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Abstract: Changes in land use and landscape caused by human activities, rapid socioeconomic
development and climate change disturb the water cycle process and impact the runoff. This study
analyzed the runoff responses to different driving factors in a typical basin in the Beijing-Tianjin-Hebei
region of North China combined with methods such as geographically and temporally weighted
regression, landscape pattern indexes and Budyko theory. The results indicated that the runoff and
runoff depth were higher in the central and south part and were lower in the northwest of the basin.
Furthermore, the average runoff increased at the later stage of the study period. Artificial surface and
land use intensity exerted positive impacts on runoff and runoff depth in most areas. The complex
and diverse landscape with a high shape index blocked runoff to some extent. Moreover, runoff depth
would increase by 0.724 mm or decrease by 0.069 mm when the rainfall or potential evaporation
increased by 1 mm. In addition, population density and the economic development in both rural
as well as urban areas put a heavy burden on runoff and water resource in this basin. From above
it could be concluded that the impacts on runoff due to environmental change brought by human
activities could not be neglected though the runoff was also greatly affected by climate change. This
study reflected the runoff responses to driving factors in a typical basin of North China, which will
provide reference for water resource protection and give enlightenment to water management.

Keywords: runoff response; land use change; landscape pattern evolution; climate change;
socioeconomic development

1. Introduction

In the earth system, the hydrological cycle is regarded as the significant substance as
well as the energy cycle, and runoff generation has always been an essential issue in the
hydrology process in the changing environment in the past 20 years [1]. Analyzing the
runoff change trends has been a challenge in water resource management because it is a
significant indicator in measuring if the water resource is able to be supplied constantly [2].
There was runoff variation due to the changed hydrological process caused by human
activities and climatic factors [3]. In addition, many external factors impacted the water
balance and even caused land subsidence [4]. For example, the Beijing-Tianjin-Hebei
urban agglomeration formed the biggest groundwater funnel in the world [5]. Thus, it is
necessary to grasp the runoff change laws and the behind driving factors so as to form
efficient policies on managing water resources for decision makers [6].

Runoff variations are affected by many factors, including both natural and human
aspects such as land use change, landscape pattern evolution, climate change and socioe-
conomic development. Previous study pointed out that land use change could change
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the proportion of surface runoff, groundwater recharge, interflow etc., and the available
water in this area could be affected accordingly [7]. The human activities that led to land
use change such as deforestation, agricultural expansion, grazing expansion, wood burn-
ing and urbanization will change the hydrological processes including runoff, base flow,
infiltration and so on [8]. Landscape pattern evolution also affects the hydrological and
ecological processes of the terrestrial ecosystem such as the biogeochemical cycle and
the water cycle. It changes the processes of runoff generation and runoff confluence and
impacts the cycles of water resource and hydrology when the land surface is the underlying
surface [9]. When the landscape pattern was changed by water conservancy projects and
farmland reclamation, the formation, transformation as well as distribution of runoff would
be altered. Then a series of subsequent extreme hydrological events caused soil erosion [10].
As reported, climate change not only altered the water cycle process and runoff, but also
affected the regional water balance through changing the evaporation and precipitation
of the region. In addition, the runoff in some regions decreased obviously due to the
increasing evaporation and the reduced rainfall [11]. Thus, it has become one of the hotpots
to explore climatic impact on the hydrological cycle and many studies about the climatic
effects on the runoff have already been conducted at the watershed, regional or global
in scale [12,13]. In addition, the groundwater overexploitation caused land subsidence
and imposed a heavy burden on the water cycle under the socioeconomic development in
some urban agglomerations such as those in the Beijing-Tianjin-Hebei region [14]. While
adequate water supply is indispensable to social and economic development and citizen
life. Considering the above factors, it is important to conduct research on the relationships
between the changes of land use, landscape pattern, climate as well as social economy
and runoff.

In current studies, water balance theory based on the Budyko hypothesis as well
as model-simulation approaches are both important methods for exploring the reasons
for runoff variation. The water balance method not only has valid physical meaning
compared with traditional empirical approaches, but also has a simple process and easily
accessible parameters, which cause it to be popular and widely used [15]. A double mass
curve is widely used in studying the hydro-climatic consistency, which is a practical and
simple method [12,16]. In addition, it is usually adopted to detect the contribution from
driving factors to runoff [16]. Furthermore, geographically and temporally weighted
regression (GTWR) considers both spatiotemporal heterogeneity and autocorrelation of the
variables, which explains the temporal and spatial relationships between the dependent
variables and their explanatory variables better [17]. In addition, it performed better than
many mathematical statistical methods such as the ordinary least squares model and
geographically weighted regression as proved [18]. Furthermore, gray correlation analysis
(GCA) is used to calculate the correlation degree between variables from various systems,
which can quantify the relationship between driving factors and hydrological elements [19].

The Beijing-Tianjin-Hebei region in China has intensive human activity, which con-
tributed a lot to the reshaping of land use as well as landscape pattern and is prone to have
impact on the runoff [20]. In addition, the high population density, rapid urbanization and
socioeconomic development here exploited about 20 billion cubic meters of groundwater
each year, which formed the hugest groundwater funnel under the urban agglomeration in
this region [14]. Moreover, the runoff here was impacted by climatic conditions because
rainfall was brought by monsoons in temperate monsoon region. The fluctuated runoff
would change groundwater depth and affect industrial, residential and agricultural water
usage [3]. Therefore, this research aims to (1) explore the spatial and temporal evolution
trends of runoff and runoff depth; (2) uncover the responses of runoff and runoff depth
to land use changes and landscape pattern evolutions; and (3) analyze the influences on
runoff and runoff depth from climatic factors as well as the correlation degrees between
runoff, runoff depth and socioeconomic indicators. This research focuses on the responses
to runoff and runoff depth of various driving factors which will give enlightenment to
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the protection and efficient utilization of water resources in densely populated and highly
developed areas.

2. Material and Methods
2.1. Study Area

The typical basin with the area of about 3.95 x 10* km? for this research is located in
the north region of the Beijing-Tianjin-Hebei region in China (Figure 1). The annual runoff
and runoff depth were measured in each monitoring site and the basin was divided into
many sub-basins (the sub-basin division in this study is from https:/ /www.hydrosheds.
org/hydroatlas, accessed on 15 June 2022). The northwest region of the typical area has
the higher terrain and the southeast region has the lower terrain, which cause the altitude
to change between 128 and 2232 m. This basin has chestnut soil, cinnamon soil, etc. The
alluvial parent soil is distributed along the banks of large rivers, with flat terrain and
good natural conditions. In addition, the parent material of diluvium with less mineral
composition and poor nutrition does not have uniform soil texture. Moreover, the loess
parent material is widely distributed in this basin. The soil is deep and moderate in texture,
rich in nutrients and has strong water retention and drought resistance. A calcic layer and
sandy gravel layer and so on are the soil barrier layers of this basin [21].
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Figure 1. Study area.

The study region has a temperate monsoon climate [20]. The monsoon brings precip-
itation to the region from the sea in summer, which makes it a climate characterized by
high temperature and rainfall in summer as well as dry and cold in winter. The annual
precipitation is 400~800 mm in this basin. The Panjiakou dam in the downstream of this
basin plays a role in adjusting runoff [22]. Moreover, this basin provides a water resource
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for its downstream cities such as Beijing and Tianjin, which are the megacities with a
population of over 10 million [23]. Beijing-Tianjin-Hebei region with increased population,
changed land use as well as landscape and rapid economic development, is supposed to
choose this typical basin to give more attention to runoff change [24,25].

2.2. Runoff, Runoff Depth and Potential Evaporation

The runoff (108 m3) and runoff depth (mm) for each monitoring site (2006-2018) were
obtained from the Institute of Geographical Sciences and Natural Resources Research of
Chinese Academy of Sciences (http://www.igsnrr.ac.cn/, accessed on 28 June 2022). The
potential evaporation (PET, mm) data and other climate data used in this study were
acquired from http:/ /www.geodata.cn/ (accessed on 15 July 2022), which was calculated
by Hargreaves theory [26].

PET = 0.0023 x Sg x 0.5(MaxT — MinT) x (MeanT + 17.8) 1)

where MeanT, MaxT and MinT represent the monthly average, maximum and minimum
temperature (°C), respectively. 5o denotes the theoretical solar radiation reaching the top of
the Earth’s atmosphere. The annual PET in the study is the sum of the monthly PET.

2.3. Climate Impact Based on Budyko Theory

Since the average evaporation in the long time series of the basin depends on the
potential evaporation or net radiation and the water supply from the atmosphere, the
evaporation can be expressed as a function of potential evaporation and precipitation, as

shown in Formula (2):

% — F(PET/P) @

where P is rainfall (mm), PET and ET refer to potential evaporation (mm) and actual
evaporation (mm), respectively. The differential form of Budyko theory is derived in
combination with the physical meaning of hydrometeorology, thus forming the analytical
formula of the theory [27]:

ET PET PET\¥ 1Y«
p:”p‘[(p) “} @)

The runoff depth simulation formula can be derived according to the water balance
formula P = ET + runoff depth in long time series:

runoff depth = [P + PET]"/“ — PET 4)

In addition, the runoff depth sensitivities to rainfall and PET are obtained by combin-
ing differential partial derivative:

orunoff depth pET\ w1 (/@-1)
— o'\ 5)
w1 (1/w-1)
Jrunoffdepth _ 1, | (P i o
OPET PET

w in Formulas (5) and (6) needs to be solved by the least squares. Then, the runoff depth
changes caused by climate change can be quantified as follows [28,29]:

Arunoff depth =BAP + yAPET (7)

Furthermore, the sensitivity coefficients 3, y are the influence amount of unit P and
unit PET on runoff depth.
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2.4. Geographically and Temporally Weighted Regression

The geographical regression relationship between land use and runoff could be ex-
plored by GTWR because the correlations between explanatory variables and dependent
variable could be calculated considering both temporal and geographical factors [18]. In
order to explain the nonstationary during parameter calculation, weight matrix is con-
structed using the distances between the dependent variable and its explanatory variables
determined by spatiotemporal coordinates (x, y, t) [30].

GTWR formula is as:

Y; = Ao(xi vi ti) + Y Aj(xi, i 1) Xij + € 8)
j

where Y; and X;; denote the dependent variable in the ith location and its jth explana-
tory variable, respectively. In addition, the regression coefficient y; (x;, y;, t;) of the jth
explanatory variable in location i can be calculated as:

-1
F(xi, i, ti) = {XT(diag(a,'l,txiz,...,ocin))X} XT (diag(aj1, aip, . . ., &in))Y 9)

where a;; (1 < j < n) corresponding to the weights under the calibrated weighted regression
of the ith observation, which is the representation of space-time distance functions of
(x, v, t). In GTWR, the observations closer to location i are assumed to have greater impact
than farther observations when estimating 7; (x;, y;, t;).

Moreover, the optimum kernel bandwidth can be chosen using the corrected Akaike
information criterion [31]:

AIC, = nln(27)+2n1n(6) + n{m} (10)

where tr(A) is the trace of projection matrix, which is between prediction Y and its ob-
servation 7. In addition, ¢ is the prediction variance of random error. Bandwidth with
the minimum AIC, can be selected as the best bandwidth. The land use data for GTWR
calculation was developed by [32].

2.5. Gray Correlation Analysis

The gray correlation degree is used to measure the correlations of the variables from
socioeconomic system and runoff. Its core idea is to judge the closeness of their relation-
ships by using the geometric similarity of the reference variable (runoff or runoff depth)
and the comparison variable (socioeconomic indicators) [33]. If two variables have the
consistent change trend, there is high correlation degree between them. Otherwise, the
correlation degree is low. The main steps of gray correlation analysis are as follows [34]:
First, determine the reference sequence Xj and its comparison sequences [X1, X5, ..., X]
and use the following formula to make them have the unified dimension.

X(k) = X<k)/Xmean (11)

where X(k) and Xj;eqan are the elements of comparison sequence and the average of this
comparison sequence, respectively.
Then, the correlation coefficient is calculated as:

min;, | Xo(e) — X;(e)| + pmax;,|Xo(e) — Xi(e)|

B(Xo(e), Xi(e)) = [Xo(e) — X;(e)| + pmax [ Xo(e) — X;(e)]

(12)
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where Xj(e) and X;(e) are the eth element in reference sequence Xy and comparison se-
quences X;, respectively.

1 XN
Cor; = 7 1 B(Xo(e), Xi(e)) (13)
e=1

where Cor; and N are the correlation degree between Xy (e) and X;(e) and the sequence length.
The five annual socioeconomic indicators for gray correlation analysis were extracted
from Chengde statistical yearbook [35], which were per capita gross domestic product
(CNY), population density (person/km?), industrial output density (CNY/km?), per capita
disposable income of rural residents (CNY) and per capita disposable income of urban
residents (CNY).

2.6. Landscape Pattern Indexes

Eleven landscape pattern indexes were selected, including patch density (PD), num-
ber of patches (NP), largest patch index (LPI), edge density (ED), mean shape index
(SHAPE_MN), landscape shape index (LSI), mean Euclidean nearest neighbor (ENN_MN),
patch cohesion index (COHESION), contagion index (CONTAG), aggregation index (AI)
and Shannon’s diversity index (SHDI). Specifically, NP denotes the number of patches in
the basin and PD represented the density of certain patches in the watershed landscape.
LPI is the proportion of the largest patch in a certain patch type to the whole landscape
area, which reflects the dominant species in the landscape and reflects the direction and
intensity of human activities. ED is the length of landscape element boundary per unit
area [36].

Moreover, SHAPE_MN describes the patch structure of the landscape as that of the
average patch characteristic, which provides a measure of central tendency in the corre-
sponding patch characteristic. LSI reflects the shape complexity of the overall landscape
and ENN_MN is used to measure the Euclidean Nearest Neighbor Distance Distribution.
COHESION is able to reflect the combination degree between patches in the landscape,
and CONTAG represents the agglomeration degree or extension trend of different patch
types in the landscape. Al is usually adopted to describe the aggregation of the landscape.
SHDI based on information theory is a measurement index to measure the diversity of
ecological landscape [36]. The chosen indexes were able to represent the landscape patch
characteristics, landscape shape, landscape aggregation degree well. FRAGSTATS software
was used to calculate the above indexes on the landscape scale [37].

3. Results and Discussion
3.1. Interannual Variation of the Runoff and Runoff Depth

The change of the average runoff and depth of runoff monitoring stations (Figure 1)
over time in the typical basin is shown in Figure 2. It is shown that the regional runoff
increased at the later stage of the study period. In addition, 2008, 2011, 2012 and 2018
were the years with higher runoff compared with adjacent years, while 2009 and 2014 were
located at the “valley” of the runoff curve, reflecting the overall reduction of runoff in these
years (Figure 2a).

Figure 2b shows that the runoff depth in the basin also increased in 2018 compared
to that of 2006, and the slope of its trend line was larger than that of the runoff [38]. In
addition, although the annual average of 2008, 2011 and 2012 were located at the “peak”
of the runoff depth curve, the runoff depth in 2008 was significantly lower than that in
2011 and 2012. However, the runoff depth in 2018 was extremely higher than that in 2011
and 2012, which was also different from the runoff curve in the corresponding years. In
addition, 2009 and 2014 were located at the “valley” of the runoff depth curve, which was
similar with the runoff curve. In addition, the runoff depth and runoff were low in 2006,
which implied that the surface water resources were not abundant in these years. This
phenomenon may be due to the reduction in natural water sources such as rainfall, or may
be related to other anthropic factors [39].
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Figure 2. Annual variations of runoff and runoff depth.

3.2. Spatial Distribution of Runoff and Runoff Depth

The spatial distribution of runoff in the hydrological monitoring sites (Figure 3) dis-
played that the sites with the most abundant runoff were in the central and south central
area of the study region and they had always been rich in water resources during the study
period. In addition, most of the monitoring points showed an increasing trend of runoff
in subsequent years (2016-2018) although the runoff in the south area was not very rich
(Figure 3a). Except for the natural factors such as rainfall and evaporation, the cause for this
phenomenon may be related to human activities in subsequent years, such as inter-basin
water transfer, reservoir construction, agricultural irrigation, water drainage and supply
in urban and other water conservancy projects and measures [40—42]. Different from the
above situation, Figure 3a showed that the runoff of most monitoring points in the northern
part of the basin was low throughout the study period, reflecting the unequal distribution
of the water resources in this area. The basin with high terrain in the northwest and low
terrain in the southeast was also prone to collecting more tributaries and water resources in
the south area regardless of the climatic factors and human activities, which had become
an important reason for the uneven distribution of water resources [43].

Figure 3b shows that the monitoring points in the southern part of the basin usually
had large runoff depth, especially at some points in 2016, 2017 and 2018. In addition, the
runoff depth at the northern points of the basin was low as well. However, unlike the
runoff, there was no monitoring point with large runoff depth in the middle of the basin,
which may be related to the drainage area of this region [44].
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Figure 3. Annual spatial distribution of runoff and runoff depth. (a,b) were the spatial distribution
for annual runoff and annual runoff depth, respectively.

3.3. Response of Runoff and Runoff Depth under Land Use Change

Cropland was converted into 194.50 km? of forest and 379.33 km? of grassland, and
grassland was converted to 203.41 km? of cropland and 503.46 km? of forest from 2006 to
2010 (Table 1). The large amount of cropland and grassland transferred into other land uses
and other land uses transferred into forest caused the average runoff of the watershed to
increase from 0.83 x 10% m3 in 2006 to 1.07 x 10® m3 in 2010 (Figure 2a). Some studies had
pointed out that the increase in forest would increase evaporation and reduce watershed
runoff. While agricultural machinery or livestock in agricultural activities would compact
the soil, reduce soil pores and soil permeability, so as to reduce the amount of water
absorbed by the soil and increase surface runoff, thus the runoff reduction from 2006 to
2010 may be caused by the increase in cropland though the increasing forest adjusted runoff
to some degree [45].

With the time evolution, 132.75 km?, 351.84 km? and 60.24 km? of cropland were con-
verted into forest, grassland and artificial surface from 2010 to 2014, respectively (Table 1).
In addition, grassland was converted into 241.04 km? of cropland and 678.09 km? of forest.
It is reported that the conversion of cropland to artificial surface hardened the soil, reduced
the infiltrated water and caused a considerable amount of water to flow into the river
and increased the runoff [46]. However, the soil structure of the transferred forest and
grassland would improve the soil permeability, reduce the surface runoff, and the runoff
depth would also be reduced. Furthermore, previous studies had pointed out that the
water absorption ofroots in forest soil was greater than that of grassland soil, so the large
areas of the transferred forest in 2014 (680.04 km?) further reduced surface runoff in 2014
(Figure 2a) compared with that in 2010 [47].

During 2014-2018, the conversion of 586.16 km? of grassland to cropland and 100.10 km?
of cropland to impervious surface increased the average runoff from 0.80 x 10® m3 in 2014
to 1.48 x 108 m3 in 2018, and runoff depth from 22.26 mm to 68.39 mm (Figure 2a,b). The
compacted soil contributed greatly to this result [45]. In contrast, 233.04 km? of cropland
and 1535.05 km? of grassland were converted to forest, and 337.14 km? and 707.75 km? of
forest were transferred to cropland and grassland, respectively (Table 1). Thus, the runoff
may be also affected by the expanded forest area.
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Table 1. Land use conversion matrix during 2006-2018 (km?).

Period Land Use Forest Grassland Cropland Water Artificial Surface Barren Total
Forest 22,127.48 4.72 34.20 0 14.11 0 22,180.50
Grassland 503.46 9932.74 203.41 1.03 13.06 0.19 10,653.88
Cropland 194.50 379.33 5674.73 3.65 53.33 0 6305.54
2006-2010 Water 0.71 0.58 2.40 38.28 0.58 0.01 42.55
Artificial surface 0 0 0.02 1.99 364.53 0 366.54
Barren 0 0.16 0.01 0 0.02 0.22 0.41
Total 22,826.14 10,317.53 5914.77 44.96 445.62 0.42 3.95 x 10*
Forest 22,695.19 4.29 103.24 0 23.42 0 22,826.14
Grassland 678.09 9381.43 241.04 1.21 15.58 0.17 10,317.53
Cropland 132.75 351.84 5364.74 5.20 60.24 0 5914.77
2010-2014 Water 0.15 0.61 2.04 41.36 0.80 0.01 44.96
Artificial surface 0 0 0.01 1.10 44451 0 445.62
Barren 0 0.11 0.03 0 0.03 0.26 042
Total 23,506.18 9738.29 5711.09 48.86 544.57 0.44 3.95 x 10*
Forest 22,425.79 707.75 337.14 1.47 28.74 0.06 23,506.18
Grassland 1535.05 7584.94 586.16 1.47 27.07 0.66 9738.29
Cropland 233.04 316.19 5056.18 4.67 100.10 0.03 5711.09
2014-2018 Water 1.36 0.88 3.17 42.27 1.14 0.03 48.86
Artificial surface 9.87 9.70 49.20 1.39 474.32 0.03 544.57
Barren 0.03 0.12 0.02 0 0.03 0.23 0.44
Total 24,205.90 8620.01 6031.99 51.27 631.41 1.05 3.95 x 10*

The spatiotemporal heterogeneity of the influence of land use on runoff was quantified
by geographically and temporally weighted regression (Figures 4 and 51-57); the land
use variables in explanatory variables were the land use areas of the sub-basin where
each monitoring point was located. The explanatory variables in this study passed the
collinearity diagnosis of variance inflation factor (VIF < 10). In addition, the accuracy of
GTWRs for runoff and runoff depth are in Table S1.

The results showed that bare land without vegetation cover had a negative impact
on runoff and runoff depth in most areas from 2006 to 2018 and this phenomenon was
more obvious in the southeast of the study area. This was because natural vegetation
such as forests would increase runoff in some environments. By contrast, when vegetation
was destroyed and there was low vegetation coverage, the runoff was relatively low as a
previous study confirmed. Because the decline in the capacity of vegetation to conserve
water led to the reduction in flow in the dry season and the redistribution of runoff [48]. In
addition, this would also reduce the water and soil conservation capacity of the basin. The
impact that cropland reduced runoff was smallest in the northern region, while this impact
increased gradually in the central and southern part of the basin. Furthermore, there was
always a negative relationship between cropland and runoff depth in the southeast area
(Figures S4-57), which indicated that planting activities reduced the runoff production to a
certain extent [49]. Previous studies have pointed out that the forest canopy and its litter
intercepted precipitation, and the relatively porous forest soil had high permeability and
water conductivity, which could reduce runoff to some degree [50]. Thus, the forest of the
basin showed a negative effect on the runoff in the central and northern parts in 2006, 2010
and 2014, and in the northern part in 2018. Moreover, it also had a negative impact on the
runoff depth during 2006-2018. The positive impact of forest in the southeast of the basin
on runoff may be because the canopy with complex structure and lush branches as well as
leaves strongly captured the condensed water such as fog, thereby increasing horizontal
precipitation [51]. The northern and central grasslands of the watershed had a negative
impact on runoff during 2006-2018, because the soil pores of the grassland transported
water to the ground and reduced runoff. However, the positive impact of grassland on
runoff may be due to the restriction of water inflow by the fine topsoil in the southeast, or
the restriction of the interaction between the matrix and macropores below the topsoil [47].
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Figure 4. Geographically and temporally weighted regression between land use and runoff in 2018.
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Some studies have proved that the constructed land had stronger runoff production
capacity than forest and grassland [52]. The artificial surface in the north and south of
the watershed was positively related to runoff in this study because the artificial surface
significantly increased surface runoff in these areas. In addition, the results showed that
the sub-basin with the larger water area had the larger of the runoff in the most monitoring
positions. Furthermore, most of the runoff depth was also positively affected by the water
area at the same time, which also confirmed the strong runoff production capacity of the
water body [52]. During the study period, LUI had a positive impact on runoff except
for the individual points in the north. In addition, it also had positive relationship with
runoff depth except at some points in the middle. This was because the soil was compacted
and the gap was reduced with the increase in human activities and land use intensity,
resulting in the reduction of water infiltration into the soil and the increase of runoff [53].
The negative impact of some points may be due to their specific land use compositions in
the sub-basins. In addition, the runoff and runoff depth were positively correlated in the
northwest, but become negatively correlated in the southeast, which may be caused by the
change in the watershed area.

3.4. Impacts on Runoff and Runoff Depth from Landscape Pattern

The annual landscape pattern indexes for the sub-basins where the monitoring points
were located were calculated from 2006 to 2018, and the Pearson correlations between
the landscape indexes and the runoff as well as runoff depth during this period were in
Table 2 [54]. It can be discovered that patch density had a positive correlation with runoff,
and it increased with time (Figure S8a). This reflected that the runoff process and the
resulting soil erosion increased the patch density of the landscape, and this phenomenon
became more and more obvious in the typical basin [55]. The mean shape index represented
the complexity of landscape shape and the larger the SHAPE_MN the more complex
the landscape shape of the basin. There were significant negative correlations between
SHAPE_MN and runoff in the whole study period (Table 2) and in 2018 (Figure S8a), which
was likely because the complex landscape diverted and blocked the runoff and brought
about low runoff under the complex landscape [56,57].

Table 2. Pearson correlation coefficients between runoff and runoff depth as well as landscape indexes.

Landscape Pattern Index Runoff Runoff Depth
NP 0.113 —0.120
PD 0.247 * —0.106
LPI 0.161 0.343 **
ED —0.0938 —0.396 ***
LSI —0.0878 —0.266 *
SHAPE_MN —0.328 ** —0.233*
ENN_MN —0.0666 0.389 ***
CONTAG 0.179 0.367 **
COHESION 0.216 0.212
SHDI —0.185 —0.344 **
Al 0.0983 0.401 ***

(***, p <0.001; **, p < 0.01; %, p < 0.05).

LPI quantified the proportion of the landscape area composed of the largest patch in
coverage. It was a simple dominance measure, which emphasized the significance of the
largest patch [58]. In addition, it was positively related to the runoff depth in this study.
Moreover, the shape of the patches in this basin were more irregular and complex when
the edge density, LSI and SHAPE_MN became larger. When the runoff flowed along the
contour of irregular patches, the runoff loss was larger, which caused the runoff depth
to decrease [59]. SHDI illustrated the heterogeneity and complexity of the ecosystems.
Generally speaking, the complexity of landscape structure increased with the increasing
diversity index (Table 2), which enhanced the blocking effect of the landscape on the runoff
and caused the negative correlation with SHDI and runoff depth [57,60]. Furthermore,
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this relationship became more obvious in the later research period (Figure S8a). When the
CONTAG and Al became larger, the aggregation degree of the watershed landscape grew
higher correspondingly, which had a positive effect on runoff depth (Table 2).

3.5. Influences on Runoff and Runoff Depth from Climate Factors

Previous studies had pointed out that rainfall had a significant impact on runoff,
while drought changed their relationship and runoff coefficient [61,62]. The study in the
Campaspe River Basin in southeast Australia showed that when rainfall reduced by 15%
per year, the runoff reduced by 59% in this region [63]. In this study, the variation trends of
rainfall, runoff and runoff depth in the study area were consistent in 2006-2010 and 2012—
2017 (Figures 2a,b and 5). Rainfall had a significantly positive impact on runoff and runoff
depth in most years of the study period. The different amounts of potential evaporation
and precipitation control the distribution of precipitation to actual evaporation and runoff
from the perspective of climatology [64]. Previous studies had shown that the potential
evaporation changed with the changes in radiation and aerodynamic variables affected by
the ground environment and climate change [65]. In this study, when the rainfall increased
and the temperature decreased, the potential evaporation also decreased, which increased
the runoff and runoff depth in the corresponding period (2007-2008, 20092010, 2014-2016,
2017-2018). This was because rainfall supplemented this region with more external water
and the decreased evaporation as well as the temperature carried less water into air, which
caused less water supply loss to runoff [66]. In contrast, the reduction in rainfall decreased
the amount of regional water resources, and the rising temperature as well as the increasing
evaporation, which all reduced the runoff in some periods (such as 2013-2014). This was
because insufficient water supplementary to this region decreased runoff as a result.
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Figure 5. Annual change of climate factors. (a—c) were the annual average precipitation, temperature
and potential evaporation, respectively.
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Budyko theory had been applied as a balanced interpretation of river climate elas-
ticity successfully [67]. The analytical framework developed based on the Budyko curve
determined the runoff sensitivity to potential evaporation, precipitation and catchment
characteristics well in Australia [68]. In this study, the parameter w = 1.3121 in Budyko’s
hypothesis theory. The watershed runoff sensitivity coefficient to precipitation ranged
from 0.674 to 0.783 and the multi-year average sensitivity coefficient was 0.724 (Figure 6a)
according to Formulas (5) and (6). This indicated that the runoff of the basin was sensitive to
rainfall. When the rainfall increased by 1mm, the runoff depth would increase by 0.724 mm
during 2006-2018. However, the annual runoff sensitivity to rainfall fluctuated and its
change trend was roughly consistent with precipitation in this basin (Figure 6a). In addition,
the multi-year average runoff sensitivity coefficient to potential evaporation was —0.069
and the range of the sensitivity coefficient was —0.100 to —0.049. The result conveyed that
the runoff depth decreased by an average of 0.069 mm when the potential evaporation
increased by 1 mm in this study area. In addition, it could be found that the variation
trend of the runoff sensitivity coefficient to precipitation was just opposite to that of runoff
to potential evaporation (Figure 6). Because the increment of precipitation increased the
watershed runoff, the increase of potential evaporation changed surface water from liquid
into gas and reduced watershed runoff [69].
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Figure 6. Impact of unit precipitation and unit potential evaporation changes on runoff depth.
(a,b) were the variations of runoff depth when unit precipitation and unit potential evaporation
increased, respectively.

3.6. Correlation Degrees between Socioeconomic Indicators and Runoff as Well as Runoff Depth

Previous research pointed out that socioeconomic development and human activities
affected the underlying surface structure and hydrological process of the watershed to a
certain extent, thus impacting the runoff [70]. High population density, rapid socioeco-
nomic development and urbanization impacted the surface water and belowground water
a lot in this region. The residential, industrial and agricultural water usage were affected
as well [14]. It can be learnt that population density (POD) had the highest correlation
degrees with runoff compared with other socioeconomic development indicators in 2010
and 2014 (Figure 7). Although it decreased from 0.847 in 2010 to 0.807 in 2018, it was
still the second highest correlation degree, which was only second to per capita industrial
output value (PIO). It indicated that the high population density and the relative human
activities were an important aspect that affected watershed runoff during socioeconomic
development, although the impact became weak in the later period. The higher popu-
lation density increased the proportion of impervious surface, thus inhibiting the water
infiltration, increasing the runoff, and increasing the urban flood risk as well [71,72]. Thus,
the permeable ground could be constructed to mitigate flood risk caused by the urban
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surface runoff to a certain extent [73]. The correlation degree between runoff and PIO
in 2010 and 2014 was second only to that of POD and it was the highest among all the
socioeconomic indicators in 2018. This was because industrial activities such as industrial
water use, industrial land development and industrial population gathering affected the
hydrodynamic field and fluctuated the groundwater level [74].

PC
. 2010 — 2010
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10D T OBARS Te GDP 2018 10D 090 GDP 2018
0.861° -
(781
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Figure 7. Correlation degrees between socioeconomic development indicators and runoff as well
as runoff depth. Abbreviation: per capita gross domestic product (GDP, CNY), population density
(POD, person/km?), per capita agricultural output value (PAO, CNY), per capita industrial output
value (PIO, CNY), per capita tertiary output value (PTO, CNY), per capita disposable income of
urban residents (PIU, PIU), per capita disposable income of rural residents (PIR, CNY), industrial
output density (IOD, CNY/m?).

The runoff depth had the highest correlation degrees and second highest correlation
degrees with per capita disposable income of rural residents (PIR) and per capita disposable
income of urban residents (PIU) in 2010, 2014 and 2018, respectively. This reflected the
significant impacts of the economic development in rural and urban areas on runoff depth
compared with other socioeconomic development indicators. In addition, the correlation
degrees between per capita gross domestic product (GDP) and runoff were the third highest
in 2010 and 2018, respectively, and its correlation degrees with runoff depth ranked fourth
among the eight socioeconomic development indicators in 2010, 2014 and 2018. Per capita
tertiary output value (PTO) ranked the third in terms of correlation degrees with runoff
depth in 2010 and 2014. It indicated that the economic development and the development
of the tertiary industry in this region had become important factors affecting its water
resources [75,76]. Industrial output density (IOD) had low correlation degrees with runoff
and runoff depth in all selected years, which reflected its weak correlation degrees with
local water resource.

4. Conclusions

The study analyzed the spatial and temporal changes of runoff as well as runoff depth
in the north of Beijing-Tianjin-Hebei region and their responses to driving factors such as
land use change, landscape pattern evolution, climate change and socioeconomic develop-
ment during 2006-2018. The results of the space-time analysis showed that the runoff and
runoff depth increased at the later stage of the study period. Runoff had an imbalanced
distribution and there was rich water resource in central and south central areas.

The forest in the north basin and the grassland in the central and north region had a
negative effect on runoff because the permeability and the water conductivity of the forest
soil were high. This negative effect also occurred in the bare land in the southeast region.
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While artificial surface and land use intensity had positive impacts on runoff and runoff
depth in most areas of the basin. Moreover, the complex landscape diverted the runoff,
which caused a significant negative correlation between the runoff and the mean shape
index during the whole study period. A landscape with a high Shannon’s diversity index
enhanced the blocking effect on runoff and reduced the runoff depth.

Increased rainfall and decreased temperature as well as potential evaporation pro-
moted the runoff and the runoff depth in many periods. In addition, the runoff depth
would increase by 0.724 mm when the precipitation increased by Imm and decrease by
0.069 mm when the potential evaporation increased by 1 mm according to the Budyko
theory. The population density had the highest correlation with the runoff among all the
socioeconomic development indicators in 2010 and 2014, and runoff depth had the highest
and the second highest correlation degrees with PIR and PIU. This reflected the significant
pressure of population and economic development on local water resource. This study
would provide scientific evidence for basin water resources protection under multiple
factors naturally and socially.
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weighted regression between land use and runoff depth in 2010; Figure S6: Geographically and
temporally weighted regression between land use and runoff depth in 2014; Figure S7: Geograph-
ically and temporally weighted regression between land use and runoff depth in 2018; Figure S8:
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