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Abstract: Clarifying the interrelationship between climate and land use/land cover (LULC) changes
on water yield in mountainous areas is very urgent due to the dramatic decrease in the water avail-
ability of mountainous areas. In this study, the INVEST model was used to calculate the water yield
of the mountainous area in Beijing-Tianjin-Hebei region (BTH) from 1980 to 2020, and six scenarios
were designed to identify the contribution rates of climate and LULC change on the water yield. The
results showed that, in 1980-2020, the water yield in the mountainous area of BTH was the largest in
1990, at 377.95 mm and the smallest in 1980, at 150.49 mm. After 2000, the interannual water yield
showed a slightly increasing trend, which was significantly lower than the water yield in 1990, the
values ranging from 217.01 mm to 324.65 mm. During the study period, the spatial distribution of
the water yield was similar over the years, with high values in the south-central Taihang Mountain
(THM) and the northeastern Yanshan Mountain (YSM). The THM was the main water yield area
of the mountainous area in BTH. The annual water yield of farmland was the highest, followed by
forest land and grassland, while the proportion of volumetric water yield was the largest in forest
land with an increasing trend from 1980 to 2020 and the grassland showed a decreasing trend, while
that of farmland increased first from 1980 to 2000 and decreased from 2000 to 2020. Climate is the
key factor controlling the water yield of the mountainous area in BTH from 1980-2000, 2000 to 2020,
and 1980 to 2020. In the period of 20002020, the effect of LULC on the water yield is negative, while
the effect is positive in 1980-2000 and 1980-2020. The contribution rate of climate to the water yield
increases in the THM, Bashang region (BSR) and YSM from the period 1980-2000 to 20002020, while
that of LULC in those three regions changes from a positive impact in 1980-2000 to a negative impact
in 2000-2020, and the contribution rate is also greatly reduced. In the long term, land revegetation
will gradually benefit the water yield in the mountainous areas of BTH, including the THM, BSR, and
YSM. These results can provide an important scientific and technological reference for the ecological
management and protection of water source sites, as well as the planning and utilization of water
resources in mountainous areas of BTH.

Keywords: water yield; InVEST model; LULC; climate change; Taihang Mountain; Yanshan Moun-
tain; Bashang region

1. Introduction

Ecosystem services are the basis for human well-being and sustainable develop-
ment [1,2], and have become a hot topic of research in ecology and related disciplines [3-5].
Generally, ecosystem services include four primary categories—supporting, provisioning,
regulating, and cultural services, along with eleven corresponding secondary categories [6].
Among those services, water yield service is a critical ecosystem service for its roles in
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characterizing regional water resource availability [7], which is particularly important
in water-limited regions [8]. Meanwhile, water yield service plays a critical role in the
sustainable development of regional economies and ecosystems [9], such as the provi-
sion of drinking water, agriculture, ranching, and production [10]. Nevertheless, with
the intensification of anthropogenic activities and climate change for the past few years,
land use/landcover (LULC) and climate change will have potentially large impacts on
watershed hydrological processes [11]. Climate change alters precipitation and evapotran-
spiration (solar radiation and temperature) in watersheds [12], which alters the regional
water cycle, infiltration processes, water holding model, and thus water yield [13]. The
anthropogenic demand for water resources has been increasing rapidly in response to rapid
economic development and urbanization, and has been directly changing regional water
yield [14]. In addition, the uneven distribution of water resources has led to an increasingly
prominent imbalance between the supply and demand of water resources [15].

Multiple satellite products consistently show that Earth’s terrestrial systems have
been greening for nearly three decades [16-18], and similarly, the terrestrial systems in
China have also experienced extensive greening trends [19,20], with China contributing
25% of the net increase in global green foliage from 2000 to 2017 [21]. The starting point of
afforestation is still mainly to increase carbon stocks and reduce soil erosion, while water
is rarely considered in forest management [22]. In recent years, increasing concerns have
been expressed about afforestation projects that focus only on carbon sequestration while
ignoring significant decreases in water yield [23,24]. In large-scale afforestation processes,
if the trade-offs and synergies between water and carbon benefits in ecosystem are not
fully considered, serious ecological problems will result [17]. Under the change of climate
and LULC, a profound understanding of the impact of vegetation greening on water cycle
processes is important for enhancing integrated water resources management in watersheds
and solving contemporary water resources problems [24,25]. The relationship between
vegetation change and water resources or water yield is not only an important theoretical
issue of academic interest in the field of hydrology and ecology, but also an important
applied topic related to ecological restoration and conservation [26].

The debate on the relationship between forest and water dates back at least to the
middle of the 19th century [27] and the scientific debate is still very intense today [28,29].
The reason for this debate lies in the fact that different scholars have obtained different
results and conclusions in previous studies on the relationship between forest and water. It
includes the cases where there is a negative relationship [30-32], no relationship [33-35],
and a positive relationship [36,37] between vegetation change and water resources. The
same amount of deforestation (or revegetation) can significantly increase (or decrease)
water yield in many watersheds, but can also have little effect on water yield in other
watersheds. The water yield of some watersheds may even be reduced (or increased) [29].
Thus, the relationship between forest and water resources is neither exactly the trade-off
concluded by Jackson et al. [38], nor is it an ideal, mutually reinforcing, relationship, but
it may depend on the environment in which the forest is located. Interestingly, the areas
with positive and no effect results are mostly wet areas, or those with complex terrain or
large watersheds [39].

Generally, water yield from a watershed is the basis of a river’s flow, and over time
scales, is the balance of precipitation less evapotranspiration with negligible groundwater
losses [40,41]. Some studies have directly used water yield to characterize water conserva-
tion, while others have used related parameters to modify water yield and obtain a measure
of water conservation [42,43]. Water supply and conservation are integrated concepts, and
water yield is the basis for both. There are quantitative methods for estimating water
yield based on different variation conditions, and here the main focus has been on models,
including the Soil and Water Assessment Tool (SWAT) [44], the Artificial Intelligence for
Ecosystem Services (ARIES) [45], and the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) [46]. Compared with other models, based on the principle of water
balance [47], the INnVEST model requires fewer data, is easier and more convenient to
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calculate, and shows the spatial and temporal variation of water yield in raster, shapefile,
and table formats [48,49]. Therefore, the INVEST model has been applied to different study
areas by many scholars around the world, including 22 UK catchments [50], the Dongting
Lake wetland region [51], the Xiangjiang River Basin [49], the Yellow River Basin [52], the
Yangtze River Basin [53], and the Danjiang River Basin [43] in China, the Narmab dam wa-
tershed in Iran [54] and regions, such as Northeast China [55], Beijing, and its surrounding
areas in China [56], the Beijing-Tianjin-Hebei region [57], and the agro-pastoral ecotone of
northern China [58].

Promoting the coordinated development of the Beijing—Tianjin-Hebei region (BTH)
is a major national strategy in China, and the regional ecological environment is the
primary issue facing this strategy. Water resource shortages have become one of the major
obstacles for the coordinated development of BTH [59,60]. Mountain areas, including
the Taihang Mountain (THM), the Yanshan Mountain (YSM), and the Bashang region
(BSR), are important water resource sites of the BTH, and national energy bases, taking
into account the important task of decongesting the non-capital functions of Beijing, the
capital of China. As the irreplaceable water towers for the plain areas, mountain areas hold
the headwaters of rivers and sustain large and growing populations in the downstream
regions [61]. Mountain ecosystems account for a much larger supply of the water yield
service [62]. Improved understanding of water yield changes in mountains is thus crucial
for optimal water resources management, especially in view of the vulnerability of the
headwater ecosystems to climate change [63].

Meanwhile, to alleviate land degradation and address global warming, multiple
ecosystem restoration programs have been implemented in BTH successively [64], in-
cluding the “Three-North Forest Shelterbelt Program” (since 1979), the “Grain for Green
Program” (since 1999), the “Beijing-Tianjin Sandstorm-Control Program” (since 2002), and
the “Taihang Mountain Greening Program” (since 1986). These programs have planted
billions of trees and have caused dramatic changes in the substrate of the mountainous
areas [23]. Over the past 30 years, the forest cover of the THM and YSM in Hebei province,
China has increased to 30% and 45.7% [65]. While for the Haihe River Basin, which origi-
nates in the mountainous areas of BTH, the amount of water resources in the mountainous
areas of the Haihe River Basin has been reduced by 40% [66]. Moreover, Jia et al. [67] also
showed that runoff in the THM has declined significantly since 2000, with surface water
resources declining by more than 40% in the eastern region and even more than 50% in the
THM of Hebei province, China.

Is the dramatic decrease in water availability in mountainous areas due to climate
change or to LULC change under human activities? How do large changes in forests and
the main land use type in mountainous areas affect water yield in mountainous areas? How
can it be expressed quantitatively? These have become the focal questions to be addressed
in the sustainable development of ecological resources in mountainous watersheds, and it is
urgent to clarify the interrelationship between vegetation change and water resources and
the regulating mechanisms [26,68]. Afforestation in drylands, especially in the transition
zones, from arid to humid climates, has a high potential to provide ecosystem services,
including high carbon sequestration [69], climate regulation [70], and prevention of de-
sertification [71]. However, for these environments with limited water carrying capacity,
more research is needed to explore the inevitable trade-offs, and the cost-benefit of different
LULC types, such as between afforestation and water harvesting and its impacts on local
water resources from a hydrological cycle perspective [72].

Previous studies also showed that even in arid and semi-arid zones, afforestation may
also have various consequences on water resources. Feng et al. [10] found the “Grain for
Green Program” has increased net primary productivity in the semi-arid Loess Plateau
region, China, while resulting in a significant reduction in the runoff coefficient of the hydro-
logical basins in the Loess Plateau region. However, the natural growth of vegetation in the
Qilian Mountains, China, which is located in an arid to semi-arid region, has not reduced
runoff, and the runoff has remained fairly constant over the years [73]. Zhou et al. [26]
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believes that the principle of artificial vegetation restoration in China should be based on
achieving the sustainable use of water resources.

At the same time, as mentioned before, the mountainous areas of BTH in China, which
is located in the semi-arid zone, have also seen the implementation of a large number of
ecological restoration projects, and there is also the current situation of decreasing water
resources, so the relationship between afforestation and water resources in this region
needs to be studied. Therefore, in this paper, we selected the mountainous areas of BTH
in China as the study area. The goal of this paper is an attempt to figure out the impact
of climate and LULC changes on water yield service in the study area, especially the
impact of the changes on water yield before and after the implementation of a series of
ecological forestry projects in different regions of the study area. We estimated the water
yield in the mountainous areas of BTH in China over the period from 1980 to 2020 with
the InVEST model, including 1980, 1990, 1995, 2000, 2005, 2010, 2015, and 2020. Through
setting six scenarios, the contributions of climate and LULC changes to the water yield
were obtained in different periods, including 1980-2000, 2000-2020, and 1980-2020. The
results can provide an important scientific and technological reference for the ecological
management and protection of water source sites, as well as the planning and utilization of
water resources, the research of water conservation measures, and the assessment of the
ecological engineering benefits in the mountainous areas of BTH.

2. Materials and Methods
2.1. Study Area

The mountainous area of BTH is located at E113°30/0"7-119°34/40", N36°14/0"-42°38'10"
and its total area is 121,869 km?, of which, the THM is 29,361 km?, accounting for 24% of
the total area, the BSR is 29,610 km?, accounting for 24.6%, and the YSM is 62,899 km?,
accounting for 51.4%. It is in the upstream of Xiongan New Area and Baiyangdian lake,
and the Haihe River basin flows through the region (Figure 1). It is in the warm-temperate
continental monsoon climate zone, which is hot and rainy in summer and cold and dry
in winter. The region has an average annual temperature of about 11 °C and the average
multi-year rainfall is 512.86 mm.

2.2. Annual Water Yield Simulation

The water yield module of InVEST 3.8.9 was used to analyze the total annual water
yield in mountainous areas of BTH in 1980, 1990, 1995, 2000, 2005, 2010, 2015, and 2020
in this paper. The water yield module is based on the Budyko curve and annual average
precipitation. The basic output of this module is a gridded map of water yield. We
determine annual water yield (x) for each pixel on the landscape x as follows:

¥ = (1= 2558 ) po <1>

where AET(x) is the annual actual evapotranspiration for pixel x and P(x) is the annual
precipitation on pixel x.

For vegetated LULC types, the evapotranspiration portion of the water balance,
AET(x)/P(x), is based on an expression of the Budyko curve proposed by Fu [74] and
Zhang et al. [75]:

AET(x) .  PET(x) PET(x)\“, "
ro =1 g () | @

where PET(x) is the potential evapotranspiration and w(x) is a non-physical parameter that
characterizes the natural climatic-soil properties, both detailed below:

PET(x) = Kc(Iy)ETo (%) 3)
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xX) =2

AWC(x)
P(x)

+1.25 4)

where ET((x) is the reference evapotranspiration from pixel x, and was calculated using the
‘modified Hargreaves’ equation [76], which generates superior results than the Pennman-
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Figure 1. Location of study area (THM—Taihang Mountain, BSR—Bashang region, YSM—Yanshan Mountain).

ETy = 0.0013 x 0.408 x RA x

(Tay + 17) x (TD — 0.0123P)"7° (5)

where RA is extraterrestrial radiation, in MJ-m~2-d~!, with equation provided by FAO Irri-
gation Drainage Paper 56 [77], Tay is the average of the daily maximum and daily minimum
temperatures, in °C, TD is the difference between daily maximum and daily minimum

temperatures, in °C, P is daily precipitation,

in mm. K¢ (ly) is the plant (vegetation) evapo-

transpiration coefficient associated with the LULC 1 on pixel x, Z is an empirical constant,

sometimes referred to as “seasonality factor”

, which captures the local precipitation pattern

and additional hydrogeological characteristics and can be estimated as follows [78,79].

Z=02xN (6)

where N is the number of rain events (>1 mm) per year.
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The 1.25 term is the minimum value of (x), which can be seen as a value for bare soil
(when root depth is 0), as explained by Donohue et al. [78]. Following the literature [78,80],
values of (x) are capped to a value of 5. AWC(x) is the volumetric (mm) plant available
water content, which is estimated as the product of the plant available water capacity
(PAWC, i.e., the difference between field capacity and wilting point) and the minimum of
root restricting layer depth (Rest. layer. depth) and vegetation rooting depth (root. depth):

AWC(x) = Min(Rest.layer.depth, root.depth)-PAWC (7)

2.3. Data Preparation and Processing

Datasets prepared as inputs to the IN'VEST water yield module were listed in Table 1.
The statistical analysis of daily precipitation data from 26 meteorological stations (Figure 1)
in the study area is analyzed to verify the average annual number of rainfall events from

1980 to 2020 is approximately 50.35 and Z is 10.07 with the calculation of Formula 6.

Table 1. Input files for the INVEST water yield module.

Input Description Format/Units Source
Average annual precipitation
ggnerated by the Kriging Daily precipitation data are
. 1r.1te1jp01at10r1 of dally. . downloaded from China
Precipitation precipitation data of 26 national GIS raster with a Meteorological Data Network
meteorological stations resolution of 100 m /mm (http://data.cma.cn/) (accessed on
(Figure 1) around the study area p: 20 ]i‘)'e c e;ﬁb er 2022)
with Arc GIS 10.5 from 1980 to
2020
Average annual reference
evapotranspiration estimated Daily meteorological data (including
based on the daily temperature, wind speed, sunshine
Reference meteorological data of 26 GIS raster with a duration, etc.) are downloaded from
evapotranspiration national meteorological stations ~ resolution of 100 m /mm  China Meteorological Data Network

Root restricting layer
depth

Plant available water
content (PAWC)

Land use/land cover
(LULC)

Watersheds

Plant evapotranspiration

coefficient

using the modified Hargreaves’
equation and generated the
same as the precipitation data

Soil depth at which root
penetration is strongly inhibited,
a conversion from soil depth
data in feature format

Fraction of water that can be
stored in the soil profile that is
available for plants’ use. It is
defined as the difference
between the fraction of
volumetric field capacity and
permanent wilting point

Land use/land cover map in
1980, 1990, 1995, 2000, 2005,
2010, 2015, and 2020

Main watershed

Plant evapotranspiration
coefficient for each LULC class

GIS raster with a
resolution of 100 m /mm

GIS raster with a
resolution of 100 m /mm

GIS raster with a
resolution of 100 m

GIS polygon

Decimal in the range of 0
to1.5

(http://data.cma.cn/) (accessed on
20 December 2022)

Soil depth data in feature format are
extracted from the 1:1,000,000 Soil
Database of China downloaded from
the Nanjing Institute of Soil Science,
Chinese Academy of Sciences
(http:/ /www.issas.cas.cn/) (accessed
on 20 December 2022)

Calculated with SPAW software using
soil texture data and content of soil
organic matter obtained from 193
sampling sites collected in 2019
(Figure 1)

The Resources and Environmental
Sciences Data Center (RESDC),
Chinese Academy of Sciences
(http:/ /www.resdc.cn) (accessed on
20 December 2022)

The study area boundary in this
paper obtained according to
administrative boundaries and
contour data downloaded from China
Meteorological Data Network
(http:/ /data.cma.cn/) (accessed on
20 December 2022)

FAO (http:/ /www.fao.org) (accessed
on 20 December 2022)
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Table 1. Cont.

Input Description Format/Units Source
Lucode is the same as the land use
Containing model information raster map, LULC_veg is 1 for
corresponding to each of the vegetated land use except wetlands,
Biophysical table land use classes in the LULC .csv table and 0 for all other land uses,
raster (LULC class (Lucode), root_depth is the value of root
LULC_veg, root_depth and K) restricting layer depth, and Kc is
plant evapotranspiration coefficient
Z parameter Corresponding to the seasonal Floating point value on Calculated from the
distribution of precipitation the order of 1 to 30 precipitation data

2.4. Scenario Settings and Contribution Analysis

As mentioned before, the implementation of the ecological restoration project basically
started in about 1980 to 2000. Therefore, in this paper, we designed six scenarios to identify
the drivers on water yield in mountainous areas of BTH, which are shown in Table 2. In
real conditions, climate and LULC data were input to the model in accordance with actual
conditions, including 1980, 2000, and 2020. We set up six scenarios, including three climate
change scenarios and three LULC change scenarios. Under the climate change scenario, actual
LULC data remained in 1980 and 2000, but the corresponding climate data changed into the
future data, including 2000 and 2020, namely, S1, S2, and S3. In the LULC change scenario, we
maintained actual climate data in 1980 and 2000 but future LULC data of 2000 and 2020, that
is, 54, S5, and S6. The water yield in each scenario was calculated using the INVEST model.
Then, the contribution of climate and LULC to water yield in different periods was calculated
quantitatively by using formulas (8), (9), (10), and (11) according to the results of water yield in
the different scenarios.

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

F Real Condition Climate Change Scenario LULC Change Scenario

actor 1980 2000 2020 s1 s2 S3 s4 S5 S6

Climate 1980 2000 2020 2000 2020 2020 1980 1980 2000
LULC 1980 2000 2020 1980 1980 2000 2000 2020 2020

The contribution of climate and LULC changes to the water yield was distinguished
with residual trends [81]. Thus, the extent to which climate change and LULC change con-
tribute to water yield under different scenarios can be quantified by the following formula:

ch:Wa_Wc (8)

AW, = W, — W, )
AWC

Re = — 2 o 100% 1

C= AW, aw, < 100% (10)
AW,

R = — =L 100% 11

L= AW, 1 aw, < 100% (1)

where AW, is the changes of water yield in a climate change scenario, in mm; Wj, is the
water yield in real condition, W, is the water yield in climate change scenario in the same
period, in mm; AWY is the changes of water yield in the LULC change scenario, in mm, W
is the water yield in LULC change scenario in the same period, in mm; Rc and Ry, refer to
the contributions of climate and LULC changes to water yield in climate change and LULC
change scenarios, respectively, in %.

Pearson correlation analysis is used to identify the relationship and degree of relation-
ship of two variables with IBM SPSS Statistics 20. Other processing and analysis of data is
based on Arc GIS 10.5 and Microsoft Excel 2016.
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3. Results
3.1. Spatio-Temporal Variation of Climate Change

Although the interannual precipitation and ET in the mountainous area of BTH
showed interannual fluctuations, there was a slight increasing trend in 1980, 1990, 1995,
2000, 2005, 2010, 2015, and 2020, especially in the ET, (Figures 2 and 3). The annual
precipitation was lowest in 1980, which was less than 400 mm, followed by 2000 and 2005.
The spatial differences of annual precipitation in the study area were large. While the
distribution characteristics during the study period basically showed the same, with high
values distributed in the northeast, namely, the YSM and the south, that is, the THM, and
the lowest precipitation in the northwest, that is, the BSR. However, in the rest of the years
with a precipitation greater than 500 mm, the spatial distribution differences are not so
obvious. In general, the spatial distribution of precipitation in the study area shows a
decrease from southeast to northwest, which is in line with our general understanding.

The potential evapotranspiration showed a clear opposite trend to precipitation. From 1980
to 2020, the high values of ET| tended to migrate from the central region to the northeastern
mountain—plain interface, and of course, the potential evapotranspiration was higher in the south
compared with other regions. In contrast, the low value of ETj appears in the western and
northwestern regions in all years. Combined with the spatial distribution of precipitation, it is
tentatively inferred that the northwestern region, that is, the BSR, is a dry and low temperature
region, and the southern and northeastern regions, that is, the YSM and THM, are hot and humid.

Precipitation/mm

N

0 65 130 260 km
S Y O T T

Figure 2. The spatial patterns of annual precipitation in the eight years during 1980-2020.
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Figure 3. The spatial patterns of annual ETO in the eight years during 1980-2020.

0 65 130

3.2. Spatio-Temporal of Variation Land Use/Land Cover Change

The LULC of the mountainous area in BTH changed mainly before 2000, especially for
farmland, forest land, and grassland, which were dominant in the mountainous area of BTH
region (Figure 4). In comparison with 1980, in the next seven years, grassland decreased
greatly while, during the study period, forest land showed a significant increasing trend.

®farmland  ®forest land ™ grassland water body M construction land  ®bare land

100
90
80
70
60
50
40
30
20

Area propotion/%

1980 1990 1995 2000 2005 2010 2015 2020
Year

Figure 4. LULC change in the eight years during 1980-2020.

Farmland was mainly distributed in the BSR and the junction of mountain and plain
in the THM, and forest land was mainly distributed in the YSM and the junction of the
THM and YSM, showing a trend of conversion of grassland to forest land during 1980 to
2020. Meanwhile, farmland in the junction of mountain and plain in the THM converted
into construction land during 1980 to 2020. Since 2000, the spatial distribution of each LULC
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type changed slightly except the grassland in the BSR changed into forest land (Figure 5).
In general, the regional spatial distribution of LULC types varied widely, with forest land
dominating in the YSM, accounting for 49.06% of the total area, grassland, and farmland
dominating in the THM, and both accounting for a similar proportion of the total area, being
about 30%, while for the BSR, farmland dominated, accounting for about 50% of the total area.

% farmland
B forest land

8 grassland

I water body

B construction land
[ Ibare land

o 0 65 130 260 km
FoL L)

Figure 5. The spatial patterns of LULC in the eight years during 1980-2020.

3.3. Spatio-Temporal Change in Water Yield

Based on the calculated output of the model, we obtained the annual precipitation,
potential evapotranspiration, water yield, and actual evapotranspiration for the study
area (Figure 6). In the study period, the water yield in the mountainous area of BTH
was the largest in 1990, at 377.95 mm, and the smallest in 1980, at 150.49 mm. Relatively
speaking, after 2000, the interannual water yield showed a slightly increasing trend, which
was significantly lower than the water yield in 1990 and the values of water yield from
2000 to 2020 ranged from 217.01 mm to 324.65 mm. The actual evapotranspiration had a
small interannual variation, which was basically around 210 mm. Meanwhile, the Pear-
son correlation analysis of annual precipitation, potential evapotranspiration, and water
yield showed that water yield was significantly positively correlated with precipitation at
p = 0.01 level with a correlation coefficient of 0.99, and negatively correlated with potential
evapotranspiration at p = 0.05 level with a correlation coefficient of —0.78. Thus, it seems
that the variation of water yield is very closely related to climate change factors.
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precipitation —e=actual evapotranspiration =—m==water yield potential evapotranspiration
1000 0
g
£ 900 { 100
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Figure 6. Annual precipitation, actual evapotranspiration, water yield, and potential evapotranspira-
tion in the eight years during 1980-2020.

Further, we plotted the spatial distribution of water yield in the eight years during
1980-2020 (Figure 7). During the study period, the spatial distribution of water yield was
similar over the years, with high values in the south-central THM and the northeastern YSM,
while the higher water yield in the northeastern YSM was most evident in 1990 and 1995,
when precipitation was higher, and began to decrease in the northeastern YSM after 2010.
The area of low water yield was mainly located at the junction of central YSM and BSR, but,
after 2010, this area showed a shift toward the southwestern junction of BSR and TSM.

[ Regional boundary
Water yield/mm
. <100
I 100-200
£ 200-300
| 300-400
(71 400-500
I 500-600
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Figure 7. The spatial patterns of water yield in the eight years during 19802020 (THM—Taihang
Mountain, BSR—Bashang region, YSM—Yanshan Mountain).
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The THM was the main water yield area accounting for 30.77-47.69% of the total
water yield of the mountainous area in BTH during the study period, followed by the YSM,
which accounted for approximately 30% of the total water yield of the study area. For the
water yield of the BSR, it accounted for about 25% of the total water yield of the study area
(Table 3). The water yield in those three regions increased linearly before 2000. After 2000,
the water yield changed quadratically, in the THM, the water yield decreased first and then
increased, while the water yield in the YSM and BSR increased first and then decreased,
and the turning point was 2010.

Table 3. Water yield (in mm) and ratio of water yield in different regions to the total water yield in
the eight years during 1980-2020.

Regions *
Year Parameter THM BSR YSM
Water yield
179.44 131.61 145.81
1980 (mm)
Ratio (%) 39.28 28.81 31.91
Water yield
414.42 288.15 403.47
1990 (mm)
Ratio (%) 37.47 26.05 36.48
Water yield
449 .41 326.64 343.82
1995 (mm)
Ratio (%) 40.13 29.17 30.70
Water yield
331.51 185.44 178.12
2000 (mm)
Ratio (%) 47.69 26.68 25.63
Water yield
251.86 163.30 251.98
2005 (mm)
Ratio (%) 37.75 24.48 37.77
Water yield
266.55 284.65 315.14
2010 (mm)
Ratio (%) 30.77 32.86 36.38
Water yield
2 251.71 298.04
2015 (mm) 305.26 5 98.0
Ratio (%) 35.70 29.44 34.86
Water yield
414. 271.11 7.71
2020 (mm) > 30
Ratio (%) 41.73 27.29 30.98

* THM—Taihang Mountain, BSR—Bashang region, YSM—Yanshan Mountain.

3.4. Water Yield of Different Land Use/Land Cover

Further, we zoned the water yield of the different LULC types for the eight years of the
study period (Figure 8). The LULC type with the highest annual water yield was farmland
in 1995 at 452.66 mm, followed by forest land in 1990 at 374.17 mm, and grassland in 1990
at 367.63 mm from 1980 to 2020. The water yield of these three LULC types, including
farmland, forest land, and grassland, also showed cyclical changes, dividing into two stages
of change before and after 2000, both showing an increasing trend, although the increase
after 2000 was less than that before 2000. The water yield of the other three LULC types
showed fluctuating changes with large interannual differences during the study period.
Among them, the annual water yield of water body was the lowest, ranging from 0 to
96.67 mm, with a multi-year average of 17.82 mm.



Remote Sens. 2023, 15, 727

13 0of 19

500
450
400

Water yield/mm
—_— = NN W W
hn O U © N © W
[=eleleolele =2 =)

100
90
80
70
60
50
40
30

ratio/%

10

Volumetric water yield

m1980 m1990 m1995 ®m2000 m2005 m2010 m2015 m2020

Farmland Forest land Grassland Water body  Construction Bare land

land
LULC type

Figure 8. Water yield of different land use/land cover in the eight years during 1980-2020.

We converted the depth of water yield into the volume of water yield to show that
the volumetric water yield of the mountainous area in BTH was at a maximum in 1990,
at 4.61 x 10'° m3, followed by 4.45 x 10'° m3 in 1995 (Figure 9). The volumetric water
yield after 2000 was lower than that of 1990 and 1995, but showed an increasing trend. The
volumetric water yield in 2020 was 3.95 x 10! m?, increasing by 1.84 x 10'° m3 in 1980 and
2.65 x 101 m3 in 2000. The trends in the proportion of volumetric water yield for forest
land, grassland, and farmland also differed from the depth of water yield. Although the
depth of water yield was highest in farmland in 1995, the proportion of volumetric water
yield was the largest in forest land, at 40.65%. At the same time, comparing the proportion
of volumetric water yield of forest land, grassland, and farmland in 1980, 2000, and 2020,
it can be seen that although the proportion of volumetric water yield of farmland was
still the highest in 2020, at 38.15%, which was greater than 31.32% in 1980, but lower than
44.45% in 2000. The proportion of volumetric water yield of grassland decreased even more,
from 50.24% in 1980 to 26.43% in 2000 and 25.95% in 2020, respectively. The proportion of
volumetric water yield of forest land, on the other hand, showed an increasing trend, from
17.93% in 1980 to 27.89% in 2000 and 32.04% in 2020. As for the other three LULC types,
the proportions of volumetric water yield were below 5% or less, and they did not change
much over the study period.

farmland mmm forest land grassland

. water body . construction land . bare land

=@=—total volumetric water yield
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Figure 9. Volumetric water yield ratio of different land use/land cover in the eight years during
1980-2020.

3.5. Contributions of Climate and LULC to Water Yield

The contribution rates of the climate and LULC changed to regional water yield
can be quantitatively estimated by comparing the differences using different scenario
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results. As shown in Figure 10, climate was the key factor controlling the water yield of the
mountainous area in BTH from 1980 to 2000, 2000 to 2020, and from 1980 to 2020. LULC
had a negative effect on the water yield of the study area during 2000-2020, which was the
opposite of that in 1980-2000 and 1980-2020. This result suggests that LULC change may
have a negative impact on water yield during the initial reforestation period 2000-2020,
but in the long period, LULC change will be beneficial to water yield in the mountains
of the BTH.

ERC mRL

1980-2000 2000-2020 1980-2020
SA THM BSR YSM SA THM BSR YSM SA THM BSR YSM
Region

Figure 10. Contribution rates of land use/land cover and climate to the water yield change of different
regions during 1980-2000, 2000-2020, and 1980-2020 (SA—Study area, THM—Taihang Mountain,
BSR—Bashang region, YSM—Yanshan Mountain; RC—rate of climate, RL—rate of LULC).

The contribution of climate to the water yield increased in the THM, BSR, and YSM
from 83.48% to 112.63%, 6.59% to 101.43%, and 37.41% to 103.73% in 1980-2000 and
2000-2020, respectively. The contribution of LULC to water yield in the THM, BSR, and
YSM changed from a positive impact in 1980-2000 to a negative impact in 2000-2020, and
the contribution rate was also greatly reduced. In particular, the BSR and YSM had changed
from 93.41% and 62.59% to —1.43% and —3.73%, respectively, and the negative impact of
LULC on water yield in THM during 2000-2020 was the largest, at —12.63%.

4. Discussion

Mounting evidence has suggested that climate change plays an important role in
controlling the water cycle [82]. An investigation of the changes in precipitation is the first
step in understanding the impact of climate change on water yield. Varying amounts of
precipitation can cause significant differences in water yield [83]. Therefore, it can be seen
in Figure 6 that the trends of annual water yield and precipitation are highly consistent,
especially in 1990 and 1995 when precipitation was high, and the spatial distribution of
the annual water yield and precipitation is also very similar (Figures 3 and 7), i.e., the high
value areas are located in the northeastern YSM and central THM.

Meanwhile, based on the water yield module of the InVEST model, except for the
precipitation, the water yield is also determined by the actual evapotranspiration. Therefore,
evapotranspiration is the key factor in determining the water yield under the assumption
that precipitation is constant. Evapotranspiration is mediated primarily by transpiration
through plants [84]. Moreover, the plant layer shades the land surface and further reduces
the heat fluxes coming into the soil, decreasing evaporation [85]. Hence, the spatio-temporal
nature of LULC is essential for water yield. In arid and semi-arid areas, the conversion from
crops to forest and grass land reduces evapotranspiration [21]. This is why the water yield
is low in the predominantly farmland BSR, even in 1990 and 1995, when precipitation was
high, despite the low potential evapotranspiration. Similarly, the mountain-plain junction
of the farmland-dominated THM does not have a high-water yield despite the relative high
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precipitation, and the high values of water yield in the THM are distributed in the lower
areas of evapotranspiration in the western forest-grass distribution.

According to the results of the current study, LULC and climate change are both crucial
elements that determine the water yield [86]. However, they are not independent of each
other but have a close mutual feedback effect. Climate change affects the interannual land
cover change and vegetation dynamics, especially in arid and semi-arid areas. Vegetation
growth is obviously limited by precipitation and LULC changes also affects regional climate,
including temperature and precipitation [44]. Therefore, as this paper demonstrates, in
1980-2000 the contribution of LULC and climate change to the water yield in the BSR and
THM occupied an overwhelmingly dominant position with 93.41% and 83.48%, respectively,
while for the YSM, the contribution of both was not significantly different. As precipitation
is the only source of water yield, the annual precipitation in 1980 and 2000 was less
than 400 mm for both the BSR and YSM. Therefore, it is tentatively inferred that for
the BSR, where annual precipitation and evapotranspiration are low, LULC becomes
the dominant factor affecting water yield, while the contribution of LULC change to
water yield is relatively weak for the YSM due to the influence of evapotranspiration.
While in 2000-2020, climatic factors became the main factor affecting water yield in all
three regions, with a contribution rate greater than 100%, and LULC has a negative effect
on water yield in all three regions. As mentioned earlier, this period, which was the main
implementation period of a series of ecosystem restoration programs, and the extension
of vegetation phenology, were also affected by climate change, directly resulting in an
increase in vegetation transpiration during its growth period [87]. However, in 1980-2020,
LULC had a positive effect, especially for the dry and cold BSR, where the positive effect of
LULC factors on water yield was significantly higher than in the THM and YSM. It can be
concluded that, in the long term, land revegetation will gradually benefit the water yield in
the mountainous areas of BTH.

However, it seems that there is no very obvious change in the area of farmland due
to the influence of LULC data sources and resolution. According to our fieldwork, we
find that many lands in mountainous areas, especially on both sides of rivers, due to the
seasonal breakage, are planted with crops by local people, which become farmland on
remote sensing images, and some of the farmlands are actually retired and planted with
economic forests such as walnuts and jujube trees. However, because the planting is not on
a large scale, it is still treated as farmland on remote sensing images. Therefore, in the next
step, we will need to further analyze the impact on water yield by revising and refining the
LULC remote sensing images in conjunction with field surveys.

In addition, according to our study, the water yield in the mountainous areas of
BTH after 2000, although it was lower than that in 1990 and 1995, had an overall upward
trend. This point seems to contradict the decay of water resources in mountainous areas
mentioned in the previous section. In this paper, the INVEST model is used to calculate the
amount of water that can be yielded in an area under the existing natural conditions of the
climate, LULC, and soil, but not all water yield will be captured, and some of it may leave
the area in the form of evapotranspiration or flooding before water harvesting. Therefore,
we need to further study the complex hydrological processes involved in water capturing
from water yield.

5. Conclusions

In this study, the water yield module of the INVEST model was used to calculate the
water yield of the mountainous area in BTH over the past 40 years, the water yield of
different coverage types was analyzed, and a scenario simulation method was applied to
identify the contribution rates of climate and LULC change on the water yield of three
regions in BTH, including the THM, BSR, and YSM. The results showed that, in 1980-2020,
the water yield in the mountainous area of BTH was the largest in 1990, at 377.95 mm
and the smallest in 1980, at 150.49 mm. After 2000, the interannual water yield showed a
slightly increasing trend with an increasing rate of 5.38 mm per year. During the study
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period, the spatial distribution of water yield was similar over the years, with high values
in the south-central THM and the northeastern YSM. The THM was the main water yield
area of the mountainous area in BTH, which had accounted for about 40% of the total water
yield over the years.

The annual average water yield of farmland was the highest, at 346.85 mm, followed
by forest land and grassland, while the proportion of volumetric water yield was the largest
in forest land with an increasing trend from 1980 to 2020 and the grassland showed a
decreasing trend, while that of farmland increased first from 1980 to 2000 and decreased
from 2000 to 2020.

Climate is the key factor controlling the water yield of the mountainous area in BTH
over the 40 years. The contribution of climate change to water yield increases from 56.51%
in 1980-2000 to 104.95% in 2000-2020. The effect of LULC change on water yield is relatively
complex, specifically, from 1980 to 2000, LULC change has had a positive effect on water
yield especially in the BSR, with a contribution rate of 93.41%. While from 2000 to 2020,
LULC change has had a negative effect on water yield, especially in the THM, with a
contribution rate of -12.63%. However, overall, the effect of LULC change on water yield in
the mountainous areas of BTH has been positive in the last 40 years, especially in the BSR,
with a contribution of 37.80%. In the long term, land revegetation will gradually benefit the
water yield in the mountainous areas of BTH, including the THM, BSR, and YSM.
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