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Abstract: Research Highlights: Land use/cover change (LUCC) has an impact on the water use efficiency
(WUE) of green space in the Haihe River Basin. Background and Objectives: The Haihe River Basin
has historically been one of the most water-stressed basins in China. With the increase in green
space and economic development, land use and water use in the Haihe River Basin have changed
significantly. In order to contribute to the sustainable development of basin water management,
the impacts of LUCC on the WUE of the Haihe River Basin were assessed with the goal to support
decision makers with regard to water resources planning and watershed management. Materials and
Methods: (1) Moderate Resolution Imaging Spectroradiometer (MODIS) data and land use data were
used to produce land use/land cover and other related maps. (2) The WUE equation was used to
calculate the green space WUE. (3) The contribution rates of changes in land use were assessed to
illustrate how LUCC affected green space WUE. Results: (1) Artificial surfaces increased and large
areas of farmland were converted to non-agricultural use, accompanied by the addition of green
space. (2) Green space WUE increased significantly from 2005 to 2015. The average annual WUE
exhibited a relatively uniform spatial distribution in the Haihe River Basin. Except for the central area
of urban land, the WUE of most areas exhibited an increasing trend. (3) The impact of LUCC on WUE
was mainly a result from the conversion of farmland and artificial surfaces and the increase in green
space. Ecological restoration and crop adjustment contributed greatly to the improvement in green
space WUE in the basin. Conclusions: Green space WUE of the Haihe River Basin was significantly
affected by LUCC and there is room for improvement in the WUE of green spaces in the basin. The
paper concludes with recommendations for further research to assist in planning for green space to
promote sustainable development related to land use and water management.
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1. Introduction

The shortage of water resources threatens economic development and the overall wellbeing
of humankind in many parts of the world [1–3]. According to the World Water Assessment Plan
(WWAP) report released by the United Nations in 2019, severe water shortages affect approximately
four billion people, accounting for nearly two-thirds of the world’s population [4]. The sustainability
of water consumption is an urgent goal [5,6]. River basins are associated with the birthplace of human
civilization and they have become more prominent with regard to water management issues [7].
River basin planning plays an important role in promoting sustainable development and utilization
of water resources, and gives full opportunity to the maximum comprehensive efficiency of a river
basin [8]. However, global changes such as climate change and land use/cover change (LUCC) have
already had an identifiable impact on ecosystems and the role of green spaces in environmental
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management and livability have become apparent [9,10]. Green space is one of the basic elements of
river basins and includes urban forests, suburban farmland, green gardens, and vertical planting [11].
For every 10% increase in the average income of residents, the demand for green space will increase
by 1% [12]. In addition, the development of green spaces is often accompanied by a rapid increase
in water use [13,14]. According to the census bulletin, the annual ecological and environmental
water consumption in China reached 10.64 billion m3 and is growing rapidly [15]. Coordinating the
development of green space and the sustainable use of water resources becomes a necessary means to
achieve sustainable development of the basin.

Many countries have developed specific management plans for river basins according to natural
and social conditions, and economically developed watersheds are better targets for collaborative
governance or autonomous management [16,17]. In China, watershed management has been mostly
focused on the restoration of ecosystems; for example, in the Poyang Lake Basin, the implementation of
the Mountain-River-Lake (MRL) Program have significantly increased the forest area, which decreased
ecological risk in the basin [18]. In addition, many researchers have paid attention to watershed
dynamics: Some have focused on vegetation dynamics and groundwater fluctuations [19], whereas
others are committed to achieving water balance in the basin [20]. Keys et al. [21] showed that
nearly a fifth of annual average precipitation falling on land is the result of vegetation-regulated
moisture recycling, while Jenerette et al. [22] claimed that increasing vegetation is one strategy for
moderating regional climate change and simultaneously providing multiple ecosystem services. With
regard to green space, there has been a greater focus on water-related ecosystem services, such as
the cool island effect and rainwater-runoff reduction [23,24]. Researchers used the Luan River Basin
in China as an example to evaluate the water ecosystem services and their value. It was found that
almost all the economic value of ecosystem services came from water, and the proportions of the
economic values of water-related ecosystem services to the total value of ecosystem services exceeded
5% [25]. Although there is growing recognition of the importance of green space planning and water
resources, there are few analyses of the inclusion of these parameters in plans and strategies from
the perspective of land use and development [26]. In addition, water use efficiency (WUE) has been
defined as the ratio of the weight of dry matter produced to the amount of water transpired [27],
which is considered as an essential indicator of the hydrological cycle responding to environmental
changes [28,29]. Many experts and scholars have investigated WUE of different river basins [30,31]
and some studies have researched agricultural irrigation efficiency [32]. The results indicate that more
researchers are focused on assessing the WUE in different regions, but few studies have linked WUE
changes with human activities.

The Haihe River basin of Northern China has experienced rapid economic transition in recent
decades. The river basin is considered the political, economic, and cultural center of China. The area
can be described as “the circle of economy around the capital” and is also the largest and most
dynamic region in northern China [33]. The Haihe River basin has historically been one of the most
water-stressed basins in China [34]. With less than 1.3% of Chinese water resources, the Haihe River
Basin serves 10% of the Chinese population and 11% of the farmland, and provides 13% of China’s Gross
Domestic Product (GDP). Water shortage is the major bottleneck that limits sustainable development
in the basin [35]. In order to improve the environment, large-scale forest plantation projects were
implemented at the end of the 20th century in China. In recent years, the Three-North Shelter Forest
Project (TNSFP), Beijing-Tianjin Sandstorm Source Control (BTSSC) Project, Plain Afforestation in
Beijing Project (PABP), and others have been completed on schedule and provided social and ecological
benefits. As a result, there is growing pressure on environmental water use in the Haihe River Basin,
which increased from 1.0% in 2005 to 9.1% in 2017 [36]. With the increase in green space and economic
development, both land use and water use in the Haihe River Basin have changed dramatically. Since
the Haihe River Basin is a heavily urbanized area in China, the comprehensive management of land
use and water resources requires our attention [37].



Forests 2019, 10, 545 3 of 21

In this study, our goal was to contribute to the sustainable development of basin water management
by assessing the impacts of LUCC on the WUE of the Haihe River Basin. In particular, the objectives
are 1) to determine LUCC from 2005 to 2015 in the Haihe River Basin, 2) to determine the temporal and
spatial variation of green space WUE, and 3) to assess the influence of LUCC on the WUE. The link
between WUE and LUCC is vital to obtain a better understanding of how and why WUE varies and to
support decision makers with regard to water resource planning and management.

2. Materials and Methods

2.1. Study Area

The Haihe River basin (Figure 1) is located between 112◦ E–120◦ E and 35◦ N–43◦ N and is the
largest river system in North China. It is bounded by the Bohai Sea in the east, the Yellow River in the
south, the Taihang Mountains in the west, and the Mongolian Plateau in the north [38]. The area of
the Haihe River Basin is 318,000 km2, accounting for 3.3% of China’s total area. The climate of the
Haihe River Basin is a temperate East Asian monsoon climate. It is the region with the least amount of
precipitation on the eastern coast of China and is located in a semi-humid and semi-arid zone [39].
The Haihe River Basin is densely populated and there are many large and medium cities. It holds
an important strategic position in national economic and social developments [40]. In addition, the
Haihe River Basin is also an important food production area in China. The basin provides numerous
food crops (wheat, rice, corn, etc.) and cash crops (cotton, peanuts, sesame, etc.) to adjacent areas.
The area of crop cultivation accounts for nearly half of the basin, which leads to a large amount of
irrigation water. Agricultural water consumption exceeds 60% of the total water consumption [36].
The Haihe River basin is one of the most water-stressed regions in China and the per capita total water
resources are less than 300 m3 [41]. Population growth and economic developments have caused
changes in water consumption patterns in the basin [42]. The water environment has deteriorated
significantly in recent years due to limited runoff and uneven temporal and spatial rainfall distribution.
This has caused a number of severe environmental problems in the basin, such as the drying-up of the
river system, land subsidence due to over-exploitation of groundwater, and degradation of lakes and
wetlands [43].
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(ET) data (resolution: 500 m) were the MODIS16A2-8 days products [45]. 

Figure 1. Haihe River Basin geography and administrative divisions chart.

2.2. Data Collection and Preprocessing

The water resources and precipitation data in the Haihe River Basin were derived from the Haihe
River Water Bulletin and the Haihe River Water Conservancy Commission (MWR) [36]. The land
use data (resolution: 1 km) in 2005 and 2015 were provided by the Data Center for Resources and
Environmental Sciences (RESDC) at the Chinese Academy of Sciences (CAS) [44], and the classification
system was the land use classification of the CAS. For the net primary productivity (NPP) data
(resolution: 1 km) for the Haihe River Basin from 2005 to 2015, we used the Moderate Resolution
Imaging Spectroradiometer (MODIS)17A2-8 days products and the evapotranspiration (ET) data
(resolution: 500 m) were the MODIS16A2-8 days products [45].
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In order to obtain accurate results for the relationship between the dynamic change of the green
space WUE and land use/cover, we preprocessed the data. The ET data were resampled to 1 km
resolution. We eliminated the outliers in the MODIS data and set null values. In consideration of the
lower resolution of remote sensing image of the basic data, the green space was divided into four
classes: woodland, grassland, farmland, and water; artificial surface and bare land were taken as the
background types for analysis. However, since our focus was the water use of green space, the water
was removed from the land use/cover types during processing.

In order to eliminate the influences of temporal and spatial variation on green space WUE,
we divided the Haihe River Basin into two areas, namely, the grain production area and the ecological
conservation area (Figure 2). The grain production area is the North China Plain area with an altitude
of less than 200 m and the ecological conservation area is the North China Mountain area with
an altitude higher than 200 m. The grain production area is almost entirely covered by farmland;
winter wheat/summer maize and cotton are grown in the southern and central regions and fruit trees,
vegetables, and rice are grown in the northern region, which also has little parts of forested areas.
The ecological conservation area consists of the Taihang Mountains in the west, the Yanshan Mountains
and hilly areas in the north, and a small part of the Bashang Grassland on the northernmost boundary;
the land use/cover consists of trees, shrubs, grass, and some farmland.
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2.3. Data Analysis Methods

2.3.1. Land Use Transition Matrix

In this study, a land use/cover transition matrix was used to investigate the LUCC in 2005 and 2015;
the matrix was generated by overlaying the land use maps of the two periods in ArcGIS (Table 1) [46].
The land use/cover transition matrix lists the areas of change between the classes in a matrix and
reflects the transformation between different classes. Land use transition matrices are widely used in
the studies of landscape ecology and Geographic Information System (GIS) [47].
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Table 1. Land transfer matrix.

T2 Total (T1)
A1 A2 . . . . . . An

A1 P11 P12 . . . . . . P1n P1
A2 P21 P22 . . . . . . P2n P2
...
...

...

...

...

...
Pij

...

...

...

...
An Pn1 Pn2 . . . . . . Pnn Pn

Total (T2) P1 P2 . . . . . . Pn Total

In the matrix, rows A1-An represent the land use type at time T1, while columns A1-An at time T2.
Diagonal Pii is the area of the land use type that has not changed during the period. Pij (Pji) is the area
where Ai (Aj) converted to Aj (Ai). Rows P1-Pn represent the total area of corresponding types at time
T2, while columns A1-An represent the area at time T1.

2.3.2. Water Use Efficiency (WUE)

The green space WUE was calculated by using the WUE equation [48]. We used the ordinary least
squares (OLS) method to estimate the trends of change in the WUE from 2005 to 2015 [49]:

WUEi = NPPi/ETi, (1)

Slope =
n
∑n

i=1 i ∗WUEi −
∑n

i=1 i
∑n

i=1 WUEi

n
∑n

i=1 i2 −
(∑n

i=1 i
)2 , (2)

where WUEi is the mean annual green space water use efficiency (g C mm−1 m−2); NPPi is the mean
annual net primary productivity (g C m−2); ETi is the mean annual evapotranspiration (mm); i is the
study year and 1 represents 2005, 2 represents 2006, . . . , and 11 represents 2015.

In the OLS estimation, Slope represents the slope of the linear regression equation, where n is the
number of years (n = 11), i is the year, and WUEi is the green space WUE for the ith year. If slope > 0,
it means that the trend of the green space WUE is increasing, and vice versa.

In addition, standard deviation was used to reflect the dispersion of the NPP, ET, and WUE [50].

SD =

√
1
n

∑n

i=1

(
Xi −X

)2
, (3)

where SD represents the standard deviation of the data set; Xi is the NPP (ET, or WUE) for the ith year;
X is the average numerical value of NPP (ET, or WUE) during the study period.

2.3.3. Contribution Rates of Changes in Land Use

Contribution rates of changes in land use have been widely used to evaluate the responses of
the environment to certain influencing factors [51]. We used the contribution rates of changes in land
use/cover to illustrate how LUCC affected WUE in the Haihe River Basin. The contribution rate refers
to the changes in the green space WUE caused by a certain type of land use transition and is defined as
follows:

CRWUE =
(
WUE j −WUEi

)
∗ LA/TA, (4)

where CRWUE indicates the contribution rates of changes in land use/cover to changes in the WUE.
WUE j and WUEi respectively refer to the average annual WUE of the final (Aj) and initial (Ai) land
use types in the study period in the Haihe River Basin. LA is the area of the changed type. TA is the
total area of the Haihe River Basin.
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3. Results

3.1. Land Use Changes in the Haihe River Basin

The spatial pattern of the land use/cover in 2005 and 2015 are shown in Figure 3a,b and the LUCC
is shown in Figure 3c. In recent years, the land use structure of the Haihe River Basin was dominated
by farmland, woodland, and grassland. Artificial surfaces were scattered throughout the basin but
were mostly concentrated in Beijing, Tianjin, and the Bohai Sea coastal areas. In addition to the Haihe
River, there are also several reservoirs in the basin.
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Overall, the spatial distribution of land use/cover in the Haihe River Basin remained stable
from 2005 to 2015 and only a few land use types changed significantly. Artificial surfaces expanded
dramatically, which mostly occurred near the cities. New farmland that transitioned from other land
types occurred in Tianjin in the northeast of the grain production area. In areas around reservoirs
in Tianjin, such as Yuqiao and Tuanpowa, much new farmland was developed in woodland and
grassland areas. There were large areas that were transformed from other classes to woodland and
grassland around the reservoirs in Tianjin. New woodland also occurred in the northwest of the
Taihang Mountain in Shanxi, while new grassland was observed in the northernmost point of the
ecological conservation area in the Bashang Grassland.

The land use/cover transition matrix (Table 2) shows the area of the land use/cover changes and
the total area changes of each type are shown in Figure 4. In Figure 4, the most significant features are
the increase in the artificial surfaces and the reduction in farmland. As shown in Table 2, the largest
area of change was the transition from farmland to artificial surfaces, followed by the transition from
artificial surfaces to farmland; these two transitions accounted for about 1/3 of the total transition
area. The non-agricultural transformation of farmland is an obvious feature of LUCC. Areas that
transitioned from farmland were generally larger than other types of transitions, for example, changes
from farmland to woodland and grassland accounted for approximately 300 km2. Meanwhile, much
of the bare land was converted to other land use types.
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Table 2. Land use transition matrix in 2005 and 2015 in the Haihe River Basin.

Land Use Transition Matrix (Unit: km2) 2015

2005 Grassland Farmland Artificial
Surface Woodland Water Bare Land Total

(2005)

Grassland 61,055.2 132.7 246.6 115.4 43.7 12.7 61,606.3
Farmland 261.7 157,734.1 2728.1 306.4 501.3 35.4 161,567.1
Artificial
Surface 37.7 999.5 20,937.3 32.9 126.3 12.6 22,146.3

Woodland 72.8 119.6 121.0 60,526.4 12.9 1.7 60,854.3
Water 16.2 462.1 232.1 14.9 5754.8 20.4 6500.4

Bare Land 137.4 64.9 69.6 1.0 48.6 2921.4 3242.8

Total
(2015) 61,580.9 159,512.8 24,334.8 60,997.0 6487.6 3004.2 315,917.3
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3.2. Temporal and Spatial Variations of WUE, NPP, and ET

3.2.1. Interannual Variations

The annual NPP varied from 166.69 g C m−2 to 413.32 g C m−2 from 2005 to 2015 (Figure 5). The
variation of NPP fluctuated considerably. The mean NPP was 285.41 g C m−2 and standard deviation
(SD) was 97.04. The minimum (166.69 g C m−2) occurred in 2007, following a continuous decline from
2005. There was a slight decline from 2005 to 2010 and an increase from 2010 to 2015. In 2012, the NPP
suddenly increased and reached the maximum (413.32 g C m−2). The NPP was stable around 400 g
C m−2 in the second half of the study period and the numerical value was significantly higher than
during the first half. The annual average precipitation (P) in the Haihe River Basin exhibited slight
fluctuations during the period. The maximum of P (601.3 mm) appeared in 2012 and a significant
decrease occurred only in 2014. The Annual ET in the Haihe River Basin was stable around 300 mm.
The mean annual ET was 301.53 mm and SD was 27.38. The maximum (362.66 mm) occurred in 2013
and the minimum (249.06 mm) in 2007. The minimum NPP occurred one year after the minimum ET.
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Figure 5. Temporal changes in the annual average net primary productivity (NPP), annual average
evapotranspiration (ET), and annual average precipitation (P) in the Haihe River Basin from 2005
to 2015.

The temporal variation in the green space WUE from 2005 to 2015 is shown in Figure 6. There
were considerable fluctuations in the WUE. The mean annual WUE was 0.94 g C mm−1 m−2 and the SD
was 0.27. The WUE decreased in the first half of the study period and increased in the second half. The
WUE reached the lowest point in 2007 (0.61 g C mm−1 m−2). The maximum WUE (1.30 g C mm−1 m−2)
occurred in 2015 and the WUE in 2012 was very close to the maximum WUE. The trend of the WUE
was similar to the NPP trend. Since ET commonly is the largest component of the ecosystem water
balance, the inter-annual variability of the catchment’s hydrologic response should be strongly related
to ecosystem function and productivity. As a result, NPP should be the main factor causing the
variation in the WUE.

The green space WUE of the Haihe River Basin exhibited considerable changes. Overall, the
WUE exhibited an increasing trend from 2005 to 2015. The OLS estimation showed that the slope
of the regression equation of the WUE was about 0.0535 and the result was significant at the 95%
level (p = 0.0356). The green space WUE of the Haihe River Basin increased significantly during the
study period.
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The temporal variation of green space WUE of the two areas (the grain production area and the
ecological conservation area) is shown in Figure 7. Overall, WUE was slightly higher for the grain
production area than the ecological conservation area, except for 2007. The trend of the green space
WUE in the two areas was consistent with that of the Haihe River Basin. The highest WUE of both
the grain production area and the ecological conservation area occurred in 2015 and the values were
1.33 g C mm−1 m−2 and 1.15 g C mm−1 m−2, respectively.

Forests 2019, 10, x FOR PEER REVIEW 11 of 21 

 

WUE was similar to the NPP trend. Since ET commonly is the largest component of the ecosystem 
water balance, the inter-annual variability of the catchment’s hydrologic response should be strongly 
related to ecosystem function and productivity. As a result, NPP should be the main factor causing 
the variation in the WUE. 

The green space WUE of the Haihe River Basin exhibited considerable changes. Overall, the 
WUE exhibited an increasing trend from 2005 to 2015. The OLS estimation showed that the slope of 
the regression equation of the WUE was about 0.0535 and the result was significant at the 95% level 
(p = 0.0356). The green space WUE of the Haihe River Basin increased significantly during the study 
period. 

 

Figure 6. Temporal changes in the green space water use efficiency (WUE) in the Haihe River Basin. 

The temporal variation of green space WUE of the two areas (the grain production area and the 
ecological conservation area) is shown in Figure 7. Overall, WUE was slightly higher for the grain 
production area than the ecological conservation area, except for 2007. The trend of the green space 
WUE in the two areas was consistent with that of the Haihe River Basin. The highest WUE of both 
the grain production area and the ecological conservation area occurred in 2015 and the values were 
1.33 g C mm−1 m−2 and 1.15 g C mm−1 m−2, respectively.  

 

Figure 7. Temporal changes in the green space WUE in the grain production area and the ecological 
conservation area. 

3.2.2. Spatial Distributions 

Figure 7. Temporal changes in the green space WUE in the grain production area and the ecological
conservation area.

3.2.2. Spatial Distributions

The spatial distributions of the green space WUE, NPP, and ET from 2005 to 2015 in the Haihe
River Basin are shown in Figure 8.

The average annual WUE exhibited a relatively uniform spatial distribution. The value of the
average annual WUE was 0.94 g C mm−1 m−2 (ranging from 0.14 g C mm−1 m−2 to 2.90 g C mm−1 m−2).
For the grain production area and the ecological conservation area, the green space WUE values
were 0.95 g C mm−1 m−2 and 0.93 g C mm−1 m−2, respectively. The WUE in most of the Haihe
River Basin was between 0.4 g C mm−1 m−2 and 1.6 g C mm−1 m−2 and 60% of the area had a WUE
value between 0.8 g C mm−1 m−2 and 1.2 g C mm−1 m−2. These areas were almost all grassland,
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woodland, and some farmland. They were mainly located in the northern, western, southwestern, and
eastern parts, representing a circle surrounding the Haihe River Basin. The regions of lower WUE,
i.e., values between 0.4 g C mm−1 m−2 and 0.8 g C mm−1 m−2, were concentrated in the western
and central part of the grain production area. This region occupied about 18% of the total area and
was secondary in terms of overall distribution. A large number of winter wheat/summer maize is
grown in the lower WUE area. Higher WUE regions (1.2 g C mm−1 m−2

≤ WUE < 1.6 g C mm−1

m−2) occupied about 10% of the total area and were located in the northeast of the grain production
area and the southwest of the ecological conservation area, in addition for few other areas. Areas
with the lowest and highest WUE values comprised less than 1% of the total area. The highest WUE
regions (WUE ≥ 1.6 g C mm−1 m−2) were scattered near the southern boundary and in a few other
areas. The lowest WUE regions (WUE < 0.4 g C mm−1 m−2) were sporadically distributed over the
entire area and were concentrated in the large and medium cities. Among the cities, Beijing and Tianjin
were examples of low WUE areas.

Compared with the WUE, the NPP and ET exhibited substantial spatial variability. The average
annual NPP in the Haihe River Basin was 285.08 g C m−2. As shown in Figure 8b, the higher
NPP regions were located in a band in the ecological conservation area and the highest NPP area
(NPP ≥ 600 g C m−2) was located in the northeast. A comparison of the land use/cover map (Figure 3)
and the NPP (Figure 8b) indicates that regions with higher NPP (NPP ≥ 300 g C m−2) were areas of
woodland and grassland. In contrast, farmland had lower NPP (150 g C m−2

≤NPP < 300 g C m−2)
and this area comprised about half of the total area. The spatial distribution of the average annual
ET is similar to that of the NPP but ET distributed more decentral than NPP. If 300 mm is used as the
dividing line, the areas where the ET is higher than 300 mm or lower than 300 mm comprise about half
of the Haihe River Basin. The higher ET region (ET ≥ 300 mm) is located centrally in a band in the
ecological conservation area similar to the high NPP regions and there are other high ET regions in the
west and southern border regions of the grain production area. The highest ET values occurred in
the northeast of the ecological conservation area. The lower ET areas (150 mm ≤ ET < 300 mm) were
located in the northwest and central parts of the Haihe River Basin. The lowest ET area (ET < 150 mm)
occurred in urban land and border areas. The spatial distribution of the areas with the lowest WUE,
NPP, and ET values is consistent because the vegetation cover of urban land is lower than that of the
large areas of green space in the Haihe River Basin.
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3.3. Effects of LUCC on Green Space WUE

3.3.1. Spatial Distribution of WUE Variation

The spatial distribution of slope of the green space WUE is shown in Figure 9. Except for the
central area of urban land, the green space WUE of most areas in the Haihe River Basin showed an
increasing trend (WUE Slope > 0). It is evident that the expansion of the artificial surfaces had a
negative impact on the WUE. As shown in Figure 9, the WUE slope of the ecological conservation
area was greater than that of the grain production area. In the grain production area, the WUE growth
in the central and western regions was relatively slow (0 ≤WUE Slope < 0.05). A comparison of the
spatial distribution of the WUE slope (Figure 9) and the LUCC (Figure 3c) shows that areas with a slow
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increase in WUE are mainly long-term farmland with a large amount of winter wheat/summer maize
and cotton. The WUE in Tianjin and the Bohai Sea region increased considerably (0.05 ≤WUE Slope
< 0.1), which was the result of an adjustment in the land use structure and the increase in green space.
In addition, areas with higher WUE growth (0.05 ≤WUE Slope < 0.1) were scattered throughout the
grain production area. The higher WUE growth may be the result of a combination of crop adjustment
and irrigation technology improvements. In the ecological conservation area, the WUE showed a
greater increase (0.05 ≤WUE Slope < 0.1) in the Taihang Mountains in the west and a smaller increase
(0 ≤WUE Slope < 0.05) in the Yanshan Mountains and hilly area in the east, which may be due to
the different cover types of forest and grass. Due to the existence of farmland and urban land in the
low mountain area, the WUE in the southern margin of the ecological conservation area exhibited
a smaller increase. Areas with a large increase in the WUE (WUE Slope ≥ 0.1) were sporadically
distributed in the western and northern parts of the ecological conservation area and in the eastern
part of the grain production area. As shown in Figure 3, the conversion from other land use types to
woodland had led to a large increase in WUE in the western Taihang Mountains, while the reduction
in high-water-consuming crops resulted in a large increase in WUE in a small area near the Bohai Sea.
In general, ecological restoration and crop adjustment contributed greatly to the improvement in WUE
in the Haihe River Basin.
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3.3.2. Contribution Rates of Changes in Land Use/Cover to WUE

The contribution rates of changes in land use/cover to the WUE and the proportions of the
transformations are shown in Table 3. The increase in WUE was mainly the result of the addition of
green space, whereas the decrease in WUE was due to the increase in artificial surfaces. The addition of
green space contributed 88% to the increase in WUE. The transformation from different land use/cover
types to farmland comprised the largest proportion at more than 90% of the total. Because of the large
transition area from artificial surfaces to farmland, the contribution rate of this type of transformation
was highest. Land use changes from woodland to farmland and grassland accounted for about 10% of
the WUE increase, indicating that WUE of woodland was lower than that of farmland and grassland.
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Table 3. Contribution rates of the major land use transformation types to the WUE.

Land Use Transformation
Types

Contributions Rates
(CRWUE, %) Proportion (%)

WUE increase

Artificial surface→ Farmland 0.01343 81.13
Woodland→ Farmland 0.00118 7.15
Woodland→ Grassland 0.00055 3.31

Artificial surface→ Grassland 0.00042 2.52
Grassland→ Farmland 0.00032 1.91
Bare land→ Farmland 0.00024 1.42
Bare land→ Grassland 0.00017 1.04

Artificial surface→ Bare land 0.00012 0.75
Artificial surface→Woodland 0.00012 0.70

WUE decrease

Farmland→ Artificial surface 0.03667 81.15
Farmland→Woodland 0.00304 6.72

Grassland→ Artificial surface 0.00273 6.04
Grassland→Woodland 0.00087 1.92

Bare land→ Artificial surface 0.00068 1.51
Farmland→ Grassland 0.00062 1.38

Woodland→ Artificial surface 0.00043 0.95
Farmland→ Bare land 0.00013 0.29
Grassland→ Bare land 0.00002 0.04

The expansion of artificial surfaces was the main reason for the decline in the WUE in the Haihe
River Basin. The transition from farmland to artificial surfaces caused the greatest decline in WUE,
accounting for more than 80%. The proportion of the contribution rates of transitions from farmland
to other types was about 83%, which showed that the WUE of farmland was higher than for other
land use types in the Haihe River Basin. Changes from farmland to woodland led to the decrease in
WUE, which was consistent with the previous result. The abandonment of farmland and woodland
also contributed to the decrease in WUE, whereas the use of bare land for plantations caused the WUE
to rise. To some extent, the increase or decrease in the green space was an important factor affecting
WUE changes.

4. Discussion

4.1. Reasons for Land Use/Cover Change

LUCC in the Haihe River Basin is caused by natural factors and human influences. Natural factors
are mainly related to the limitations due to soil conditions. The summer climate in the Haihe River
Basin is unstable and the rainfall intensity is high, which causes soil erosion. Soil erosion does not only
lead to a reduction in the amount of farmland and a decline in quality but also causes damage to natural
vegetation [52]. Human influences have a greater impact on LUCC. Previous studies have shown
that the Haihe River Basin is in a stage of rapid urbanization, which results in significant increases in
artificial surfaces and decreases in farmland areas [53]. Deforestation and land reclamation occurred
in woodland and grassland and was reflected in the conversion into farmland and artificial surfaces.
The increase in woodland and grassland was mainly attributed to large-scale afforestation in China.
Since the 1970s, China has been implementing large-scale green programs to mitigate the degraded
environment. The TNSFP, BTSSC, and PABP projects represent typical mitigation projects and they
resulted in large socioeconomic benefits in terms of the addition of green space in China [54,55].
The Haihe River Basin is located in an important strategic location in China and land use change in
this area is significantly influenced by national policies and strategies. At the beginning of 2014, the
proposal of the Beijing-Tianjin-Hebei integration plan and the formation of the Beijing-Tianjin-Hebei
ecological coordination circle provided a guarantee for the ecological rehabilitation of the Haihe River
Basin [56]. With the development of an ecological mindset and the setting of target for ecological
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redline, green space development has become an increasingly important goal [57]. In the future, the
expansion of artificial surfaces and the rapid decline of farmland will inevitably be limited in order to
ensure food security and ecological functions.

4.2. The Improvement of WUE in the Haihe River Basin

From 2005 to 2015, the green space WUE in the Haihe River Basin experienced a significant
increase. The above results showed that NPP was the main factor causing the variation in WUE,
which was almost consistent with the variation of WUE. The NPP experienced a dramatic growth and
maintained a high level in the second half of the research period. On the one hand, related research
results showed that precipitation and normalized difference vegetation index (NDVI) generally have
positive impacts on NPP [58,59] and may explain the sudden increase of the NPP in 2012. The NDVI in
the basin experienced a dramatic increase from 2011 to 2012, which was about 3.5% higher than before
(from 0.716 to 0.741) [60]. On the other hand, the national afforestation policy and high-standard basic
farmland construction contributed dramatically to the higher NPP [61,62]. Nevertheless, the impact of
climatic factors on NPP is a complex process that involves the physiological processes of the vegetation.
In the case of low precipitation in 2014, the high level of NPP may be caused by the hysteresis of water
stress in the surrounding years [63].

The green space WUE changes in the grain production area and the ecological conservation area
were similar to those in Haihe River Basin. The higher WUE in the grain production area may be
caused by abundant food production in this area [64]. The WUE change of the ecological conservation
area was much gentler than that of the grain production area, which may be due to the higher stability
of the natural ecosystem [65]. However, the changes that occurred in different areas may have been
caused by different reasons.

In the grain production area, the improvement in the green space WUE was mainly attributed
to the crop adjustment, production efficiency, water-saving irrigation, and awareness by residents.
The main crops in the southern part of the grain production area are cotton in the central area and
winter wheat/summer maize in the surrounding eastern, western, and southern parts. The northern
region is dominated by rice and some cash crops. With the adjustment in the crop structure, high-water
consuming crops in the North China Plain have been greatly reduced; for example, rice production
decreased by more than 20% from 2007 to 2013 [66]. Between 2010 and 2015, the North China Plain
developed effective irrigation areas of more than 5 million hm2 and water-saving irrigation areas of
more than 7 million hm2 [67]. In addition, while ensuring food production, lower water consumption
contributed to the increase in the WUE [68]. The increased awareness of farmers regarding water
conservation, such as the establishment of water-saving irrigation cooperatives, also made significant
contributions [69]. The improvement in the WUE in the grain production area has played an important
role in food security and water security throughout the Haihe River Basin [70].

The increase in the green space WUE of the ecological conservation area was mainly due to the
addition of green space and plants species adjustment. We found that the observed responses of the
WUE were largely driven by the responses of the ecosystem NPP. On one hand, in the context of global
warming, more green vegetation increases productivity by fixing greenhouse gases such as carbon
dioxide (CO2), thereby increasing the WUE and improving the environment. Large-scale afforestation
in China contributed greatly to the increase in green spaces. Ecological restoration was the main factor
driving the increase in vegetation cover [71]. On the other hand, the reason for the decline in WUE in
the first half of the study period may be vegetation degradation. Optimizing vegetation composition
can strengthen the ecosystem services of green spaces [72]. The increase of plant species richness can
also contribute to improve rain-use efficiency (RUE) [58]. Forest plantation projects in the ecological
conservation area contributed greatly to prevent bare ground and maintain the water levels and soil
health and also provided favorable conditions for crop production in the grain production area.
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4.3. Suggestions

The Haihe River Basin is abundant in land resources and has great potential for developing
agroforestry. The coordinated development of green space and water resources should be the main
targets. Since the beginning of the 21st century, the construction of water conservation facilities in
the basin has increased substantially while the area of farmland has decreased gradually, resulting in
non-sustainable land use. At present, the abandonment of farmland represents a serious ecological
threat to the Haihe River Basin, especially the conversion from farmland into industrial land and
residential land [52]. The land administration department should take effective measures to curb the
inappropriate conversion of farmland in the basin and increase the green spaces so that woodland,
grassland, and farmland areas can benefit by complementing each other [73]. Only in this way can we
ensure the socioeconomic benefits and ecological benefits and thus achieve sustainable development of
land use in the Haihe River Basin.

Agricultural water use is an important part of water resources management in the Haihe River
Basin. The agricultural sector can provide advice to farmers regarding the WUE of crops. For example,
winter wheat is the largest water-consuming crop in the North China Plain; 1 year of subsoiling tillage
plus 2 years of strip rotary planting may be an efficient measure to increase the wheat yield and
WUE [74]. Irrigation is also a top priority in agricultural water use [75]. With the development of
water-saving technology, the expansion of water-saving irrigation areas is an important method to
improve WUE while ensuring sufficient food production in the grain production area [76].

There is still room for development for mountain vegetation in the ecological conservation area
of the Haihe River Basin. Mountain vegetation provides numerous ecosystem services for the entire
basin and plays an important ecological security role for the capital region [77]. An understanding
of the natural conditions and the sustainable development of vegetation resources in the ecological
conservation areas can effectively improve the WUE. The relevant departments can improve the
ecosystem services of green spaces by changing the vegetation structure, thereby improving the
water resource conditions. For vegetation that requires artificial irrigation, advances in science and
technology will contribute significantly to the improvement in the WUE [78,79]. In addition, an increase
in water-saving awareness of residents by actions of the government will also contribute to improving
the WUE; this has been implemented in both the grain production area and the ecological conservation
area [80].

4.4. Limitations and Future Research

This study conducted a preliminary analysis and discussion on the dynamics of green space
WUE and the impact of LUCC on WUE. The low accuracy of remote sensing data makes our research
results crude and there may be some errors in the inversion process of the MODIS data. Meanwhile,
the aforementioned WUE changes are also the combined results of ecological restoration and climate
change and they likely represent a local and temporary improvement rather than a comprehensive and
fundamental change. Therefore, more efforts are needed to adjust the relationship between human
activities and natural resources. In addition, problems such as unsustainable development of barren
hills and the poverty belt around the capital in the Haihe River Basin require further study.

5. Conclusions

In this study, we evaluated the temporal and spatial variation of green space WUE from 2005 to
2015 and focused on the effect of LUCC on the green space WUE in the Haihe River Basin. The following
conclusions were drawn: (1)Artificial surfaces have expanded and a large amount of farmland was
converted to other land types, accompanied by the addition of green spaces. (2) In the study period, the
green space WUE increased significantly and the main reason was the increase in NPP. Except for the
central urban areas, the WUE of most areas exhibited a growing trend. (3) From the perspective of land
use type change, ecological restoration and crop adjustment contributed greatly to the improvement in
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the WUE in the basin. This indicates that there is room for improvement in the green space WUE of
green spaces in the basin. The development of green space and the sustainable use of water resources
represent an important link in the sustainable development of the Haihe River Basin. The improvement
in the WUE in the basin reflects the effectiveness of sustainable land use and ecological restoration.
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