yield depth in scenarios 1
(1081.13 mm) and 2 (1327.66 mm) decreased by 313.85 mm and 67.32 mm, respectively,
compared with that of the actual situation (1394.98 mm). The total water yield amounts
were also 5.02 x 10° m? and 6.17 x 10° m?, respectively; this suggests that climate change
caused the water yield of the watershed to first decrease and then increase. Moreover, the
water yield depth under scenario 3 dropped by 67.13 mm to 1327.85 mm, and the total
water yield amount was relatively consistent with that of scenario 2. Further comparisons
of water yield changes under each LULC type for the three scenarios (as shown in Table 4)
demonstrate that the water yield of urban and built-up land, forest land, thickets, grass-
land, and cultivated land decreased by an average of 21.36% in 2000-2010, and the average
annual precipitation decreased by 18.15%. The water yields of all land cover types also
increased by 21.15% in 2010-2020, and the corresponding average annual precipitation
increased by 18.29%. Thus, the watershed water yield was significantly affected by climate
change, especially precipitation, which had a positive correlation with water yield.
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Figure 6. Water yield pattern of Dongjiang Lake Basin with LULC unchanged.

3.2.2. Effects of LULC Changes on Water Yield

Unlike climate change, human activity significantly affects LULC changes by altering
the underlying surface of the atmosphere, which in turn affects watershed water yield.
The results demonstrate (Figure 7) that the average water yield depth for scenarios 4
(1395.21 mm) and 5 (1395.92 mm) decreased by 0.23 mm and 0.94 mm, respectively, com-
pared with that of the actual scenario in 2000. The average water yield depth of scenario
6 was 1081.94 mm, an increase of 0.65 mm compared with that of the actual scenario in
2010. Moreover, compared with the variation in water yield depth for each LULC type,
the annual average change in water yield depth during 2000-2010 was only 0.08% (i.e.,
unchanged). The water yield depth of the mixed forest also increased by 1.21% during
2010-2020, which may be due to the implementation of the Dongjiang Lake ecological
protection policy during this period. The water yield depth of the other land cover types
showed little change. The exception was bare land due to its small areal coverage and
dependence on the surrounding land; its water yield capacity was vulnerable, so its range
of change was relatively large (2.72%). Overall, under the condition of unchanging climate,
LULC changes would have a relatively small impact in the Dongjiang Lake Basin, with
only slight increases in water yield.
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Figure 7. Water yield pattern of Dongjiang Lake Basin with climate unchanged.

3.2.3. Contribution Quantification

According to the above analysis, the contribution of climate change to water yield
in the Dongjiang Lake Basin was 98.26% during 2000-2020, while LULC changes only
contributed 1.74%. During 2000-2010, the contribution of climate change and LULC to
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water yield were 99.92% and 0.08%, respectively. During 2010-2020, the contribution of
climate change and LULC to water yield were 99.04% and 0.96%, respectively. For all three
time periods, the contribution rates of climate change to water yield in the Dongjiang Lake
Basin were all above 98%, while the contribution rates of LULC changes were significantly
lower at less than 2%. Therefore, climate change had a more significant impact than LULC
changes on water yield services in the Dongjiang Lake Basin.

4. Discussion

In general, the changes in water yield in the Dongjiang Lake Basin resulted from the
combined influence of climate and LULC changes, with climate having a more significant
impact. These findings were also consistent with the results of Lang et al. (2017), which
showed that the effect of rainfall changes on the Sancha River Basin water yield was about
97.44%, while the effect of land-use changes was only 2.56% [3]. Moreover, Pessacg et al.
(2015) found that precipitation variations caused marked differences in regional water
yield [20]; Bai et al. (2019) quantified the impacts of land use and climate change on
water-related ecosystem services in Kentucky, USA, and found that climate change had a
greater impact than land use on water retention at the state scale [43]; Sangam et al.(2016)
conducted the related research with the representative concentration pathways (RCPs) in
the Bago River Basin, Myanmar, and the results showed that the impact of climate change
on streamflow was higher than the land use change in the near year [44]. Although there
were some differences in scale, geography, etc., the impact of climate change on water
yield is more significant overall compared with land use changes. Meanwhile, according to
the water balance principle, precipitation and actual evapotranspiration are two critical
factors determining water yield. Precipitation is an important variable in climate elements,
and actual evapotranspiration is synthetically affected by climatic conditions and LULC.
Climate elements are mainly controlled by natural conditions, and human factors have little
effect on precipitation. However, human activities significantly affected LULC changes, but
LULC changes had little effect on water yield. This may be owing to the complexity of the
change process [45], whereby the transition between different LULC types may cause both
an increase and a decrease in water yield. Relative to climate change, LULC changes were
more likely to influence the spatial distribution of watershed water yield, thus affecting the
total regional water yield.

4.1. Future Water Yield Projections Based on CA-Markov Models

To understand the future water yield trends and further explore the effects of LULC
changes on water yield in Dongjiang Lake, we used the CA-Markov model to simulate
the LULC pattern in the Dongjiang Lake Basin for 2030. Based on the year 2020, assuming
that precipitation and evapotranspiration in 2030 remained consistent with the annual
average meteorological data for 2010-2020, the water yield in 2030 was simulated under
two scenarios: (1) the LULC natural development scenario (as shown in Figure 8b), and (2)
the LULC ecological protection scenario (as shown in Figure 8a). Comparing 8a with 8b, we
found that the maximum water yield was higher under the natural development scenario
than under the ecological protection scenario. Moreover, in the southern watershed, the
water yield under the natural development state was notably higher than that of the
ecological protection state, likely due to the expansion of urban and built-up land under
natural development. According to Table 5, the area of urban and built-up land under the
natural development scenario more than tripled that of the ecological protection scenario;
cultivated land also increased by 7%, and woodlands and thickets declined to varying
degrees. Moreover, the water yield depth of each land cover type remained unchanged, but
the total water yield amount increased by 1.16%. As could be shown by the above results,
urban and built-up land had a larger unit water yield, and its area continually expanded.
In contrast, the water yields of woodland and grassland were relatively small, and their
area had shrunk. By changing the distribution of regional water yield, the changes in
LULC types notably altered the total water yield amount. The expansion of built-up land
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often increases the area of impervious surface, which alters the water balance, reduces
precipitation infiltration, increases runoff, and raises the regional water yield. In contrast,
woodlands and grasslands intercept more surface runoff, increase soil infiltration, delay
the precipitation confluence time, and reduce the flood-peak discharge and vegetation
evapotranspiration. As a result, the water yields of forest and grassland were relatively
low. However, built-up land continued to expand over longer periods, and the impervious
surface continued to increase, which may produce a flood-peak discharge and increase
the risk of waterlogging in the town area. Therefore, to reduce the risk of flooding and
related hazards in the future, it is necessary to minimize urban encroachment on forests
and grasslands (especially in rain-rich hills), increase the area of urban greening, safeguard
ecological spaces, and increase precipitation interception and water storage functions in
the Dongjiang Lake Basin to improve water resource utilization.

1 . !
‘t-l-u i - .
Water Yield Depth

Figure 8. Distribution of water yield under different LULC data of the Dongjiang Lake Basin in 2030. (a) The LULC natural
development scenario; (b) The LULC natural development scenario.

Table 5. Total amount of water yield under different development scenarios in 2030.

Ecological Protection Scenario Natural Development Scenario
Type Code Average Water Area Total Water Average Water Area Total Water

Yield Depth (mm) (km?) Production (m®) Yield Depth (mm) (km?) Production (m3)
1 1616.90 2277 3,681,676,985.11 1624.73 1983 3,221,841,378.05
2 1559.51 610 951,302,450.44 1560.51 599 934,744,240.84
4 1616.68 28 45,266,937.74 1620.56 28 45,375,804.57
5 1643.21 62 101,878,998.54 1631.66 62 101,162,730.59
6 1689.04 366 618,187,216.43 1695.72 342 579,936,806.64
7 1779.41 24 42,705,866.33 1779.41 24 42,705,866.33
9 1498.01 956 1,432,095,454.71 1479.55 1016 1,503,224,748.90
10 1770.73 86 152,282,682.98 1878.07 365 685,495,765.26
12 1581.94 18 28,474,838.26 1581.94 18 28,474,838.26
13 570.85 148 84,486,170.04 564.88 138 77,953,979.86

Dongjiang Lake Basin 7,138,357,600.59 7,220,916,159.30
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4.2. Research Limitations

We conducted a comparative study on water yield in the Dongjiang Lake Basin under
different land-use and climate scenarios to improve our understanding of water yield
services in the basin. However, due to inevitable errors in the INVEST model, such as
calculating water yield without considering soil water content, some parameters, such as
evapotranspiration coefficient, maximum root depth, and seasonal factors, were obtained
according to the empirical data of the existing results, which lowered the accuracy of
water yield estimations in some regions. Similarly, the accuracy of CA-Markov model
also needs to be improved and investigated in depth. Moreover, the uniform resolution
of all the data in the study was 1 km, which limits the spatial accuracy of water yield.
Therefore, future research should further optimize the parameters by localizing them
through field investigations and sampling tests to simulate and verify water yield more
accurately. In general, the application of the INVEST model in this study was good and
effectively depicted the overall change law of water yield in the Dongjiang Lake Basin,
providing important technical support for water resource management and ecological
protection. Moreover, the results of this study indirectly reflected that the estimation of
water yield was more sensitive to the precipitation data, so the rainfall data needs to be
selected or used carefully when conducting the water yield estimation with InVEST model.

5. Conclusions

The Dongjiang Lake Basin is an important source of the Xiangjiang River and the
second water source for the Changsha—Zhuzhou-Xiangtan region in China. The basin is
therefore highly important for the coordinated development of the regional social economy
and ecological environment. This study tried to use the InNVEST model to estimate the
water yield in the Dongjiang Lake Basin quantitatively. We also conducted a scenario
analysis to compare the effects of climate and LULC changes on water yield and explore
the internal mechanisms of water yield service formation in the Dongjiang Lake Basin. The
results are expected to provide an important theoretical basis for the scientific planning and
management of land space resources, as well as the maintenance of water supply function
stability in the Dongjiang Lake Basin.

(1) According to the time series results, the water yield in Dongjiang Lake Basin
was characterized by an initial decrease followed by an increase. Spatially, water yield
also decreased from the lake area to the surrounding region. The water yield depth of
the Dongjiang Lake Basin dropped by 22.49% during 2000-2010 and increased by 22.87%
in 2010-2020. The average water yield depth ranged from 1000 to 1400 mm, with the
minimum value was observed in 2010.

(2) Climate change exerted a more significant impact on water yield variability in the
watershed ecosystem, while the impact of LULC changes was relatively small. During
2000-2020, the contribution rate of climate change to water yield in the Dongjiang Lake
Basin reached 98.26%, and LULC changes only contributed 1.74%.

(3) Compared with climate change, LULC had a stronger effect on the spatial distri-
bution of watershed water yield. In particular, the expansion of urban and built-up land,
despite its higher water yield, was also prone to waterlogging, if not limited. Therefore,
future watershed development must further optimize the land-use structure and maintain
and enhance its ecological service functions by protecting the ecological space, including
the surrounding woodland and grassland.
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