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Abstract: Knowing the impact of land-use and land-cover (LULC) changes on the distribution of
water yield (WY) is essential for water resource management. Using the Integrated Valuation of
Ecosystem Services and Tradeoffs (InVEST) model, we investigated the spatial-temporal variations
of WY from 1990 to 2015 in China’s northern semi-arid region of Beijing—Tianjin—Hebei (Jing-Jin-Ji).
We quantified the combined effects of LULC dynamics and climatic variation on WY. Furthermore,
we identified the relative contribution of main LULC types to WY. For our study region, the built-up
area increased by 35.66% (5380 km?) during the study period. In the meantime, cropland, grassland,
and wetland decreased continuously. The expansion of built-up area and decline of vegetated land
led to an increase of 1047 million m3 (5.1%) in total WY. The impacts of LULC changes on WY were
mainly determined by the biophysical characteristics of LULC composition. Vegetated land has
relatively lower WY coefficients due to higher rates of evapotranspiration and water infiltration.
Built-up areas and bare land have higher WY coefficients as a result of their impermeable surface.
The spatial-temporal analysis of WY with specification of WY coefficients by LULC types can facilitate
integrated land-use planning and water resource management.

Keywords: water yield; land use and land cover changes; InVEST; Jing-Jin-Ji

1. Introduction

Land-use and land-cover (LULC) change has direct impacts on ecosystems and their associated
services, particularly on water yield (WY). WY is the total amount of water that runs off the ground
within a region [1]. The regular distribution of WY is essential to the hydrological balance, since
a decrease may result in water scarcity and a sharp increase causes flooding [2]. Studies have
demonstrated that LULC change can modify the underlying mechanisms of transferring rainfall to WY
through altering an ecosystem’s hydrological characteristics such as infiltration, evapotranspiration,
and groundwater recharge capacity [3-5]. Therefore, in response to LULC changes, WY variation
reflects the hydrological services of different land ecosystems.

Many researchers have explored the effects of LULC changes on WY over a range of spatial and
temporal scales [4,6]. In general, these studies have focused on the impact of LULC change on total WY
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over a certain time span [7,8] and/or WY responses to a typical LULC type, such as forest, cropland,
or built-up land (urbanization/commercial land) [9-12]. Little attention has been given to quantative
evaluation on the WY capacities of different LULC types. Quantifying WY specific to individual LULC
type is not only useful to the after-event analysis, but also crucial to improve the predictability of WY
responses to LULC dynamics, which will facilitate future integration of LULC planning and water
resource management.

In the past, studies investigating the impact of LULC change on WY have been mainly based
on paired catchment experiments. However, it is difficult to locate two catchments with similar
characteristics in terms of slope, area, soil, climate and vegetation. Strict selection criteria restrict the
studies to a small scale. In addition, those experiments are time consuming and the results are sometimes
contradictory [10,13]. Zhou et al. [14], for example, pointed out the opposite findings from two similar
experiments in China’s Yangtze River basins: one found out that there was a significant increase in
WY as a result of the clearing of forest; in contrast, the other concluded that the WY increased greatly
after afforestation. In recent years, models for ecosystem service evaluation have been developed. They
generally have the characteristics of ease of use, using globally available data, accepting spatially explicit
inputs and producing spatially explicit outputs, and limiting the model structure to key biophysical
processes involved in LULC change [15]. The InVEST (Integrated Valuation of Environment Services
and Tradeoffs) model was developed in line with this philosophy. Based on the different LULC scenarios,
InVEST provides a way of evaluating WY from an ecosystem services perspective [16]. The WY suite of
InVEST is designed to simulate the annual biophysical contribution of LULC to WY. It is flexible for use
with regards to scale (local, regional or global), data input, assessment, and mapping details, and could
provide more direct and visual results for decision-making support [17-19].

The Jing-Jing-Ji region in the northern semi-arid China (Figure 1) is the abbreviation for the
capital city Beijing (Jing) and its neighboring areas Tianjin (Jin) and Hebei (Ji). The region is the
third largest economic center after the Yangtze River delta region and the Pearl River delta region
in China [20]. However, Jing-Jin-Ji has been suffering increasing water scarcity [21-23]. The annual
water resource per capita decreased from about 300 m® per capita in 1990 to 143 m? per capita in
2015 [24]. The average annual water deficit increased from 6.5 billion m> during the period from
1990 to 1999, to around 7.4 billion m? for the period from 2000 to 2015 [25,26]. Over-exploitation of
water in the region has resulted in serious ecological deterioration [27]. On the other hand, urban
flooding events have frequently occurred in recent years, of which the most catastrophic were the
“7.21” flood in Beijing city on 21 July 2012 and the “7.19” flood in Xingtai city of Hebei province on
19 July 2016. The region, therefore, is in a situation with a paradoxical coexistence of increased water
scarcity and urban flooding [28]. The paradox in the Jing-Jin-Ji region stimulated many hydrological
and hydraulic studies, of which the majority focused on the influences of LULC changes on WY at
the individual river basin level for the Hai river, Luan river, Miyun reservoir, Chaobai river, and
Baiyangdian river [8,29-33]. However, there is a lack of quantitative analysis of the relationship
between LULC change and WY for the whole Jing-Jin-Ji region.

Focusing on the Jing-Jin-Ji region, the primary aim of our study is to provide fundamental
knowledge for sustainable LULC planning and water resource management. The specific objectives of
this study are to: (1) evaluate the spatial-temporal changes of the WY response to climatic variation
and LULC change over the period of 1990 to 2015; (2) identify the impacts of LULC changes on WY
by assessing LULC change scenarios with the InVEST model; and (3) define and analyze the WY
coefficients of various LULC to predict WY for future LULC planning.

2. Materials and Methods

2.1. Study Area

The Jing-Jin-Ji region is located in the heart of northern China between 113°04’-119°53" E and
36°01/-42°37' N, and covers an area of approximately 215,000 km?, accounting for 2.3% of the national
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territorial area of China (Figure 1). The region contains the capital city Beijing, Tianjin municipality
and 11 city-level administrative entities in Hebei province, and is home to more than 110 million
people, accounting for 7.23% of the national population. The region belongs to the continental
semi-arid monsoon climate, which is characterized by cold-dry winters and hot-rainy summers.
Most precipitation happens from June to September and the mean annual precipitation is 508 mm.
The mean annual evapotranspiration of the region ranges between 1500-2000 mm.
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Figure 1. The location of the Jing-Jin-Ji region in China.

The Jing-Jing-Ji region is the political, cultural and economic center, and the important base
for advanced technology and heavy industries, in north China. Rapid and extensive economic
development have resulted in major changes in LULC in the region over years. This has placed
enormous pressure on water resources in terms of quantity and distribution in the region. The average
annual water resource per capita for Beijing and Tianjin is only approximately 120 m?/year/capita and
that for Hebei is about 160 m?/year/capita [24]. With increasing water demand and water pollution,
the water environment is getting worse in terms of incremental groundwater depletion, river dry-ups,
and degradation of wetland [34].

In order to mitigate ecological threats and promote the sustainable development of capital
areas, the national strategy of “Jing-Jin-Ji coordinated development strategy” was released in 2015.
The strategy stresses the goal of ecological sustainability in the region [35]. However, increasing water
scarcity is the key obstacle in achieving sustainable economic and ecological development of the region.

2.2. Data Collection and Processing

2.2.1. Land-Use and Land-Cover (LULC) Change

In this study, land use refers to the purposes for which humans use landscape resources, and land
cover refers to both natural and artificial components of the landscape [33]. Land-use and land-cover
(LULC) change demonstrates how land has changed over time under the effects of natural factors
and human activities. LULC change has become an important theme of research in areas of ecological
problems and ecosystem services [36-38].

Two data sources, governmental statistics and geographic information system (GIS) data by
remote sensing, are usually used for LULC change studies [20,39]. The statistics on LULC by
governmental departments are regarded as authoritative in China. However, due to different statistical
calibers and different administrative departments in charge of the statistics of different land uses, e.g.,
the agricultural department is in charge of cropland statistics and the forestry department in charge of
statistics on forest and wetland, it is difficult to get consistent and complete time series data for this
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study purpose. Even the data that is available for several years or for some LULC types lacks spatial
information, which cannot meet the requirement of the InVEST model for WY. Geographic information
system (GIS) data can show land-use changes spatially and temporally and has been widely applied in
the LULC change research based on remote sensing [40-42].

In this study, we used the LULC GIS images of 1990, 2000, 2010 and 2015, which were obtained
from the Data Center for the Resources and Environmental Sciences, Chinese Academy of Sciences
(RESDC). We rectified and reclassified the LULC maps according to governmental statistics [43,44].

The spatial resolution of those LULC images is in a 100 m x 100 m grid, with a relatively high
interpretation accuracy of 94.3% [45]. The LULC types were reclassified for all the studied years into
six major types, namely cropland, forest, grassland, wetland, built-up land, and bare land (see Table S1
in Supplementary Material). We adopted the definition of the Ramsar Convention on wetlands as
“areas of marsh, fen, peatland or water, whether natural or artificial, permanent or temporary, with
water that is static or flowing, fresh, brackish or salt, including areas of marine water the depth of
which at low tide does not exceed six meters” [46]. The wetlands of the Jing-Jin-]i region mainly consist
of river, lake, marsh, paddy land, and reservoir. A LULC conversion matrix from 1990 to 2015 was
calculated by using the ArcGIS toolkit (Esri).

2.2.2. Input Data for Water Yield (WY) Simulation

The WY module of InVEST requires input data of precipitation, reference evapotranspiration
(ET)y), soil depth, plant available water content (PAWC), LULC, the biophysical table reflecting the
attributes of each LULC, and the seasonality factor Z. Precipitation and measured evapotranspiration
data were obtained from daily climate datasets for 1988-2015 from the Meteorological Center of China
Meteorological Administration [47]. The ET was calculated based on the measured evapotranspiration
by referring to Allen et al. [48] and calibrated repeatedly in line with the WY result validation.
We calculated and interpolated the pixel-averaged annual precipitation and ET( using ArcGIS.

Soil depth was obtained from the China Database of Soil Properties for Land Surface Modeling [49].
PAWC was calculated as:

PAWC(%) = 54.509 — 0.132 - SAN% — 0.003 - (SAN%)* — 0.055 - SIL% — 0.006 - (SIL%)?
—0.738 - CLA% + 0.007 - (CLA%)? — 2.668 - C% + 0.501 - (C%)?

where SAN%, SIL%, CLA% and C% are, respectively, the percentage of the content of sand, silt, clay,
and carbon in the soil [50].

LULC maps were obtained from RESDC (see details in Section 2.2.1). The root depth and
evapotranspiration coefficient K. were determined following the Food and Agriculture Organization
(FAO) 56 guidelines [48]. The Z value was tested and verified based on the model sensitivity analysis
and WY result validation.

The InVEST model was run for each of the four LULC periods (1990, 2000, 2010 and 2015). We ran
the model separately for each of the three administrative entities of Beijing city, Tianjin city, and Hebei
province to fine-tune and validate the model. The validated WY values for the three administrative
entities were summed-up to obtain the total WY of the Jing-Jin-Ji region.

2.3. The Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) Model

InVEST is a spatially explicit tool consisting of a suite of free and open-source software that use
LULC patterns to map and quantify goods and services from natural systems [1]. It enables quantifying
the ecosystem service spatially and dynamically and allows the impact of LULC change on ecosystem
services to be evaluated [16].

The InVEST WY model is based on the Budyko theory, which is a unique empirical function that
relates the ratio of actual evapotranspiration to precipitation to the ratio of potential evapotranspiration
to precipitation [1]. It can simulate the impact of LULC on WY by incorporating the biophysical
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components of different LULC types into the simulation, and computing the WY by different
ecosystems of the landscape. To observe and represent grid-level changes to the landscape,
the INVEST WY model represents explicitly the spatial variability in precipitation, potential
evapotranspiration (PET), soil depth, and biophysical characteristics of different LULC like root
depth and evapotranspiration coefficient. The model runs in gridded format and acquires the input in
raster format, which in turn helps the heterogeneity of LULC influencing the WY to be understood.
It produces spatially explicit output and shows the WY results under different biophysical processes
involved in LULC changes. The good performance of the model has been demonstrated in previous
studies [51-53].

In this study, the WY model of InVEST version 3.3.2 was used to simulate the WY changes for the
Jing-Jin-Ji region. The outputs of the model were shown in both rasters, representing an average WY
per pixel (100 m x 100 m), and tables illustrating the detailed simulated information at regional level.
As defined in the InVEST user’s guide [1], the WY model is based on the Budyko curve and annual
average precipitation. The annual WY Y (x) for each pixel on the landscape x is calculated as follows:

Y(x) = (1 - AET(x)/P(x)) - P(x) @

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

For vegetated LULC, the evapotranspiration portion of the water balance AET(x)/P(x) is based
on an expression of the Budyko curve:

AET(x)/P(x) =1+ PET(x)/P(x) — [1+ (PET(x)/P(x))w}l/w

®)
where PET(x) is the potential evapotranspiration and w(x) is a non-physical parameter that
characterizes the natural climatic-soil properties. Potential evapotranspiration PET(x) is defined as:

PET(x) = K¢(Ix) - ETo(x) 4

where ETj(x) is the reference evapotranspiration from pixel x and K(Iy) is the plant (vegetation)
evapotranspiration coefficient associated with the LULC I, on pixel x.

w(x) is an empirical parameter that can be expressed as a linear function of AWC - N/P(x),
where N is the number of events per year, and AWC is the volumetric plant available water content,
and w(x) is defined as:

w(x) =Z-AWC(x)/P(x) +1.25 ()

where Z is an empirical constant referred to as “seasonality factor”, which captures the local
precipitation pattern and additional hydrogeological characteristics. It is positively correlated with N,
the number of rain events per year. The floating point value is in the order of 1 to 30 corresponding to
the seasonal distribution of precipitation.

2.4. WY Under Four LULC Change Scenarios

With the calibrated model, scenario simulations were used to explore the contribution of LULC to
WY. Four LULC scenarios, namely the 1990 baseline (1990B), 2000S, 2010S and 2015S, were considered.
In each simulation, all inputs were kept fixed except LULC. For the 1990B, the WY was simulated under
the climatic condition and LULC of 1990. Under the LULC change scenarios, the climatic variables
of precipitation and ET( were set to the 1990B and the LULC data of 2000, 2010, and 2015 were used.
The difference of WY between the 1990B and other scenarios were considered as directly caused by
LULC changes.
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2.5. WY Coefficient

The WY coefficient is defined as the ratio between WY and precipitation per hectare of each LULC
type. The WY coefficient describes the amount of WY converted from precipitation under the effects of
evapotranspiration, degree of saturation and infiltration [54]. Based on the modeled WY under LULC
change scenarios, and taking in consideration of climatic variation, we quantified the WY coefficient
for each LULC type.

3. Results

3.1. InVEST Calibration and Validation

The modeled WY was checked and validated against the observed yearly data in three
administrative entities [26]. Based on the sensitivity analysis and calibration of the input parameters,
it was found that for the Jing-Jin-Ji region, the yearly WY variation mainly followed the changes of
yearly precipitation, LULC, and Z constant. After testing repeatedly by taking into consideration the
number of rainy days for the simulated year, results closer to the measured data were achieved when
Z ranged from 10 to 15.

In consideration of the small sample size and possible outliers, we applied the permutation linear
regression that deals with non-normal data to compare the modeled WY with observed WY [55].
The permutation test showed a close correlation with R? = 0.98 (p < 0.01), which demonstrated that
InVEST can be used to simulate the spatial and temporal variation in yearly WY at the regional scale.

3.2. Annual WY

The annual WY was simulated for 1990, 2000, 2010, and 2015 under varying precipitation and
LULC changes. The annual amounts of WY for 1990, 2000, 2010, and 2015 were 20.5 x 10% m3,
13.5 x 10 m3, 27.08 x 10° m3, and 22.91 x 10° m3, respectively. The WY had a large variation for the
simulated period. The highest WY was produced in 2010, which was twice the WY in 2000. In line with
the trend in the total WY, the average WY depth per hectare for the studied periods were 94.37 mm,
61.54 mm, 130.51 mm, and 105.75 mm respectively (Figure 2a). The average WY depth per hectare
showed temporal and spatial differences for each year. In 1990, more than 1/4 of the area with a
WY depth of 100-200 mm was located in the central part of the study region, accounting for nearly
half of eastern Beijing and western Tianjin. In 2000, only a small portion of area had a WY depth of
100-200 mm, located in the north-east. In 2010, the area with a WY depth of 100-200 mm covered
about half of the region, and was located in the east and south-west. In 2015, the area with a WY depth
of 100-200 mm was mainly concentrated in the north-east. Generally, the WY depth decreased from
west to east and the highest WY depth was in the north-east.

Based on the pixel-level Pearson correlation, the correlation between precipitation and WY was
moderate (r = 0.52), which means that the increase of precipitation is likely to have a positive effect on
WY in the region. The temporal and spatial pattern of precipitation (Figure 2b) shows that the average
annual precipitation has a gradient of decline from east to west. The parts of lower annual precipitation
are located in the north-west and west, and the areas with annual precipitation above 600 mm are
concentrated in the east. Such precipitation distribution partly explained the trend that the average WY
depth decreased from east to west. Comparing the geographical distribution of yearly precipitation to
WY depth per pixel, the WY generally rises with high precipitation. For instance, in 2010, the highest
precipitation was located in the eastern part of the region (Figure 2b). Correspondingly, the average
WY depth also tended to be higher in the same location (Figure 2a). The average precipitation of 2010
was up to 552 mm, which directly resulted in the highest WY in this year. The lowest precipitation was
observed in 2000 with average precipitation of 440 mm, which resulted directly in the least WY in the
year 2000.
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Figure 2. Spatial distribution of water yield (WY) (a), and average annual precipitation (b), of Jing-Jin-Ji
from 1990 to 2015.

3.3. Impacts of LULC Changes on WY

3.3.1. Spatial and Temporal LULC Changes

Over the study period, cropland was the major land-use type (~50%) in the Jing-Jin-Ji region,
followed by forest (~21%) and grassland (~16%). While cropland is mostly located at the south-east
of the region, forest is mainly distributed in the western Beijing city and northern Hebei province,
and grassland is mainly located at the western and northern parts of Beijing city and Hebei province.
As a region of water scarcity, wetland covers only around 6% of the area, located at the east coastal
area, middle, and north-west of the region (Figure 3).

LULC mm Cropland [l Forest "] Grassland [[0] Wetland [7] Built-up [_] Bare land (wo—_zu)ﬂm

Figure 3. Spatial land-use and land-cover (LULC) changes in Jing-Jin-Ji from 1990 to 2015.

Cropland, grassland, wetland, and bare land were in continuous decline during the study period.
Cropland and wetland decreased by 3588 km? (3.39%) and 1046 km? (7.75%), respectively. Forest area
increased from 1990 to 2000 and kept steady from 2010 to 2015, presumably because of the effect of
the “grain to green” policy [56]. The built-up land gradually increased to 20,466 km? in 2015 with an
increase rate of 35.66%, which is consistent with the rapid urbanization trend of the region. The LULC
changes in the Jing-Jin-Ji region are presented in Table 1.
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Table 1. The LULC changes from 1990 to 2015 in Jing-Jin-Ji.
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Year

1990

2000

2010

2015

Changes between

1990 and 2015

LULC km? % km? % km? % km? % km? %
Cropland 105,734  49.07 103,431  48.05 102,732  47.73 102,146  47.36 —3588 —3.40

Forest 44,549 20.68 44,611 20.73 44,607 20.72 44,600 20.68 51 0.11

Grassland 35,652 16.55 35,298 16.40 35,051 16.28 34,985 16.22 —667 —1.87
Wetland 13,498 6.26 13,435 6.24 12,443 5.78 12,452 5.77 —1046 -7.75
Built-up 15,086 7.00 17,538 8.15 19,535 9.08 20,466 9.50 5380 35.66
Bare land 949 0.44 931 0.43 880 0.41 868 0.40 —81 —8.54

3.3.2. LULC Conversion Matrix

According to LULC conversion matrix analysis between 1990 and 2015 (Table 2), 4333 km? (4.10%)
of cropland and 147 km? (0.33%) of forest were converted to built-up land, and additionally 138 km?
(0.31%) of forest was converted to cropland. Wetland decreased by a relatively large extent of 8%, of
which 1005 km? (7.45%) was converted to cropland and 642 km? (4.76%) was converted to built-up
land. Of bare land, 55 km? was converted to built-up land and 27 km? was converted to cropland.
In general, almost all the decreases in cropland, grassland and wetland were converted to built-up
areas, which increased by 5380 km? (35.66%).

Table 2. The LULC conversion matrix between 1990 and 2015 in Jing-Jin-Ji.

20152 Cropland Forest Grassland Wetland Built-up Bare Land
1990 P km? % km? % km? % km? % km? % km? % 1990 Total
Cropland 100,632 95.17 244 0.23 32 0.03 468 0.44 4333 4.1 26 0.02 105,734
Forest 138 031 44,171 99.15 83 0.19 10 0.02 147 0.33 0 0 44,549
Grassland 298 0.84 149 042 34,833 977 88 0.25 281 0.79 3 0.01 35,652
Wetland 1005 745 34 0.25 21 016 11,792  87.36 642 476 4 0.03 13,498
Built-up 45 03 2 0.01 5 0.04 26 0.17 15,008  99.48 0 0 15,086
Bare land 27 2.89 1 0.13 10 1.02 21 217 55 5.78 835  88.01 949
2015 total 102,146 - 44,600 - 34,984 - 12,405 - 20,466 - 868 - -
Change —3588 - 51 - —667 - —1093 - 5380 - —81 - -
Change (%) -34 - 0.11 - -1.87 - -8.1 - 35.66 - —8.54 - -

a In the table, the row was the LULC of 1990; ® the column was the LULC of 2015. The values in the table were the
area and percentage of 1990 LULC converted to 2015 LULC.

3.3.3. WY Under LULC Change Scenarios

Compared to the LULC baseline in 1990, the average annual WY under three LULC change
scenarios consistently increased over time and ranged from 20.50 x 10° m3 to 21.55 x 10° m? (Table 3).

Table 3. Simulated WY and actual evapotranspiration (AET) under LULC change scenarios.

1990B 2000S 2010S 2015S

LULC WY WY WY WY Aveiage ;’AET

mm
(10° m3) % (10° m3) % (10° m3) % (10° m3) %
Cropland 9.21 45 9.09 43 8.77 41 8.80 41 425
Forest 4.30 21 4.25 21 431 20 4.26 20 468
Grassland 2.69 13 2.71 13 2.65 12 2.66 12 425
Built-up 4.14 20 4.67 22 5.53 26 5.65 26 244
Bare land 0.11 1 0.11 1 0.11 1 0.11 1 414
WY total 20.50 100 20.97 100 21.43 100 21.55 100 -

Although three scenarios were based on the same climatic inputs, the simulated average actual
evapotranspiration (AET) for different LULC types differs greatly. The highest AET of 468 mm was
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observed in forest land and the lowest AET of 244 mm was observed in built-up land. At the same
precipitation, the higher the AET, the lower will be the WY. The differences of WY responding to
changes in each LULC type can be visualized in Figure 4. As the WY of bare land and wetland
accounted for a small proportion of the total WY, they are not shown in Figure 4. The total area of
cropland decreased from 49.07% in 1990 to 47.36% in 2015. Accordingly, the percentage of annual WY
by cropland decreased from 45% to 41%. Conversely, the area taken by built-up land increased by
2.5% of the total region, and the corresponding WY of built-up land increased from 4.14 x 10° m? to
5.65 x 10° m3, an increase of 36.47%. Such trends suggest that the decrease of annual total WY could
be ascribed to the shrinkage of cropland and the increase of annual total WY mainly resulted from the
expansion of built-up land.

| 7 Area of LULC (%) —s— WY
50 10000 21.0 5000
Cropland Forest
| — i ] - N " =]

49 7 —, . 19000 208 4000

48 7 48000 20.6- Z ; z Z 43000
~ 47 47000 20.4- 4 2000
=

46 46000 20.2- {1000 A
O g
— )
o 45 . . . 415000 20044 A A s 0 S
— 1990B 20008  2010S  2015S 1990B  2000S  2010S  2015S =
170 3500 11 - 6000 -
© Grassland Built-up —" B
<
O 1681 13000 101 /./ 15000
< — n - ;Z

16.6- 12500 91 77 14000

16.44 42000 81 73000

16.2- % % % 11500 71 % 12000

16.0 . : . . 1000 6 ' T ' 7 1000

1990B 20008 20108 20158 1990B 20008 20108 20158
LULC change scenarios

Figure 4. WY variations following the areal changes in each LULC type.

The Pearson correlation was also analyzed between the change of each LULC type and
hydrological components of WY and AET. Results showed that the built-up land changes were
strongly correlated to the changes in WY and AET (p < 0.05). A very strong positive correlation was
found between the built-up land and WY (Pearson’ r = 0.99). In contrast, the AET was negatively
associated with the expansion of built-up land (Pearson’s r = —0.94). Such correlation results indicate
again that built-up land has a larger impact on lowering the AET and increasing the WY than vegetated
land. The finding that built-up land produces more WY while vegetation land generates lower WY
was in line with the existing studies [7,57].

3.3.4. WY Coefficients of LULC Types

Due to the infiltration and evapotranspiration affected by the variation of climatic conditions from
1990 to 2015, the WY coefficient for the same LULC type was lower in dry years than in rainy years.
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Although there is such variation, the magnitude of WY coefficient of each LULC type kept stable and
WY coefficients of six LULC types showed significant differences (p < 0.05) (Figure 5). On average,
the WY coefficient of built-up land (0.52 £ 0.06) was the highest, followed by bare land (0.32 £ 0.06)
and vegetated lands of forest (0.21 £ 0.03), grassland (0.18 & 0.04) and cropland (0.16 £ 0.04). The WY
coefficient of wetland was close to 0.

0.6 a

0.5

0.4 b

0.3

WY coefficient

0.2

0.1

e
0.0

Cropland  Forest Grassland Wetland Built-up Bare land
LULC types

Figure 5. WY coefficient of each LULC type (mean + 1sd, n = 4); Different letters indicate significant
difference (p < 0.05).

4. Discussion

4.1. WY under LULC Changes

Precipitation and LULC change are key drivers to the change of WY in the Jing-Jin-Ji region.
The results suggest that while precipitation determines how much water is provided by nature, it is
the LULC that determines the amount of water converted to WY and water storage. LULC change can
modify hydrological regimes of evapotranspiration, infiltration and water retention, and the water
available to rivers and ground water resources [58]. For the IN'VEST model, the WY from each cell in
the landscape is calculated as the annual amount of rainfall minus the actual evapotranspiration, and
is determined by the LULC vegetation characteristics [59]. Therefore, the WY results under different
LULC scenarios implied the hydrological consequences of LULC changes.

In the Jing-Jin-Ji region, agricultural areas are mostly under rotated cultivation, which have a
greater capacity to hold the water in plants and soil than single-season cropland. This might explain
the relatively lower WY coefficient of cropland (0.16 = 0.04). Nearly half of the region was croplands,
and about 40% of the total WY of the region was generated from croplands. The WY coefficient of
forest (0.21 £ 0.03) was higher than that of cropland. This is inconsistent with most previous studies
which suggested that forest caused the biggest decrease in WY [60,61]. A possible reason is that up to
60% of forest in our study region were shrubs and sparse forest, which have lower water-retention
capacity compared to natural dense forest. Similarly, more than 80% of the grassland in the region has
a low to medium coverage, which lowered the water-retention capacity. Although the built-up land
only covered 7-9% of the total area, it accounted for around 20% to 26% of the total WY due to its high
WY coefficient ranging from (0.52 & 0.06).

Our results indicated that the WY coefficient of vegetated land was far lower than that of
the built-up land, which revealed that the canopy, coverage and roots of vegetation increase
evapotranspiration, soil and water retention, and water infiltration along with the capacity of plants to
capture the moisture [62-64]. More WY could be produced by built-up land especially in storm periods
because impervious surfaces reduce the infiltration and concentration time [65]. Similar conclusions
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were also reached by Yang et al. [66] and Zhao et al. [67], who showed urbanization increased flooding
while vegetated land could transfer water to the soil. Wetlands could perform an important role in
hydrological flows like water storage and retention, ground water recharge/discharge, and flood
regulation. Wetlands can also act as sponges to soak up water during wet periods and release it in
dry seasons [68]. However, the wetland area in Jing-Jin-Ji covered only around 6% of the total area
and continues to decrease. Therefore, wetland protection and restoration are urgently needed for the
region to enhance water regulation.

4.2. WY Prediction for LULC Planning

With regard to the impacts of LULC change on WY, previous studies have mainly investigated
the annual WY variation in response to LULC changes over a certain temporal scale by using the
InVEST model [33,63,69,70]. There is a lack of knowledge regarding the WY capacity of individual
LULC types, particularly in the Jing-Jin-Ji region. Based on the assessment of annual WY variation,
our study examined the WY coefficient assigned to each LULC type in order to specify the different
WY capacities of LULC types. The WY coefficient plays a fundamental role in the planning, design
and operation of water resources in the region.

The LULC change analysis showed that Jing-Jin-Ji has been experiencing a rapid expansion of
urban areas, which means more WY is produced on its impermeable surface. Using the WY coefficient
and areas changed to built-up land, we can predict the amount of WY increased by urbanization,
based on which the capacity of infrastructure or the green spaces that contribute as urban ecological
venues [40,71] can be designed and constructed to retain water in artificial or natural ways. For example,
according to the WY coefficients illustrated in Section 3.3.4, the mean WY coefficient of cropland is 0.16
and the mean WY coefficient of built-up land is 0.52. If we change cropland to built-up land, the WY
will be more than triple under the same climatic conditions.

The impact of LULC change on the hydrological regime is a complex process and the effects
vary depending on the land-use types, the size of the affected areas, and their landscape location [5].
To improve predictions, the differences in sub-types of the main LULC type, land-use history and
development stage of the vegetation and climatic conditions should be taken into consideration [72].
For example, generally, forest with high canopy has a higher capacity of evapotranspiration than sparse
forest and shrub land [48] so that the newly reforested land or sparse forest areas may have a higher
WY coefficient than existing cropland with year-round cultivation. In wet years, more precipitation is
likely to be converted to WY if the soil is saturated and the WY coefficient tends to be at its maximum,
while the opposite would occur in dry years.

4.3. WY and Blue Water Availability: Policy Implication

From the ecosystem service perspective, changes in WY associated with LULC changes have
two major effects: contributing to the blue water available for consumption and/or increasing flood
risk during storms [73]. How rainfall converts to water availability is the key question for land-use
planning and water resource management. Our study suggested that creating vegetated land can
reduce WY and conversion to built-up land may increase WY due to decreased permeability and
evapotranspiration. Plant coverage can also affect micro-climatic interactions to increase precipitation,
especially with forest coverage [74]. Many studies have shown that reduced forest coverage results
in an increase in annual flow, flood peaks and flood volume [75]. Therefore, it is crucially important
to enhance the policies of “grain to green” and “forest conservation projects” to strengthen water
retention and the regulation function of ecosystems [76].

The LULC change analysis implied a rapid urbanization in the region, accompanying enlarged
construction areas of residential, road, and other facilities taking up former cropland and other
land-use types [77]. Consequently, the total WY under LULC change scenarios was gradually
increasing from 1990 to 2015. Urbanization has induced frequent urban flooding in recent years [28].
For urban WY management, well-positioned infrastructure for water collection, delivery, and treatment
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may work temporarily. However, in the long term, management should consider human-nature
interactions to avoid unintended environmental and socio-economic consequences resulting from
rapid and large-scale development [78]. Ecosystem-based “green” infrastructures, such as wetlands,
well-structured soils, and forest patches, could greatly enhance water storage and flood regulation [79].
The “sponge city” policy currently promoted in China is also an option demonstrating how ecological
urban planning can utilize nature for water storage and permeation from rainfall [80]. Our methods of
estimating the WY coefficients of different LULC types are useful for calculating regional WY and thus
facilitate “sponge city” design.

4.4. Uncertainty of InVEST Model

The InVEST model has been widely applied to evaluate ecosystem services concerning the impact
of LULC change [81]. WY is generally evaluated either for prediction of hydrological change or water
provision/regulation analysis following LULC changes caused by human activities [82,83]. In this
study, we fine-tuned the model parameters using measured data, and performed sensitivity analysis.
The results showed that the model was sensitive to climate variables, land-use change, and the Z
constant, which is consistent with the findings of existing studies [53,68,84,85]. Although this study
has taken full consideration of the above sensitivities and validated the results with observed data,
there were still uncertainties resulting from the model itself. The WY module assumes all WY from a
pixel reaches the point of interest, and therefore does not distinguish between surface and subsurface
water. In addition, because of the limitation of data availability, except for the forest and grassland,
the parameters of root depth and the evapotranspiration rate for other major LULC types were given
as averages with no consideration of the sub-types within the major type. This resulted in a slight
overestimation of the regional WY against measured data. The uncertainties mean that an exact
description of the natural processes is still elusive. Nevertheless, our simulation results do reflect the
general tendency.

5. Conclusions

We simulated the spatial-temporal changes of WY based on climatic variation and LULC changes
in the Jing-Jin-Ji region from 1990 to 2015. Our results demonstrated that InVEST could model the
regional WY with high accuracy (R? = 0.98). By integrated analysis of LULC change and WY, we
showed that urbanization was the decisive factor of WY increase during the study period. By estimating
WY coefficients of major LULC types, the study investigated the contribution of each LULC type
to WY variation. The results indicated that the WY coefficient was determined by the biophysical
characteristics of vegetation types, plant coverage and roots, and soil permeability. The WY coefficients
of built-up land and bare land are the highest, followed by forest, cropland, and grassland. Using the
estimated WY coefficient of each LULC type, we could predict WY variations in future LULC change
scenarios. The results could inform policy makers in order for them to make science-based land-use
and water management decisions.
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