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Abstract: Forest water conservation function is an important part of forest ecosystem services.
The discontinuous distribution of forests in semiarid areas brings difficulties to the quantitative
evaluation of forest water conservation functions at the basin scale. In this paper, we took the
upstream of Xiong’an New Area (Zijingguan—Z]G, Zhongtangmei—ZTM and Fuping—FP basins)
as an example and combine the soil and water assessment tool (SWAT) and the water balance
method to calculate the amount of forest water conservation (AFWC) at annual, monthly and
daily scales from 2007 to 2017, and analyzed the changes of AFWC. The results showed that the
hydrological response unit (HRU) generated with the threshold area zero can accurately reflect
the forest patch distribution in the three basins. On an annual scale, the annual AFWC were all
positive in ZJG and ZTM basins from 2007 to 2017. While, the annual AFWC in the FP basin was
negative in 2009, 2013, 2014 and 2017. On a monthly scale, the positive values of AFWC mainly
appear from June to September, and the negative values of AFWC mainly appear from December
to March. On a daily scale, the AFWC during extreme precipitation was positive, while that was
negative during extreme drought. The annual and monthly AFWC in the three basins was positively
correlated with the wetness index, and FP basin needs more humid climate conditions than ZJG and
ZTM basins to make the forest store water and keep in a stable water storage state. The above results
can not only provide important insight into sustainable forest and water resources management in
the region, but also serve as reference cases for other regions to carry out relevant research work.

Keywords: forest water conservation; water balance method; SWAT; upstream of Xiong’an New Area

1. Introduction

Water is the source of life, the essentials of production and the foundation of the
ecosystem [1,2]. In the era of low human productivity, people have relatively low produc-
tive and domestic needs for water, and the main task is the development and utilization of
water resources [3]. With the continuous improvement of human production and living
standards, the demand for water resources has gradually increased [4]. Therefore, the main
task becomes the development and conservation of water resources. Along with that,
climate warming and other environmental problems have appeared, water shortage and
drought and flood disasters frequently alternate in different regions, years and seasons
worldwide [5,6]. At this time, the main task is the rational development and efficient
utilization of water resources, producing water conservation. The concept of water con-
servation refers to the process and ability of the ecosystem to water stored or retained
within a specific time and space [7]. Meanwhile, the stored water will be discharged to
feed the ecological base flow of the basin in the non-rainy season and provide a strong
guarantee for the water used by social development and human life [8]. Forests play a
role in water conservation on different time scales through a forest canopy, litter layer and
soil layer [9-11]. The water conservation of forests is usually quantified by the amounts
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of forest water conservation (AFWCs) [12]. Most studies are based on the fixed-point
experimental observation methods to study forest water conservation on the individual
plant and slope scale, and there is a lack of studies on the water conservation of forests at
larger spatial scales [13,14].

The main methods for calculating the AFWC mainly include canopy interception,
integrated storage capacity and water balance methods. Specifically, the canopy intercep-
tion method estimates the AFWC by measuring the canopy interception rate of different
forest vegetation in the experimental plots [15,16]. The integrated storage capacity method
estimates the AFWC by calculating the precipitation interception parameters at different
layers of the forest in the experimental plots [17,18]. However, different calculation meth-
ods inevitably have their own advantages, characteristics, and limitations. The above
methods can calculate the AFWC on multitime scales, but because the forest evapotran-
spiration and surface runoff are ignored, the calculation results are often greater than the
actual water conservation amount [19]. Additionally, the above methods are aimed at
basins where the forest area accounts for a large proportion of the basin area. However,
for semiarid mountainous areas in Northern China, the spatial distribution of forests is
discontinuous under the influence of temperature and precipitation, and the proportion
of forest area is far from large enough to ignore other land use types [20,21]. Therefore,
the water conservation amount of the basin cannot be equal to the AFWC. The water
balance method is widely used for basin scales, which takes water, soil and forest in the
basins as a whole, and defines the difference between the precipitation of the basin and
forest evaporation and other consumption as the amount of water conservation according
to the principle of water balance [22,23]. The water balance method is the basis of studying
the mechanism of water conservation and can calculate the water conservation amount
more accurately [19]. Compared with other methods, it is a relatively mature and accurate
method to evaluate the water conservation function of the forest ecosystem. The current
research mainly combines the water balance method with remote sensing and hydrological
models to study the difference in AFWC and its spatial distribution in the basin [24,25].
However, most of the existing studies use the average annual runoff to calibrate the model
parameters and obtain the average multiyear value of AFWC, which not reflects the AFWC
at smaller time scales [26-28].

In addition, the manifestations of forest water conservation may be different on
different time scales. Previous studies have shown that the response of rainfall runoff
processes to land use is different at different time scales [29], and the characteristics of
precipitation and evapotranspiration on different time scales are different [2,30]. In the
semiarid monsoon region, precipitation is uneven during the year, and short term heavy
precipitation is prone to occur [31]. Therefore, the calculation and analysis of AFWC on
different time scales can be helpful in evaluating the role of forest water conservation in
flood interception and runoff regulation in semiarid monsoon areas more comprehensively.

Ecohydrological modeling is an indispensable tool in understanding the interaction of
hydrological processes and environmental issues [32]. The soil and water assessment tool
(SWAT) ecohydrological models have a strong physical mechanism, which simulating and
analyzing the temporal and spatial changes of hydrological processes such as interception,
evapotranspiration, infiltration, surface runoff and groundwater runoff from the time scale
of a year, month and day [33-35]. Moreover, the SWAT can reflect the spatiotemporal
variability of climate factors and the underlying surface and has been widely applied in
the research of forest hydrology [36,37]. Therefore, the combination of the SWAT model
and water balance method can quantitatively analyze the multitime scale characteristics of
forest water conservation [38].

The upstream of Xiong’an New Area is located in a temperate monsoon climate
zone [39]. The intermonthly changes of climate factors such as precipitation and evapo-
transpiration in the region are large, and short term heavy precipitation and continuous
drought are prone to occur on a daily scale [40]. The landform is dominated by hills
and mountains, and forests play an important role in water conservation at different time
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Figure 1. Locations of the study area and hydrological gauging stations (coordinates system: D_WGS_1984) (basins are

scales [39]. Meanwhile, the SWAT model has good applicability in the upstream of Xiong’an
New Area [41,42]. On 1st April 2017, the Chinese government officially announced the
establishment of Xiong’an New Area to centralize the relief of some extra capital functions
from Beijing [43]. The water supply safety and flood controlling ability of Xiong’an New
Area largely depend on flood interception and runoff regulation capacity of its upstream
ecosystem. The main land use types in the upstream of Xiong’an New Area are grassland
and forest [44], and forests have stronger flood interception and runoff regulation ability
than grasslands [45,46]. This puts forward higher requirements for the study of the forest
water conservation in the upper reaches of Xiong’an New Area. Therefore, we take the
upstream of Xiong’an New Area as the study area, divide the forest HRUs according to
the forest distribution characteristics in the study area and construct a SWAT hydrological
model, which reflects the forest distribution characteristics in the basin, then calculate the
AFWC on different time scales according to the principle of water balance.

This research provides new ideas for a theoretical basis of the formulation and adjust-
ment of water resources management policies and ecological environment policies in the
upstream of Xiong’an New Area as well.

2. Materials and Methods
2.1. Overview of the Study Area

The study area is located in 38°46/317-39°40’8” N and 113°40'4"-115°10"1" E, and in-
cludes three basins in the upstream of Xiong’an New Area, across Hebei and Shanxi
provinces of the Northern China, Zijingguan (ZJG), Zhongtangmei (ZTM) and Fuping (FP)
basins, with a total area of 7310.27 km? (Figure 1). Table 1 shows the main underlying
surface characteristics of the three basins. The terrain of the study area is high in the
northwest and low in the southeast, with an average altitude of 1108 m and an average
slope of about 19°, which belongs to the mountainous hilly area. The study area belongs
to the monsoon climate of medium latitudes zone with an average annual temperature
of 7.4-12.8 °C and annual precipitation of 550-790 mm [39]. Affected by the monsoon
climate, precipitation in the study area was uneven throughout the year, nearly 80% was
concentrated from June to September [40].

114°0'0"E 114°30'0"E 115°0'0"E
L n 1

39°30'0"N

Z
=
=
Legend g
B Hicbei Province
I Shanxi Province
ra
=
2
Atz e
>
2

Legend

Stream

B Xiong'an New Area
B FP Basin

7JG Basin

B 2™ Basin

10 20 40

[ —] )]

DEM (m)
High : 2611

—
Low : 149

® Hydrological station

A Meteorological station

®  Rainfall station

Stream
D Watershed boundary

T
38°30'0"N

T
113°30'0"E

T
114°0'0"E

T
114°30'0"E

T
115°0'0"E

shown by abbreviated names: ZJG—Zijingguan; ZTM—Zhongtangmei and FP—Fuping).



Forests 2021, 12, 116

40f21

Table 1. The main underlying surface characteristics of the Z]JG, ZTM and FP basins.

Main Land Use

Basins Types Main Soil Types Average Slope
Forest land (42.00%) Cinnamon Soil o
26 Grassland (33.83%) (86.20%) 17.75
Grassland (50.20%) Cinnamon Soil o
ZIM Forest land (26.11%) (77.56%) 17.76
Grassland (53.96%) Cinnamon Soil o
FP Forest land (39.40%) (92.35%) 225

2.2. Data Sources

The daily runoff data from 2006 to 2017 at three hydrological stations in Zijingguan,
Zhongtangmei and Fuping (Figure 1) were obtained from the hydrological yearbook of
the Haihe River basin. The daily precipitation data of 42 rainfall stations and four national
meteorological stations in the basin from 2006 to 2017 were provided by the hydrological
yearbook of the Haihe River basin and China Meteorological Data Network, respectively.
Other meteorological data, such as maximum temperature, average temperature, mini-
mum temperature, solar radiation, wind speed and relative humidity were also provided
by the China Meteorological Data Network for the period of 2006-2017. The soil type data
was obtained from the Cold and Arid Region Scientific Data Center of the Chinese Academy
of Sciences (http://data.casnw.net/portal/, accessed on 23 December 2020), with a spatial
resolution of 1 km x 1 km, including soil depth, soil texture, organic substances content
in the soil, soil bulk density and other attribute data that affect soil moisture movement.
The hydrological properties of the soil were calculated based on the soil water characteristic
software Soil Plant Atmosphere Water (SPAW) developed by the United States Department
of Agriculture. The land use data for 2010 was provided by the Resource and Environmental
Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/, accessed
on 23 December 2020) with a spatial resolution of 100 m x 100 m. Digital elevation model
(DEM) data were downloaded in the Geospatial Data Cloud (http://www.gscloud.cn/,
accessed on 23 December 2020), with a spatial resolution of 30 m x 30 m. This work was
guided on “Observation Methodology for Longterm Forest Ecosystem Re-search” of the
National Standards of the People’s Republic of China (GB/T 33027-2016).

2.3. Construction of the SWAT Model
2.3.1. Division of Hydrological Response Units

In applications of the SWAT model, the stream structure is first extracted using the
DEM data, and the whole basin is divided into several sub-basins. Then, the Hydrological
Response Units (HRUs) are generated by overlaying land use types, soils map, and slope
distribution [47,48]. The HRUs comprise the basic calculation unit of the SWAT model,
representing the unique combination of land cover, soil type, and slope class within a
sub-basin [49,50]. In order to make all land use types, soil types and slopes participate in
the simulation of the model, the area threshold of land use, soil and slope in this paper
was set as 0 [38]. We selected the HRU of the forest for water conservation calculation and
define the HRU of the forest as FHRU. Based on the generated HRU vector data, FHRU was
screened out through the field of land use. The relevant statistical results were combined
with HRUGIS code to obtain the spatial distribution map of FHRU [38].

2.3.2. Model Construction and Parameter Calibration

The soil conservation service (SCS) runoff curve model was used to calculate surface
runoff, the Penman-Monteith formula was used to calculate reference evapotranspiration
in the basin, the dynamic water storage reservoir model was used to calculate lateral
flow, and the basal flow regression coefficient method was used to calculate groundwater
runoff [51]. The global sensitivity analysis module of SWAT-CUP 2012 was adopted to
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analyze parameter sensitivity. According to the results of sensitivity analysis, 10 parameters
with greater sensitivity were selected (Table 2).

Table 2. Parameter screening results.

Parameter Description Range

ALPHA_BF Baseflow alpha factor (day) 0-1
Effective hydraulic conductivity in main

CH_K2 channel alluvium (mm/h) —0.01-500
CN2 SCS curve number for moisture condition —0.3-0.3
ESCO Soil evaporation compensation factor 0.4-1
SOL_K Saturated hydraulic conductivity —-0.3-0.3
Threshold depth of water in the shallow
GWQMN aquifer required for return flow to occur 0-1500
(mm)
SURLAG Surface runoff lag coefficient (day) 0.05-24
REVAPMN Threshpld depfh of w,?ter in the shallow 0-500
aquifer for “revap” to occur (mm)
GW_DELAY Groundwater delay (day) 30-450
SOL_AWC Available water capacity of the soil layer -0.3-0.3

Model performance assessment is essential to model selection and utilization. The Nash—
Sutcliffe (NSE) [52], correlation coefficient (R?) [53] and relative bias (PBIAS) [54] were used
to evaluate the simulation results. Specifically, NSE was used to characterize the degree
of fit between the simulated value and the observed value; PBIAS was used to calculate
the gap between the simulated value and the measured value; R? was used to evaluate the
consistency of the changing trend between the measured value and the simulated value
sequence. Generally, when NSE > 0.5, R% > 0.6, and | PBIAS| < 25%, the simulation
results of the model are considered credible [55]. The calculated formula was as follows,

i\ 2
L Q" - o)

NSE=1- 1)
n obs obs \2
i=1 ( Qi - Qavg)
. X 2
o [T - Qo - Qi o
2 : -2
Q9P — Qo) T (Q5m — Qsim)
n bs sim
i Q? — Q
pBiAs — 2= " ) 3)
i=1%i

where bes and Q?im are the observed and simulated values of runoff respectively and QZ?,Z,

and QZ% are the average values of the observed and simulated values of runoff respectively.

2.4. The Calculation Method of AFWC Based on the SWAT Model

From the water balance perspective, the difference between precipitation and forest
evapotranspiration and other consumption is the AFWC [23,56]. Its expression is,

W=P—AET —R ()

where W is the amount of forest water conservation (mm) and P, AET and R are precipita-
tion, actual evapotranspiration and surface runoff (mm), respectively.

The SWAT model used the hydrological response unit (HRU) as the minimum sim-
ulation unit to simulate hydrological cycle processes (Figure 2). The forest hydrological
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process based on the SWAT model can be summarized as Figure 3. The water balance
equation based on the SWAT model can be expressed as [38],

AS; = PREC; — AET; — WYLD; (5)

WYLD; = SURQ; + LATQ; + GWQ; (6)

where i is the ith HRU, AS; is the amount of water change on the ith HRU, PREC; is the
ith HRU precipitation and AET; is the ith HRU actual evapotranspiration and WYLD;
represents the amount of water flowing from the ith HRU. SURQ); represents the surface
runoff of the ith HRU, LATQ); represents the lateral flow of the ith HRU and GWQ;
represents the groundwater runoff of the ith HRU.

The water conservation amount Y; of the ith FHRU can be expressed as,

Y; = PREC; — AET; — SURQ; @)

The water conservation amount of the ith FHRU in the basin based on the SWAT
model can be calculated according to the following formula [38,57],

=

Wi = ) _(PREC;; — AET;; — SURQ;;) x S; x 1000 8)
i=1

where W;; is the water conservation amount of the ith FHRU (m?), PRE Cij is the precipita-
tion of the ith FHRU (mm), AET;; is the actual evapotranspiration of the ith FHRU (mm),
SURQ); is the surface diameter of the ith FHRU flow (mm), S; represents the area of the ith
FHRU (km?) and j represents the value corresponding to the time scale of a year, month,
and day.

The water conservation amount of all FHRU was summed up to obtain the forest
water conservation amount W; of the whole basin in a specific time scale, which can be
expressed as,

n
Wi =) W )
i=1
where 7 is the total number of FHRUs in the basin and j represents the value corresponding
to the time scale of a year, month and day.

Establish HRU

I

Read in meteorological data

l

Calculated soil temperature

l

Calculate snowfall and melt snow

I

Snowfall + rainfall Y Calculate surface runoff and
=0? infiltration

N Surface runoff >0

Calculate soil water content,
evaporation, groundwater, runoff and
flood peaks

|

Complete a HRU loop

Calculate flood peak frequency and
transfer loss

Figure 2. Simulation process of hydrological response units (HRUs) in the soil and water assessment
tool (SWAT) model.



Forests 2021, 12,116

7 of 21

PREC: Precipitation

ET: Evaporation and Transpiration
SURQ: Surface Runoff
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Figure 3. The hydrological process of HRU in the SWAT model.

2.5. Selection of Daily Time Scale Eigenvalues

On a daily scale, we mainly study the change characteristics of AFWC during extreme
precipitation and extreme drought. The day with the largest precipitation and the three
days with the largest continuous precipitation were selected to represent the period of
extreme precipitation. The reason why selecting three consecutive days was that the flood
duration of the basin was generally about three days [58]. The day with the smallest AFWC
and the seven days with the smallest continuous AFWC were selected to represent the
period of extreme drought.

3. Results
3.1. Spatial Distribution of FHRU

The SWAT model established in this study generated 702, 1572 and 829 HRUs in
ZJG, ZTM and FP basins respectively. The actual forest area of Z]JG, ZTM and FP basins
was basically consistent with the generalized area of the model, as shown in Tables 3-5.
The actual forest patch area was 735.07 km?, 888.66 km? and 848.87 km? respectively,
and the FHRU area after model generalization was 728.31 km?, 883.65 km? and 844.79 km?
respectively, with the difference of 0.92%, 0.56% and 0.48% respectively. In terms of basins,
there were 151, 368 and 199 FHRUs in Z]JG, ZTM and FP, respectively, accounting for
41.75%, 26.03% and 39.32% of their respective basin area respectively. The comparison of
the spatial distribution of forest patches and FHRU, which reflects the spatial similarity
between them was shown in Figure 4.

3.2. Model Calibration and Validation

The determination of calibration and validation periods affects the prediction accuracy
of model simulation. In this study, the model warm-up period was 2006, the calibration
period was 2007-2012, the validation period was 2013-2017 and the model parameters were
calibrated and validated at the year, month and day scales. Table 6 shows the comparison
results of simulated and measured values of different time scales at three stations.
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Table 3. Comparison of different land use HRUs with actual patches in the Z]G basin when the area threshold is set to 0.

Land Use Types Actual Area (km?) Gener(;ﬁ;rzlg;;i Area  Actual {’;;portlon Pi;ti?:jii ) Number of HRU

Arable land 348.42 349.97 19.91 20.06 149
Forest land 735.07 728.31 42.00 41.75 151
Grassland 592.20 590.95 33.83 33.88 153
Waters 19.06 19.16 1.09 1.10 67
Construction land 53.96 54.30 3.08 3.12 175

Bare land 1.61 1.62 0.09 0.09 7
Total 1750.32 1744.31 100.00 100.00 702

Table 4. Comparison of different land use HRUs with actual patches in the ZTM basin when the area threshold is set to 0.

Land Use Types Actual Area (km?) Gener(:ﬁ;z;;i Area  Actual fozt;portlon Pf(;)i:;l;?(l)lj?;) ) Number of HRU

Arable land 681.35 682.79 20.01 20.11 333
Forest land 888.66 883.65 26.11 26.03 368
Grassland 1712.30 1704.57 50.20 50.21 402
Waters 55.78 56.07 1.64 1.65 192
Construction land 67.46 67.62 2.04 2.00 277

Bare land 0.00 0.00 0.00 0.00 0
Total 3405.55 3394.71 100.00 100.00 1572

Table 5. Comparison of different land use HRUs with actual patches in the FP basin when the area threshold is set to 0.

Generalized Area

Actual Proportion

Generalized

Land Use Types Actual Area (km?) (km2) (%) Proportion (%) Number of HRU

Arable land 97.53 97.98 453 4.56 129
Forest land 848.87 844.79 39.40 39.32 199
Grassland 1162.44 1160.22 53.96 54.00 205
Waters 22.69 22.77 1.05 1.06 115
Construction land 22.78 22.71 1.06 1.06 176

Bare land 0.09 0.07 0.00 0.00 5
Total 2154.40 2148.54 100.00 100.00 829

051 20 30 40
T — —

Legend

[ vatershed boundary [ Watershed boundary
[T Non-forest HRU || Non—forest patches
B Forest iRy o % [ Forest patches

Figure 4. (a) Spatial distribution of forest HRUs divided by the SWAT model and (b) spatial distribu-
tion of actual forest patches.
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Table 6. Model performance: calibrated and validated results for annual, monthly and daily runoff for ZJG, ZTM and

FP basins.
Validation Year Month Day
Periods .
Indicator 7]G ZT™™ FP ZJG ZTM FP ZJG ZTM FP
Calibration NSE 0.87 0.86 0.89 0.83 0.84 0.82 0.78 0.77 0.79
period R? 0.92 0.9 0.9 0.87 0.86 0.87 0.82 0.84 0.82
(2007-2012) PBIAS (%) -213 1.54 0.84 10.81 8.75 -1.93 7.97 5.62 2.8
Validation NSE 0.88 0.85 0.87 0.82 0.8 0.81 0.74 0.78 0.77
period R? 0.9 0.88 0.89 0.84 0.85 0.85 0.81 0.82 0.81
(2013-2017) PBIAS (%) 5.1 8.43 3.3 5.77 8.4 4.59 —-2.8 4.8 59
For annual scales, NSE and R? of the calibration and validation periods of the three
stations were all greater than 0.85, and the absolute value of PBIAS were less than 10%.
For monthly scales, the NSE and R? of the three stations in the calibration and validation
periods were all greater than 0.8. With the exception of Z]G, which was 10.86%, the ab-
solute value of PBIAS in the calibration period was less than 10% for the three stations.
The absolute value of the PBIAS of the three stations in the validation period was less than
10%. For daily scales, the NSE and R? of the three stations in the calibration period were
all greater than 0.75, and the PBIAS were all less than 10%. During the validation period,
the NSE of the three stations were all greater than 0.7, R? were greater than 0.8, and the
absolute value of the PBIAS was less than 10%. In general, the constructed model can
reflect the hydrological cycle process at different time scales in the ZJG, ZTM and FP basins.
3.3. The Amount of Forest Water Conservation (AFWC) at Different Time Scales
3.3.1. Annual Conservation Amount
The interannual variation of AFWC in the study area was large (Figure 5). During the
study period, the AFWC of the ZJG and ZTM basins was mostly positive, but the AFWC of
the FP basin showed negative values in 2009, 2013, 2014 and 2017, the values were —211.15,
—114.92, —35.27 and —365.98 (10° m?) respectively.
AFWC: —m—Z]G—e—ZTM —A—FP
Precipitation: —8—ZJC ——ZTM —A—FP
2800 T T T T T I T I T I T
- 400
\E\__ 5 D |
A \\ ‘,.4. o /m
2100 - \' WA g L 600
u o o . -
™ - 800
£ 1400 - b =
2 .\ I =
N e -
g L1000 2
= '><. = h I g
Py o\/ ey &
o - 1200
\ /\ v /
A = I
0- / \ P - 1400
\‘ . -
i
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Figure 5. Interannual values of amount of forest water conservation (AFWC) and precipitation.
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The highest value of AFWC in the Z]JG and ZTM basins appeared in 2011, with values
of 1263.27 and 1452.43 (10° m3), respectively. The lowest value of AFWC in the ZJG and
ZTM basins appeared in 2014, with values of 224.78 and 346.25 (10° m?), respectively.
The lowest value of AFWC in the FP basin was —365.98 (10° m?®) in 2017, and the highest
value in the FP basin was 729.07 (10° m?) in 2015.

Moreover, it can be seen from Figure 5 that the changing trend of annual precipitation
in each basin is similar to that of AFWC, which shows that precipitation is an important
factor affecting water conservation.

3.3.2. Monthly Conservation Amount

It can be seen from Figure 6 that the AFWC in different months varied greatly, which
was reflected in the magnitude of the value and positive-negative changes. For the ZJG
basin, the maximum AFWC was 1086.30 (10° m?) in July 2012 and the minimum was
—475.62 (10° m?) in August 2012. For the ZTM basin, those two values were 1105.65 (10°
m3) in July 2016 and —328.17 (10° m?) in October 2008. For the FP basin, the maximum
AFWC was 487.13 (10° m3) in June 2007, and the minimum AFWC was —372.61 (10° m?)
in October 2008.
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Figure 6. The AFWC in each month from 2007 to 2017.

The negative AFWC indicates that the AFWC in this month was in deficit. From 2007
to 2017, there were 67, 65 and 21 months with negative AFWC in Z]JG, ZTM and FP
basins, respectively, of which 47.76%, 44.62% and 52.38% occurred in December to March
(Figure 6).

It can be seen from Figure 7 that the variation degree of AFWC in July was the largest,
while the variation of AFWC in January and December was relatively small. There were
large fluctuations in AFWCs between different months in each basin of the study area
(Figure 7). The average AFWC of the ZJG, ZTM and FP basins reached the maximum in
July, with values of 388.50, 399.34 and 377.75 (10° m?), respectively. The average AFWC
of the ZJG, ZTM and FP basins reached the minimum in November, May and October,
with values of —45.99, —78.00 and —153.20 (10° m?), respectively. The positive-negative
conversion of AFWC between rainy and dry months reflects that the runoff regulation
function of forest water conservation was reflected on a monthly scale.
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Figure 7. Changes in the average value of AFWC for each month from 2007 to 2017.
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3.3.3. Daily Conservation Amount

In the ZJG, ZTM and FP basins, the AFWC of the maximum one day in a year (Max 1d)
was positive (Figure 8). The minimum value of AFWC in the ZJG, ZTM and FP basins was
163.09 (10° m3) in 2009, 213.97 (10° m3) in 2007 and 213.06 (10° m?) in 2014, respectively.
The maximum value was 1227.65 (10° m?®) in 2012, 679.11 (10° m3) in 2016 and 1006.59
(10> m?) in 2016, respectively.
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Figure 8. (a) The AFWC of the maximum one day in a year and (b) The AFWC of annual continuous maximum three days.
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The minimum value of the AFWC of annual continuous maximum three days (Max
3d) in the ZJG, ZTM and FP basins was 244.56 (10° m3) in 2014, 357.30 (10> m?) in 2007
and 299.16 (10° m®) in 2014, respectively. The maximum was 1204.79 (10° m?) in 2012,
1098.31 (10° m?) in 2016 and 1518.57 (10° m?) in 2016, respectively (Figure 8). From the
above results, it can be seen that forests play a water conservation function to intercept
floods during periods of extreme precipitation.

In the Z]JG, ZTM and FP basins, the AFWC of the minimum one day in a year (Min
1d) was negative, indicating the loss of forest water conservation amount (Figure 9).
The minimum value of AFWC loss in the ZJG, ZTM and FP basins was 28.96 (10° m?) in
2015, 33.32 (10° m?) in 2007 and 29.78 (10° m?) in 2014, respectively; the maximum value
of the loss was 38.98 (10° m?) in 2012, 49.11 (10° m?) in 2013 and 44.06 (10° m3) in 2013,
respectively.
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Figure 9. (a) The AFWC of the minimum one day in a year and (b) The AFWC of annual continuous minimum seven days.
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The AFWC of annual continuous minimum seven days (Min 7d) in the Z]JG basin,
ZTM basin and FP basin was also negative (Figure 9). The minimum value of AFWC loss
in ZJG, ZTM and FP basins was 140.21 (10° m3) in 2007, 140.16 (10° m?) in 2011 and 112.87
(10° m3) in 2014, respectively; the maximum value of the loss was 199.03 (10°> m?) in 2008,
216.44 (10° m3) in 2015 and 195.46 (10° m?) in 2013, respectively.

4. Discussion
4.1. The Influence of the Area Threshold of Hydrological Response Unit (HRU) on the
Generalization of the Land-Use Area

In the existing SWAT model application research, the area threshold of land use,
soil and slope was generally selected as 5%-15% [59-62]. However, different HRU division
methods will directly affect the generalized results of various land use areas generated by
the SWAT model [38,63]. Tables 7-9 were the comparison between the HRU of land use
area generated by different area thresholds (e.g., T012020 indicates that the area thresholds
for land use, soil and aspect were 1%, 20% and 20%, respectively) and the actual land use
area under the land use conditions in 2010. It can be seen that with the increase of area
threshold, the HRU area of land use (forest land and grassland) with a larger area in the
three basins increased gradually, while the HRU area of land use (waters, construction
land and bare land) with relatively small area proportion decreased gradually. When the
area threshold is greater than or equal to 10%, the generalized area of land use HRU will
no longer change, which is in line with other studies carried out in the humid areas of
South China [38].

Table 7. Area comparison of land use HRU in the Z]JG basin under different threshold conditions.

Area of HRU under Different Land Use (km?)

Threshold C : Number of
Arable Land Forest Land Grassland Waters oni::;tlon Bare Land HRU
T000000 349.97 728.31 590.95 19.16 54.30 1.62 702
T011010 353.01 734.47 596.18 15.35 45.29 0.00 251
T051010 370.18 756.23 615.01 0.36 2.54 0.00 184
T101010 355.23 764.39 623.53 0.36 0.80 0.00 176
T102010 355.23 764.39 623.53 0.36 0.80 0.00 105
T102020 355.23 764.39 623.53 0.36 0.80 0.00 86
Table 8. Area comparison of land use HRU in the ZTM basin under different threshold conditions.
Area of HRU Under Different Land Use (km?)
Threshold C i Number of
Arable Land Forest Land Grassland Waters onzg‘:;tlon Bare Land HRU
T000000 682.79 883.65 1704.57 56.07 67.62 0.00 1572
T011010 686.98 887.90 1712.81 52.70 54.32 0.00 576
T051010 679.90 913.57 1779.09 0.58 21.57 0.00 431
T101010 622.70 937.57 1826.80 0.00 7.64 0.00 385
T102010 622.70 937.57 1826.80 0.00 7.64 0.00 226
T102020 622.70 937.57 1826.80 0.00 7.64 0.00 181
Table 9. Area comparison of land use HRU in the FP basin under different threshold conditions.
Area of HRU under Different Land Use (km?)
Threshold ; Number of
Arable Land Forest Land Grassland Waters COII]S-::;fIOI‘l Bare Land HRU
T000000 97.98 844.79 1160.22 22.77 22.71 0.07 829
T011010 96.89 851.68 1168.81 17.08 14.09 0.00 303
T051010 88.23 871.35 1188.23 0.70 0.03 0.00 210
T101010 3.04 900.67 1244.10 0.70 0.03 0.00 175
T102010 3.04 900.67 1244.10 0.70 0.03 0.00 112
T102020 3.04 900.67 1244.10 0.70 0.03 0.00 79
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As the area threshold increases, the number of HRUs in the three basins continues to
decrease, which increases the area covered by a single HRU. In order to make the same
HRU have the same land use type, soil type and slope, the land use type with the small
area will be absorbed by the land use type with a large area, resulting in the area of land
use type with large area proportion increasing continuously, while the area of land use type
with small area proportion continues to decrease, even become 0 [64]. Therefore, the area
threshold value of 0% was selected in this paper to guarantee the model could accurately
reflect the spatial distribution of various land use types including forests, and ensure the
rationality of the calculation results and laying a model foundation for the calculation of
forest water conservation by the SWAT model.

4.2. The Influence of Climate Characteristics on the Amounts of Forest Water Conservation
(AFWCs)

At the basin scale, precipitation and evapotranspiration were the main climatic factors
that affect AFWC [65]. Precipitation was the recharge water source for the basin in the mon-
soon region and was usually positively correlated with AFWC [66,67]. Evapotranspiration
is the main form of surface water consumption, which is affected by multiple factors such
as air temperature, vapor pressure, wind speed, solar radiation and underlying surface
conditions [68,69]. Soil evaporation and vegetation transpiration are the main forms of
basin evapotranspiration, which together consume the water stored in the basin, and the
amount of evapotranspiration directly affects the AFWC [70-72].

The wetness index (precipitation/potential evapotranspiration) was used as an indi-
cator to measure the dry and wet climate of a certain area and has been widely used in the
study of the response of the ecological environment to climate change [73,74]. In this paper,
we used the wetness index to comprehensively consider the effects of precipitation and
potential evapotranspiration on AFWC on different time scales.

4.2.1. Annual Scale

The interannual variations of the wetness indexes of the ZJG, ZTM and FP basins were
small, and the multiyear average wetness index was: ZJG (0.50) > FP (0.48) > ZTM (0.47)
(Figure 10). The wetness index of each basin in the study area was positively correlated
with the annual AFWC (Figure 11). Among the three basins, the wetness index in the Z]JG
basin has the largest correlation coefficient with the annual average AFWC, which indicates
that the AFWC in the ZJG basin was most affected by climate change on an annual scale.
In general, the wetter the climate in the upstream of Xiong’an New Area, the greater the
annual AFWC, which is in line with other studies carried out in other Chinese mountains,
such as the Hengduan Mountains [75] and Qinling Mountains [76].
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Figure 10. Interannual values of the wetness index.
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Figure 11. The correlation between AFWC and the wetness index on an annual scale.

4.2.2. Monthly Scale

The intermonthly variation of the wetness index of the ZJG, ZTM and FP basins
were large, with the average monthly wetness index being 0.40, 0.38 and 0.38, respectively
(Figure 12). The months in which the wetness index of Z]JG, ZTM and FP basins in the study
area were higher than the average value are from June to October (Figure 12). The monthly
AFWC in the Z]JG ZTM and FP basins were also positively correlated with the wetness index
and the correlation coefficients were all above 0.83 (p < 0.01), and the correlation was better
than the annual scale (Figure 13). June to September was the most precipitation period of
the year in the study area, and the climate was humid [40]. During this period, the forests
fully play the function of accumulating precipitation, making AFWC significantly larger
than other months. From October to May, the study area had scarce precipitation and a dry
climate, which caused the water stored in the forests to be consumed for evapotranspiration
and supplementary runoff [17,77], and the AFWC showed a negative value.

Figures 14-16 are the distribution maps of monthly AFWC and wetness index in ZJG,
ZTM and FP basins, respectively.

1.2
1.0 o .. °

08 4 o oy, \

0.6 - .

OrZ

0.4 4
0.2 -
0.0

1.0 -
0.8
2 0.6

Wetness Index
o\
[
1
/ :
WLZ

0.4
02 . e
2] o—0—e—0 iy
0.0
1.0 4 [ 2
/ TTe—e
0.8 =
0.6 4 o \ =
0.4 = o\
0.2 . = .Y 0\.
Bt AP e
0.0 '4 T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12

Time (Month)

Figure 12. Monthly variability of the wetness index.
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Figure 13. The correlation between AFWC and the wetness index on a monthly scale.
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Figure 14. Distribution map of monthly AFWC and the wetness index in the ZJG basin from 2007 to
2017 (red line—marks the wetness index maximum value that limits the negative AFWC area and
green line—marks the wetness index minimum value that limits the positive AFWC area).
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Figure 15. Distribution map of monthly AFWC and the wetness index in the ZTM basin from 2007 to
2017 (red line—marks the wetness index maximum value that limits the negative AFWC area and
green line—marks the wetness index minimum value that limits the positive AFWC area).
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Figure 16. Distribution map of monthly AFWC and the wetness index in the FP basin from 2007 to
2017 (red line—marks the wetness index maximum value that limits the negative AFWC area and
green line—marks the wetness index minimum value that limits the positive AFWC area).

When the wetness index of the Z]JG, ZTM and FP basins was greater than 0.64, 0.60
and 0.83, respectively, the AFWC in the basins was all positive. It shows that the FP basin
needs more humid climate conditions than the ZJG and ZTM basins to keep the forests in a
stable water storage state. When the wetness index of the ZJG, ZTM and FP basins was less
than 0.10, 0.08 and 0.13, respectively, the AFWC in the basins was all negative. It indicates
that the occurrence of forests water storage in the FP basin requires a more humid climate
than the other two basins.

5. Conclusions

In the past, some models have been applied to the quantitative evaluation of forest
water conservation functions, which only reflect the annual AFWC. However, the forest
water conservation function may have different manifestations at different time scales.
With the combination of the SWAT model and water balance method, a quantitative evalu-
ation method of forest water conservation function is applied in this article. Different from
the previous works, the applied method could calculate AFWC at different time scales.
We present a case study in the upstream of Xiong’an New Area to study the character-
istics of AFWC on annual, monthly and daily scales by applying the proposed method.
The following conclusions can be drawn:

(1)  The constructed SWAT model of the three upstream basins in Xiong’an New Area has
high accuracy, and the calculation formula of AFWC was suitable for the multitempo-
ral scale analysis on AFWC in the semiarid mountains area.

(2)  On an annual scale, the forests in the Z]JG and ZTM basins mainly played a role in
storing precipitation. While AFWC in the FP basin was negative in 2009, 2013, 2014
and 2017, indicating the forests in this basin were in a state of water deficit during
these four years. On a monthly scale, the positive values of AFWC mainly appeared in
June to September, and the negative values of AFWC mainly appeared in December to
March. On a daily scale, the forests played a role in flood interception during extreme
precipitation, while the effect of forest water consumption during extreme droughts
was obvious.

(3) Compared with the annual AFWC, the monthly AFWC in the ZJG, ZTM and FP
basins were more affected by climate change. In the three basins, the FP basin needs
more humid climate conditions than the ZJG and ZTM basins to make the forests
store water and keep the forests in a stable water storage state on a monthly scale.
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As the most important ecological barrier area in Xiong’an New Area, the upstream of
Xiong’an New Area should implement strict forest protection policies and strengthen the
ability to cope with an extreme climate, to ensure the water supply and flood control safety
of Xiong’an New Area.
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