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Abstract: Wetlands have powerful runoff regulation functions, which can effectively store and retain
surface runoff. The runoff regulation function of wetlands is affected by wetland areas, which affect
the capacity of flood control. To explore the law of the area change of the main wetlands of the Naolihe
River Basin (MWNRB), the visual interpretation method was used to extract wetlands. To identify
the reasons for area changes in the MWNRB, the maximum likelihood method, minimum distance
method, and neural network method were used to classify land use types from remote sensing images;
the M-K variation point test and Theil-Sen trend analysis were used to test the variation point and
calculate the trend of precipitation and temperature series. To clarify the influence of wetland areas
on runoff, the Gini coefficient and SRI of runoff were used to calculate runoff temporal inhomogeneity.
The results showed that the area of the MWNRB obviously decreased, with 74.5 × 106 m2/year
from 1993 to 2008, and increased slowly from 2008 to 2015, with 27.7 × 106 m2/year. From 1993 to
2008, 50.74% and 38.87% of wetlands were transformed into paddy fields and dry fields, respectively.
From 2008 to 2015, 61.69% and 7.76% of wetlands were transformed from paddy fields and dry
fields, respectively. The temperature of the MWNRB increased slowly by 0.04 ◦C/year from 1993
to 2008 and increased obviously by 0.16 ◦C/year from 2008 to 2015. The precipitation decreased
by 5.6–8.1 mm/year and increased by 16.6–41.2 mm/year in 1993–2008 and 2008–2015, respectively.
Compared with precipitation and temperature, land use change caused by human activities is the
main cause of wetland area change. The area change of the MWNRB has a certain influence on the
runoff regulation and storage capacity. The Gini coefficient and SRI index increased from 0.002/year
(0.008) to 0.023/year from 1993 to 2008 and decreased from 0.046/year (0.045) to 0.161/year from
2008 to 2015, respectively.

Keywords: wetland; area change; remote sensing; runoff; human activity

1. Introduction

Wetlands are natural resources on which human beings depend for existence, known
as the ‘kidney of the earth’ [1–6]. Wetlands perform important ecological functions such as
improving water quality, maintaining rich biodiversity [7–9], regulating the regional climate
through the differences in albedo, heat capacity, roughness, and energy exchange between
wetlands and other land use types [10], and affect the regional runoff process [11,12] by
reducing or avoiding flood disasters and maintaining a stable water supply [13–17].

Wetlands are extremely sensitive to climate change and human activities. In recent
years, under the interference of climate change and human activities, wetland areas have
changed tremendously. The wetland area changes caused by climate change are due to
changes in the form and amount of precipitation [18,19] and an increase in temperature
leading to a decrease in regional water resources [20]. Moreover, in most regions, the most
direct and strongest driving factor for wetland area change is human activities [21]. With
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the increase in population, the rapid development of industrialization, urbanization, and
regional economies, a large number of wetlands have been converted to cultivated land
and grassland [22]. The wetlands have suffered huge losses, and the runoff regulation
function of wetlands has also been destroyed. Conserving wetlands and maintaining the
runoff regulation function of wetlands has caught international attention and has become a
research focus in the ecosystem.

To obtain basic data for research on conserving wetlands and maintaining the runoff
regulation function of wetlands, remote sensing technology with a wide monitoring range,
strong timeliness, no direct contact with measured targets, and quantitative information [23]
has been widely used [24–29]. Among many remote sensing technologies, the maximum
likelihood method with good stability by dividing the pixels to be classified into the class
with the highest probability [30], the minimum distance method with fast operation speed
by calculating the minimum distance between the pixel vector to be classified and the center
vector of each category [31], and the neural network method with strong fault tolerance and
high accuracy by integrating prior knowledge into network learning and making maximum
use of it [32] are widely used [33–35].

With wetland area changes, the regional hydrological conditions will be affected [36],
especially the runoff regulation and storage function [15]. Among the indexes describing
runoff regulation and storage function, the Gini coefficient calculates the area of the Lorenz
curve to show the uniformity of runoff distribution [37], and the streamflow regulation
index (SRI) compares the variation coefficients of precipitation and runoff to show the
runoff regulation and storage function in a region.

The main wetlands of the Naolihe River Basin (MWNRB), located in the Sanjiang
Plain, Heilongjiang Province, China, is the largest wetland distribution region and has
an important impact on hydrological conditions in the basin. However, in the past ten
years, there have been few studies on the impact of wetland area changes on runoff in the
MWNRB.

Therefore, the area change of the MWNRB, its causes, and its impact on runoff from
1993 to 2015 were studied. Firstly, according to the field investigation results combined
with visual interpretation methods, the MWNRB was identified, and the area change of the
MWNRB was analyzed. Based on the optimization of the maximum likelihood method,
minimum distance method, and neural network classification method, the land use types
in the MWNRB were distinguished, and the area of each land use type was calculated.
According to the transformation of land use types, the influence of human activities on
the area change of the MWNRB was analyzed and revealed. Combined with precipitation
and temperature, the influence of climate change on the area change of the MWNRB was
analyzed. Combined with the Gini coefficient and the SRI of runoff, and compared with
the area change of the MWNRB, the influence of wetland area change on runoff regulation
and storage function was analyzed.

2. Materials and Methods
2.1. Study Area

The MWNRB is composed of swamp meadow wetlands and river wetlands. The
swamp meadow wetlands are marshy meadows distributed in the MWNRB, which devel-
oped under the conditions of low terrain, poor drainage, excessive damp soil, and poor
permeability. The river wetlands are the riverbeds of some permanent rivers and reservoirs
with an area of fewer than 106 m2 in the Naolihe River Basin. The MWNRB is the largest
wetland distribution region in the Sanjiang Plain, which is located in the Naolihe River,
Waiqixinghe River, the middle and lower reaches of Qixinghe River, and Qixinghe River
Nature Reserve, all of which belong to the Naolihe River system (Figure 1). The Naolihe
River, which is 596 km long, is a main tributary of the Wusuli River, originating from
Wanda Mountain. The MWNRB is located in the temperate, humid, semi-humid continen-
tal monsoon climate zone. The annual average precipitation is 518 mm, which is mostly
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concentrated in June–September. The average annual temperature is 3.5 ◦C, the extreme
minimum temperature is −37.2 ◦C, and the extreme maximum temperature is 36.6 ◦C.
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Figure 1. Study Area.

2.2. Data Sources

The multi-temporal remotely-sensed Landsat data of the Enhanced Thematic Mapper
(ETM+) and Operational Land Image (OLI) from 1993 to 2015 were obtained from the
Earth Resources Observation and Science (EROS) Center (Table 1). The spatial resolution of
multi-temporal remotely-sensed Landsat data of the ETM+ and OLI is 30 m. Due to the
impact of cloud coverage and other factors, 6 scenes were obtained in this study.

Table 1. List of satellite images.

Acquisition Date Image Type Resolution(s) Bands

11 September 1993 TM 30 7
22 September 1997 TM 30 7
7 September 2003 TM 30 7

20 September 2008 TM 30 7
18 September 2013 OLI+ 30 8
8 September 2015 OLI+ 30 8

Considering the confluence in the basin, data from meteorological stations (Jiansan-
jiang, Youyi, Wujiuqi, and Bawusan station) in the upper and middle reaches of the
MWNRB were selected to analyze the causes of wetland area change and data from
hydrological stations in the upper reaches (Baoqing station) and the outlet section (Caizuizi
station) of the Naolihe River Basin were selected to analyze the influence of wetland area
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change on runoff. The annual precipitation and annual temperature data from Jiansanjiang,
Youyi, Wujiuqi, and Bawusan stations (Figure 1) from 1993 to 2015 were obtained from the
Meteorological Yearbook of Heilongjiang Agricultural Reclamation. The monthly runoff
data from the Baoqing and Caizuizi stations (Figure 1) from 1993 to 2015 were obtained
from the Heilongjiang Hydrological Bureau.

2.3. Methods

The visual interpretation method was used to extract swamp meadow wetlands as
training samples. The maximum likelihood method, minimum distance method, and
neural network method were used to classify land use types from remote sensing images.
Among these methods, the maximum likelihood method calculates the maximum likelihood
classification t function of each land use category through the training samples, and the land
use type corresponding to the classification function with the maximum function value is
the classification result [38]. The minimum distance method, based on the statistical feature
of each class in the remote sensing image, classifies the pixel to be divided into the class
with the smallest distance to the known class [39]. The neural network method, simulating
biological neurons with many small processing units, recognizes the land use types in
remote sensing images by simulating the human brain with specified algorithms [40].

The Kappa coefficient is used to evaluate the classification accuracy of the three
methods. The Kappa coefficient, based on the confusion matrix, is in the range of [−1, 1].
The value of the Kappa coefficient is usually greater than 0. The closer the Kappa coefficient
is to 1, the higher its corresponding classification accuracy [41].

Based on the classification results of land use types, the areas of different land use
types (such as swamp meadow wetland, river wetland, paddy field, and dry field) were
calculated. According to the transformation of various land use types in different periods,
the influence of human activities (land use) on wetland area change was analyzed.

The M-K variation point test and Theil-Sen trend analysis were used to test the varia-
tion point of precipitation and temperature series and calculate the trend of precipitation
and temperature before and after the variation point. Combined with the law of wetland
area change, the influence of climate change on wetland area change was analyzed. The
M-K variation point test determines variation points based on the intersection points of
order columns of positive time series and reverse time series [42], and the Theil-Sen trend
analysis method calculates the change trend of time series based on the rank sum value of
time series [43].

The Gini coefficient and SRI of runoff were used to calculate runoff temporal inho-
mogeneity. Combined with the law of wetland area change, the influence of wetland area
change on runoff regulation ability was revealed. The Gini coefficient, which is between 0
and 1, represents the uniformity of runoff distribution within a year. The closer the Gini
coefficient is to 1, the more uneven the runoff distribution within a year [44]. The SRI is
calculated based on the variation coefficient of precipitation and runoff, which is used
to characterize the runoff regulation ability of the underlying surface. The larger the SRI
value, the weaker the runoff regulation ability of the underlying surface [29].

Details of the above methods are given in References [29,38–44], respectively.

3. Results
3.1. Changes and Reasons for the Main Wetland Area of the Naolihe River Basin
3.1.1. Comparison of the Three Classification Methods

The typical region with swamp meadow wetland, river wetland, paddy field, and
dry field in the MWNRB are selected (Figure 1). The land use types in the typical region
using the remote sensing image and classification method (maximum likelihood method,
minimum distance method, and neural network method) are shown in Figure 2. The
classification accuracy of the three methods is listed in Table 2.
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Table 2. Kappa coefficients of three classification methods.

Method Minimum Distance Neural Net Maximum Likelihood

Kappa 0.73 0.93 0.94

As shown in Figure 2a, river wetlands in the typical region are linear and noose-
shaped, and swamp meadow wetlands are mainly distributed near river wetlands. There
are many paddy fields and few dry fields in the typical region. The paddy fields are
mainly located in the northwest of the typical region, and the dry fields are scattered in the
northwest and southeast corners of the typical region.

Comparing Figure 2a with Figure 2b–d, it can be seen that the minimum distance
method has the worst classification accuracy, with a Kappa coefficient of 0.73 (Table 2). The
minimum distance method can only identify some swamp meadow wetlands and paddy
fields (Figure 2b) and distinguishes most wetlands and paddy fields as other land use types.
In addition, it is difficult to identify river wetlands and dry fields in the typical region. The
classification accuracy of the neural network classification method with a Kappa coefficient
of 0.93 and the maximum likelihood method with a Kappa coefficient of 0.94 is similar
(Table 2). Although both the maximum likelihood method and neural network method
identify some river wetlands as other land use types (Figure 2c,d), the boundary of each
land use type identified by the maximum likelihood method (Figure 2d) is clearer than that
identified by the neural network method (Figure 2c). Therefore, the land use classification
identified by the maximum likelihood method is the final result of land use types.

3.1.2. The Area Changes in the MWNRB

According to the location of the MWNRB and the distribution of the Naolihe River
system, the MWNRB is divided into three subregions to show the wetland area change
more clearly. Subregion I is located in the Waiqixing River system, subregion II is located
in the Naolihe River system, and subregion III is located in the Qixing River system.

The MWNRB in 1993, 1997, 2003, 2008, 2013, and 2015 is shown in Figure 3. The
wetland area in certain years above and the trend of wetland area change from 1993 to
2008 and from 2008 to 2015 calculated using the Theil-Sen trend analysis method are
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shown in Table 3. On the whole, the MWNRB gradually shrank from 1993 to 2008 with
74.5 × 106 m2/year, and the area of the MWNRB decreased from 2073.8 × 106 m2 to
1055.6 × 106 m2 (Table 3). Compared with 1993, the area of the MWNRB decreased by
49.1% in 2008. From 2008 to 2015, the MWNRB gradually expanded, and the area increased
from 1055.6 × 106 m2 to 1241.6 × 106 m2 with 27.7 × 106 m2/year. Compared with 2008,
the area of the MWNRB increased by 17.6% in 2015. However, the area of the MWNRB in
2015 is still smaller than in 1993. The area of the MWNRB in 2015 was 59.9% of that in 1993
(Table 3).
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Table 3. Wetland area in the study area and three subregions from 1993 to 2015.

Area (106 m2)
Time

I Trend
(106 m2/Year) II Trend

(106 m2/Year) III Trend All Trend
(106 m2/Year)

1993 504.0

−32.6

981.2

−30.0

588.6

−14.9

2073.8

−74.5
1997 433.9 930.5 513.7 1878.1
2003 119.3 650.3 402.0 1171.6
2008 61.6 621.9 372.1 1055.6

2013 120.6
11.9

717.6
13.8

378.4
2.0

1216.6
27.72015 144.9 709.7 387.0 1241.6

As shown in Figure 3, the law of wetland area change in the three subregions is similar
to that in the whole MWNRB. The area in the three subregions shows a decreasing trend
from 1993 to 2008 and an increasing trend from 2008 to 2015. The wetland area change in
subregion I is the most significant. As can be seen from Table 3, the wetland areas of the three
subregions were the largest in 1993, which were 504.0 × 106 m2 (subregion I), 981.2 × 106 m2

(subregion II), and 588.6 × 106 m2 (subregion III), respectively. The wetland areas of
the three subregions were the smallest in 2008, which were 61.6 × 106 m2 (subregion I),
621.9 × 106 m2 (subregion II), and 372.1 × 106 m2 (subregion III), respectively. Compared
with 1993, the area of the three subregions in 2008 decreased by 87.8% (subregion I), 36.6%
(subregion II), and 49.1% (subregion III), respectively. After 2008, the wetland area of the
three subregions increased, and the wetland areas in 2013 and 2015 were similar.

3.2. Reasons for Area Change of the MWNRB
3.2.1. Effects of Climate Change on Area Change of the MWNRB

The variation points of temperature and precipitation series in Jiansanjiang, Youyi,
Wujiuqi, and Bawusan stations and the MWNRB are all from 2008. The variation points
and the trend before/after the variation point of temperature and precipitation calculated
using the M-K variation point test and Theil-Sen trend analysis method are shown in
Figures 4 and 5, respectively. As shown in Figure 4, the temperature in Jiansanjiang, Youyi,
Wujiuqi, and Bawusan stations and the MWNRB (the average temperature of Jiansanjiang,
Youyi, Wujiuqi, Bawusan stations) show a similar trend. The temperature in the four
stations and the MWNRB increased in 1993–2008 and 2008–2015. The trend of temperature
in 1993–2008, with 0.02–0.06 ◦C/year, was obviously lower than that in 2008–2015, with
0.06–0.25 ◦C/year.

As shown in Figure 5, except for the Jiansanjiang station, the precipitation at the Youyi,
Wujiuqi, and Bawusan stations and the MWNRB (the average precipitation of Jiansanjiang,
Youyi, Wujiuqi, and Bawusan stations) show a similar trend. The precipitation decreased
in 1993–2008 and increased in 2008–2015. The trend of precipitation in 1993–2008, with
5.6–8.1 mm/year, was obviously lower than that in 2008–2015, with 16.5–41.2 mm/year.

Based on Figures 3–5 and Table 3, it can be found that from 1993 to 2008, the tempera-
ture increased, the precipitation decreased, and the wetland area of the MWNRB decreased
significantly. From 2008 to 2015, the temperature and the precipitation increased obviously,
and the wetland area of the MWNRB increased. However, the wetland area increase rate
from 2008 to 2015, with 2.0 − 27.7 × 106 m2/year, was obviously lower than the wetland
area decrease rate from 1993 to 2008, with 14.9 − 74.5 × 106 m2/year, which indicates that
the meteorological factors change in different degrees was not the main influencing factor
of wetland area change of the MWNRB. Therefore, the main influencing factor of wetland
area change of the MWNRB may be human activities (land use type change). The following
will focus on analyzing the impact of human activities on the wetland area change of
the MWNRB.
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3.2.2. Effects of Human Activities on Wetland Area

From Figure 3 and Table 3, it can be seen that the wetland area in subregion I of the
MWNRB changes most obviously, and the five land use types in the MWNRB are all in
subregion I. Therefore, the land use change based on subregion I is used to study the impact
of human activities on wetland area change. The land use change of subregion I from 1993
to 2015 is shown in Figure 6. There are 5 types of land use in subregion I, which are swamp
meadow wetland, river wetland, paddy field, dry field, and other types. In 1993 and 1997,
subregion I was dominated by swamp meadow wetlands. After 2008, subregion I was
dominated by paddy fields and dry fields.
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Figure 7 shows the transformation process between the main land use types in the
MWNRB at the main time nodes from 1993 to 2015. It can be seen that from 1993 to 1997,
22.9 × 106 m2 (5.0%) and 34.8 × 106 m2 (7.75%) swamp meadow wetlands were transformed
into paddy fields and dry fields, and 12.2 × 106 m2 (24.4%) river wetlands were transformed
into other land use types. During 1997–2003, 173.3 × 106 m2 (43.7%), 141.7 × 106 m2 (35.8%),
and 11.9 × 106 m2 (3.0%) swamp meadow wetlands were transformed into paddy fields,
dry fields, and river wetlands, respectively. From 2003 to 2008, 34.2 × 106 m2 (49.1%)
swamp meadow wetlands and 5.5 × 106 m2 (11.1%) river wetlands were transformed
into paddy fields, and 18.0 × 106 m2 (36.3%) river wetlands were transformed into other
land use types. From 2008 to 2013, 49.4 × 106 m2 (18.1%) and 9.3 × 106 m2 (6.7%) paddy
fields and dry fields were transformed into swamp meadow wetlands. From 2013 to 2015,
24.5 × 106 m2 (14.3%) paddy fields were transformed into swamp meadow wetlands.
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To sum up, the wetland area changes in the MWNRB from 1993 to 2015 can be roughly
divided into two stages. The first stage was from 1993 to 2008, during which wetlands
were transformed into paddy fields (50.74%) and dry fields (38.87%). The agricultural
development aggravates the shrinkage of wetland areas. The second stage was from 2008
to 2015. Due to the implementation of wetland protection and restoration policies, some
paddy fields and dry fields were restored to wetlands (61.69% and 7.76%, respectively).
However, the wetland area was not restored to the wetland area in 1993. Combined with
the wetland area changes in the MWNRB shown in Figure 4, compared with climate change,
it shows that land use change caused by human activities is the main reason for the wetland
area changes in the MWNRB.

3.3. The Effect of Wetland Area Changes on Runoff
3.3.1. The Effect of Wetland Area Changes on the Uniformity of Runoff Distribution within
a Year

The Gini coefficient from 1993 to 2015, the variation point of the Gini coefficient series,
and the trend before/after the variation point are shown in Figure 8. As shown in Figure 8,
the variation point of the Gini coefficient series is 2008. The Gini coefficient of Baoqing
Station is in the range of 0.29 to 0.82, and the Gini coefficient of Caizuizi Station is in the
range of 0.22 to 0.67. The Gini coefficient of Baoqing Station is obviously higher than
that of Caizuizi Station, which indicates that the runoff uniformity of Caizuizi Station is
higher than that of Baoqing Station. Combined with Figure 1, there is no wetland in the
upper reaches of Baoqing Station, and the MWNRB is distributed between Baoqing Station
and Caizuizi Station, which shows that the existence of the MWNRB regulates the runoff
distribution within a year and enhances the runoff regulation ability.

As shown in Figure 8, from 1993 to 2008, the Gini coefficient of Caizuizi Station
increased by 0.002/year, while from 2008 to 2015, the Gini coefficient of Caizuizi Station
decreased by 0.05/year. Combined with Figure 3 and Table 3, the area of the MWNRB
decreased from 1993 to 2008, and the runoff regulation ability decreased, which led to
an increase in the Gini coefficient to a certain extent. From 2008 to 2015, the area of the
MWNRB increased, and the runoff regulation ability increased, which led to a decrease in
the Gini coefficient to a certain extent (Figure 8).
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3.3.2. The Effect of Wetland Area Changes on Runoff Regulation Ability

To further reveal the impact of the MWNRB area change on annual runoff, SRI, the
variation point of the SRI series, and the trend before/after the variation point were
calculated, as shown in Figure 9. The variation points of the SRI series in Jiansanjiang,
Youyi, Wujiuqi, and Bawusan stations are all from 2008. The SRI coefficients of the four
stations showed similar variation characteristics. From 1993 to 2008, the SRI showed an
increased trend of 0.008 to 0.023/year. From 2008 to 2015, the SRI showed a decreased trend
of 0.045 to 0.161/year. Combined with Figure 3 and Table 3, it shows that the area of the
MWNRB decreased, the runoff regulation capacity weakened, and SRI increased from 1993
to 2008. The area of the MWNRB increased, the runoff regulation capacity increased, and
SRI decreased from 2008 to 2015.
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4. Discussion

In this study, the change in precipitation and temperature was used to reflect climate
change, and the change in land use area was used to represent human activities. Comparing
climate change, human activities, and wetland area change, the causes of wetland area
change were analyzed. The result shows that human activities (mainly reclaiming farmland)
are the main causes of wetland area change, which is consistent with the conclusion of
Liu et al. (2012) [15]. In addition, Liu et al. (2015) and Zan et al. (2020) reached the
same conclusion in the semi-arid area of Northeast China and the Amu Darya River Delta,
respectively, indicating that human activities are the main reason for wetland area change,
which may be a common conclusion [10,45].

Ahmed (2016) and Fossey et al. (2016) found that wetlands provide important hydro-
logical services, including reducing flood peaks, regulating runoff processes, and influ-
encing other changes in hydrological processes [46,47]. To clarify the influence of wetland
areas on runoff, the Gini coefficient and SRI index of the Naolihe River Basin from 1993
to 2015 were calculated. The result shows the Gini coefficient increased (decreased) with
the decrease (increase) in the wetland area, indicating that the wetland area decreases
(increases), the uneven distribution of runoff increases (decreases), and the runoff process
concentrates (disperses). Similar to the Gini coefficient, the SRI index of the Naolihe River
Basin increases (decreases) with the decrease (increase) in the wetland area, indicating that
the wetland area decreases (increases) and runoff regulation capacity weakens (enhances).
The results of this study are consistent with those of Walters et al. (2016) [48].

According to the results of this study and other similar studies, human activities in
wetlands, especially reclaiming farmland, should be reduced to maintain the regulation of
wetlands on runoff.

5. Conclusions

In this paper, based on temperature and precipitation data, maximum likelihood
method, minimum distance method, and neural network method, The area changes in the
MWNRB and its reasons were explored. The effects of area changes in the MWNRB on
runoff were also discussed. The main conclusions are as follows.

(1) Among the three classification methods, the maximum likelihood method is the best,
followed by the neural network method. The minimum distance method is the worst.

(2) From 1993 to 2008, the area of the MWNRB and the three subregions decreased
significantly, with 14.9 − 74.5 × 106 m2/year. From 2008 to 2015, the area of the
MWNRB and the three subregions increased by 2.0 − 27.7 × 106 m2/year. The area of
the MWNRB and the three subregions in 2015 were all smaller than in 1993.

(3) The temperature of the MWNRB both increased in 1993–2008 and 2008–2015, while
the precipitation of the MWNRB decreased in 1993–2008, with 4.3–8.1 mm/year, and
increased in 2008–2015, with 16.5–41.2 mm/year. The trend of precipitation in 2008–
2015 was significantly higher than that in 1993–2008, which is opposite to the trend
of area change of the MWNRB in the two stages. It shows that temperature has no
obvious influence on wetland area change in the MWNRB, while precipitation has a
certain influence on wetland area change in the MWNRB.

(4) From 1993 to 2008, the MWNRB was transformed into paddy fields and dry fields. In
1997, 43.7% and 35.8% of the MWNRB were transformed into paddy fields and dry
fields. In 2003, 49.1% and 11.1% of swamp meadow wetlands and river wetlands were
transformed into paddy fields. From 2008 to 2015, the paddy fields and dry fields in
the MWNRB were partially converted into wetlands. In 2008, 18.1% of paddy fields
and 6.7% of dry fields were converted into swamp meadow wetlands, and in 2013,
14.3% of paddy fields were converted into swamp meadow wetlands. Compared with
temperature and precipitation, the land use change in the MWNRB is consistent with
the wetland area change. The land use change caused by human activities is the main
reason for the area change in the MWNRB.
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(5) The area change in the MWNRB has a certain influence on runoff. From 1993 to 2008,
the wetland area decreased, the Gini coefficient and SRI index of runoff increased, the
uniformity of runoff distribution within a year decreased, and the runoff regulation
ability decreased. From 2008 to 2015, the wetland area increased, the Gini coefficient
and SRI index of runoff decreased, the uniformity of runoff distribution within a year
increased, and the runoff regulation ability increased.

Author Contributions: Conceptualization, Q.Z. and Y.W.; methodology, Y.W.; software, Q.Y.; valida-
tion, H.L., P.H. and H.D.; formal analysis, P.H.; investigation, H.L.; resources, H.Z.; data curation,
H.Z.; writing—original draft preparation, H.D.; writing—review and editing, H.D.; visualization,
Q.Y.; supervision, Y.W.; project administration, Q.Z.; funding acquisition, Q.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2022YFF1300902), the National Natural Science Foundation of China (52122902, 42001040),
the Basic Scientific Research Project of IWHR (WR0145B022021), Independent Research Project of
State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin (SKL2022ZD01).

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also form part of an ongoing study.

Conflicts of Interest: Author Haifeng Zhu was employed by the company Beidahuang Group Co.,
Ltd. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. Yang, B. A review on the study of wetland assessment in China. Chin. J. Ecol. 2004, 23, 146–149.
2. Jiang, M.; Lv, X.G.; Li, J.P.; Yang, Q. Progress and prospect of observation on wetland ecosystem. Prog. Geogr. 2005, 24, 41–49.
3. Brander, L.M.; Florax , R.J.G.M.; Vermaat, J.E. The empirics of wetland valuation: A comprehensive summary and a meta-analysis

of the literature. Environ. Resour. Econ. 2006, 33, 223–250. [CrossRef]
4. Lin, B.; Shang, H.; Yao, B.; Chen, Z.; Liu, X. Research on wetland ecosystem health. World For. Res. 2009, 22, 24–30.
5. Smardon, R. Wetlands and sustainability. Water 2014, 6, 3724–3726. [CrossRef]
6. Meng, W.Q.; He, M.X.; Hu, B.B.; Mo, X.Q.; Li, H.Y.; Liu, B.Q.; Wang, Z. Status of wetlands in China: A review of extent,

degradation issues and recommendations for improvement. Ocean Coast. Manag. 2017, 146, 50–59. [CrossRef]
7. Zedler, J.B.; Kercher, S. Wetland resources: Status, trends, ecosystem services, and restorability. Annu. Rev. Environ. Resour. 2005,

30, 39–47. [CrossRef]
8. Erwin, K.L. Wetlands and global climate change: The role of wetland restoration in a changing world. Wetl. Ecol. Manag. 2009, 17,

71–84. [CrossRef]
9. Li, A.N.; Deng, W.; Kong, B.; Lu, X.N.; Feng, W.L.; Lei, G.B.; Bai, J.H. A study on wetland landscape pattern and its change

process in Huang-Huai-Hai (3H) area, China. J. Environ. Inform. 2013, 21, 23–34. [CrossRef]
10. Liu, Y.; Sheng, L.X.; Liu, J.P. Impact of wetland change on local climate in semi-arid zone of Northeast China. Chin. Geogr. Sci.

2015, 25, 309–320. [CrossRef]
11. Kingsford, R.T.; Basset, A.; Jackson, L. Wetlands: Conservation’s poor cousins. Aquat. Conserv. Mar. Freshw. Ecosyst. 2016, 26,

892–916. [CrossRef]
12. Bullock, A.; Acreman, M. The role of wetlands in the hydrological cycle. Hydrol. Earth Syst. Sci. 2003, 7, 358–389. [CrossRef]
13. Baldocchi, D.; Knox, S.; Dronova, I.; Verfaillie, J.; Oikawa, P.; Sturtevant, C.; Matthes, J.H.; Detto, M. The impact of expanding

flooded land area on the annual evaporation of rice. Agric. For. Meteorol. 2016, 223, 181–193. [CrossRef]
14. Eichelmann, E.; Hemes, K.S.; Knox, S.H.; Oikawa, P.Y.; Chamberlain, S.D.; Sturtevant, C.; Verfaillie, J.; Baldocchi, D.D. The effect

of land cover type and structure on evapotranspiration from agricultural and wetland sites in the Sacramento-San Joaquin River
Delta, California. Agric. For. Meteorol. 2018, 256–257, 179–195. [CrossRef]

15. Liu, Z.M.; Lu, X.G.; Sun, Y.H.; Chen, Z.K.; Wu, H.T.; Zhao, Y.B. Hydrological evolution of wetland in Naoli River Basin and its
Driving Mechanism. Water Resour. Manag. 2012, 26, 1455–1475. [CrossRef]

16. Chen, H.; Zhao, Y.W. Evaluating the environmental flows of China’s Wolonghu wetland and land use changes using a hydrological
model, a water balance model, and remote sensing. Ecol. Model. 2011, 222, 253–560. [CrossRef]

17. Rutherford, J.C.; Schroer, D.; Timpany, G. How much runoff do riparian wetlands affect. N. Z. J. Mar. Freshw. Res. 2009, 43,
1079–1094. [CrossRef]

https://doi.org/10.1007/s10640-005-3104-4
https://doi.org/10.3390/w6123724
https://doi.org/10.1016/j.ocecoaman.2017.06.003
https://doi.org/10.1146/annurev.energy.30.050504.144248
https://doi.org/10.1007/s11273-008-9119-1
https://doi.org/10.3808/jei.201300229
https://doi.org/10.1007/s11769-015-0735-4
https://doi.org/10.1002/aqc.2709
https://doi.org/10.5194/hess-7-358-2003
https://doi.org/10.1016/j.agrformet.2016.04.001
https://doi.org/10.1016/j.agrformet.2018.03.007
https://doi.org/10.1007/s11269-011-9967-y
https://doi.org/10.1016/j.ecolmodel.2009.12.020
https://doi.org/10.1080/00288330.2009.9626531


Water 2023, 15, 4316 14 of 15

18. Dong, L.Q.; Zhang, G.X. Review of the impacts of climate change on wetland ecohydrology. Adv. Water Sci. 2001, 22, 429–436.
19. Zhang, W.J.; Yi, Y.H.; Song, K.; Kimball, J.S.; Lu, Q.F. Hydrological Response of Alpine Wetland to Climate Warming in the Eastern

Tibetan Plateau. Remote Sens. 2016, 8, 336. [CrossRef]
20. Li, L.; Li, F.X.; Zhu, X.D.; Chang, G.G.; Guo, A.H. Quantitative Identification of Driving Force on Wetland Shrinkage over the

Source Region of the Yellow River. J. Nat. Resour. 2009, 24, 1246–1255.
21. Moomaw, W.R.; Chmura, G.L.; Davies, G.T.; Finlayson, C.M.; Middleton, B.A.; Natali, S.M.; Perry, J.E.; Roulet, N.; Sutton-Grier,

A.E. Wetlands in a Changing Climate: Science, Policy and Management. Wetlands 2018, 38, 183–205. [CrossRef]
22. Wang, Z.Q.; Zhang, B.; Yang, G.; Wang, Z.M.; Zhang, S.Q. Responses of Wetland Eco-security to Land Use Change in Western

Jilin Province, China. Chin. Geogr. Sci. 2005, 15, 330–336. [CrossRef]
23. Phinn, S.R.; Stow, D.A.; Van Mouwerik, D. Remotely sensed estimates of vegetation structural characteristics in restored wetlands,

Southern California. Photogramm. Eng. Remote Sens. 1999, 65, 485–493.
24. Barbier, E.B.; Hacker, S.D.; Kennedy, C.; Koch, E.W.; Stier, A.C.; Silliman, B.R. The value of estuarine and coastal ecosystem

services. Ecol. Monogr. 2011, 81, 169–193. [CrossRef]
25. Han, X.S.; Pan, J.Y.; Devlin, A.T. Remote sensing study of wetlands in the Pearl River Delta during 1995-2015 with the support

vector machine method. Front. Earth Sci. 2018, 12, 521–531. [CrossRef]
26. Yang, R.M.; Guo, W.W.; Zheng, J.B. Soil prediction for coastal wetlands following Spartina alterniflora invasion using Sentinel-1

imagery and structural equation modeling. Catena 2019, 173, 465–470. [CrossRef]
27. Kaplan, G.; Avdan, U. Evaluating the utilization of the red edge and radar bands from sentinel sensors for wetland classification.

Catena 2019, 178, 109–119. [CrossRef]
28. Chen, A.; Sui, X.; Wang, D.S.; Liao, W.G.; Ge, H.F.; Tao, J. Landscape and avifauna changes as an indicator of Yellow River Delta

Wetland restoration. Ecol. Eng. 2016, 86, 162–173. [CrossRef]
29. Yao, Y.L.; Wang, L.; Yu, H.X.; Li, G.F. Changes in Stream Peak Flow and Regulation in Naoli River Watershed as a Result of

Wetland Loss. Sci. World J. 2014, 2014, 209547. [CrossRef]
30. Maselli, F.; Conese, C.; Petkov, L.; Resti, R. Inclusion of prior probabilities derived from a nonparametric process into the

maximum likelihood classifier. Photogramm. Eng. Remote Sens. 1992, 58, 201–207.
31. Wacker, A.G.; Landgrebe, D.A. Minimum Distance Classification in Remote Sensing; LARS Technical Reports; Purdue University:

Lafayette, IN, USA, 1972; p. 25. Available online: https://www.purdue.edu/ (accessed on 14 December 2023).
32. Shi, P.Z.; Ma, Y.H.; Wang, Y.J.; Ma, Z.W.; Huang, Q.; Huang, Y.Y. Review on the Classification Methods of Land Use Based on

Remote Sensing Image. China Agron. Bull. 2012, 28, 273–278.
33. Bolstad, P.V.; Lillesand, T.M. Rapid maximum likelihood classification. Photogramm. Eng. Remote Sens. 1991, 57, 64–74.
34. Shlien, D.E. A rapid method to generate spectral theme classification of LANDSAT imagery. Remote Sens. Environ. 1977, 4, 67–77.

[CrossRef]
35. Zhao, C.M.; Dong, X.H.; Li, Z.H.; Bo, H.J.; Zhang, Q.Y.; Zhang, C.Y. Remote Sensing Retrieval of Water Quality in the East

Tributary of Huangbaihe River Based on Neural Networks. Environ. Sci. Technol. 2022, 45, 195–202.
36. Mitsch, W.J.; Gosselink, J.G. Wetlands; JohnWiley, Sons: New York, NY, USA, 2007.
37. Xing, Z.X.; Wang, Y.N.; Gong, X.L.; Wu, J.Y.; Ji, Y.; Fu, Q. Calculation of Comprehensive Ecological Flow with Weighted Multiple

Methods Considering Hydrological Alteration. Water 2018, 10, 1212. [CrossRef]
38. Foody, G.; Campbell, N.; Trodd, N.; Wood, T. Derivation and applications of probabilistic measures of class membership from the

maximum-likelihood classification. Photogramm. Eng. Remote Sens. 1992, 58, 1335–1341.
39. Feng, D.C.; Chen, G.; Xiao, K.L. Remote Sensing Image Classification Based on Minimum Distance Method. J. North China Inst.

Aerosp. Eng. 2012, 22, 1–2+5.
40. Yang, Y.Q.; Chai, X.R. The Research on Remote Sensing Image Classification Based on Artificial Neural Network. J. Shanxi Norm.

Univ. Nat. Sci. Ed. 2017, 31, 5.
41. Tang, W.; Hu, J.; Zhang, H.; Wu, P.; He, H. Kappa coefficient: A popular measure of rater agreement. Shanghai Arch. Psychiatry

2015, 27, 62–67.
42. Zhao, Z.H.; Luo, Z.J.; Huang, L.X.; Xing, L.T.; Sun, H.J.; Chen, H.L.; Sun, B. Analysis of Precipitation and Groundwater Variation

Based on STL and Mann-Kendall Methods in Jinan. Hydrology 2022, 42, 73–77.
43. Long, Y.; Jiang, F.G.; Deng, M.L.; Wang, T.H.; Sun, H. Spatial-temporal changes and driving factors of ecoenvironmental quality

in the Three-North region of China. J. Arid. Land 2023, 15, 231–252. [CrossRef]
44. Ye, Q.; Li, Z.; Duan, L.; Xu, X. Decoupling the influence of vegetation and climate on intra-annual variability in runoff in karst

watersheds. Sci. Total Environ. 2022, 824, 153874. [CrossRef] [PubMed]
45. Chanjuan, Z.; Tie, L.; Yue, H.; Anming, B.; Yuyan, Y.; Yunan, L.; Zheng, W.; Yongchao, D. Spatial and temporal variation and

driving factors of wetland in the Amu Darya River Delta, Central Asia. Ecol. Indic. 2022, 139, 108898.
46. Ahmed, F. Cumulative hydrologic impact of wetland loss: Numerical modeling study of the Rideau River Watershed, Canada.

J. Hydrol. Eng. 2016, 19, 593–606. [CrossRef]

https://doi.org/10.3390/rs8040336
https://doi.org/10.1007/s13157-018-1023-8
https://doi.org/10.1007/s11769-005-0021-y
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1007/s11707-017-0672-x
https://doi.org/10.1016/j.catena.2018.10.045
https://doi.org/10.1016/j.catena.2019.03.011
https://doi.org/10.1016/j.ecoleng.2015.11.017
https://doi.org/10.1155/2014/209547
https://www.purdue.edu/
https://doi.org/10.1016/0034-4257(75)90006-1
https://doi.org/10.3390/w10091212
https://doi.org/10.1007/s40333-023-0053-0
https://doi.org/10.1016/j.scitotenv.2022.153874
https://www.ncbi.nlm.nih.gov/pubmed/35176356
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000817


Water 2023, 15, 4316 15 of 15

47. Fossey, M.; Rousseau, A.N.; Savary, S. Assessment of the impact of spatio-temporal attributes of wetlands on stream flows using a
hydrological modelling framework: A theoretical case study of a watershed under temperate climatic conditions. Hydrol. Process.
2016, 30, 1768–1781. [CrossRef]

48. Walters, K.M.; Babbar-Sebens, M. Using climate change scenarios to evaluate future effectiveness of potential wetlands in
mitigating high flows in a Midwestern US watershed. Ecol. Eng. 2016, 89, 80–102. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/hyp.10750
https://doi.org/10.1016/j.ecoleng.2016.01.014

	Introduction 
	Materials and Methods 
	Study Area 
	Data Sources 
	Methods 

	Results 
	Changes and Reasons for the Main Wetland Area of the Naolihe River Basin 
	Comparison of the Three Classification Methods 
	The Area Changes in the MWNRB 

	Reasons for Area Change of the MWNRB 
	Effects of Climate Change on Area Change of the MWNRB 
	Effects of Human Activities on Wetland Area 

	The Effect of Wetland Area Changes on Runoff 
	The Effect of Wetland Area Changes on the Uniformity of Runoff Distribution within a Year 
	The Effect of Wetland Area Changes on Runoff Regulation Ability 


	Discussion 
	Conclusions 
	References

