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Abstract: Climate change and human activities cause lake water level (WL) fluctuations to exceed
natural thresholds, with implications for the available water resources. Studies that explore WL
change trends and the main driving forces that affect water level changes are essential for future
lake water resource planning. This study uses the Mann—Kendall trend test method to explore the
WL fluctuations trend and WL mutation in Erhai Lake (EL) during 1990-2019 and explore the main
driving factors affecting water level changes, such as characteristic WL adjustments. We also use the
principal component analysis to quantify the contribution of compound influencing factors to the
water level change in different periods. The results showed that the WL rose at a rate of 47 mm/a
during 1990-2019 but was influenced by the characteristic WL adjustment of EL in 2004 and the WL
mutation in 2005. In 19902004, the WL showed a downtrend caused by the increase in water resource
development and utilization intensity, and in 2005-2019, the WL showed an uptrend caused by the
combined decrease in evaporation, outflow, and the increase in water supply for water conservancy
projects. Additionally, the largest contributions of outflow to WL change were 19.34% and 21.61% in
1990-2019 and 1990-2004, respectively, while the largest contribution of cultivated area to WL change
was 20.48% in 2005-2019, and it is worth noting that the largest contribution of climate change to
WL change was 40.35% in 2013-2019. In the future, under the increase in outflow and evaporation
and the interception of inflow, the WL will decline (Hurst exponent = 0.048). Therefore, planning for
the protection and management of lakes should consider the impact of human activities, while also
paying attention to the influence of climate change.
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1. Introduction

Lakes, as the most important part of the freshwater ecosystem on earth [1], provide the
necessary ecological resources for the development of human society [2—4]. However, in
recent years, due to the combined effects of climate change and human activities, the water
balance of lakes has changed, and some lakes have continued to experience water level (WL)
declines, as well as declines in water storage and catchment areas, which have seriously
affected the hydrological process of lakes [5,6]. Lakes can also influence climate change
through the carbon cycle, it is a reversible process [7]. What is more, precipitation [8],
evaporation [9] and water fluxes by groundwater or surface water plus surrounding land
use as well as teleconnections [10,11] play a more well-defined role than “climate” in
general. It is very important to monitor lake water resource protection, WL operation, and
assessment the influence of compounding factors to the water level variation.

The WL is an intuitive indicator reflecting a lake’s water condition and is not only an
important factor affecting the lake ecosystem but also affects lake ecological processes such

Water 2021, 13, 29. https:/ /dx.doi.org/10.3390/w13010029 https://www.mdpi.com/journal /water


https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-0565-9256
https://www.mdpi.com/2073-4441/13/1/29?type=check_update&version=1
https://dx.doi.org/10.3390/w13010029
https://dx.doi.org/10.3390/w13010029
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/w13010029
https://www.mdpi.com/journal/water

Water 2021, 13, 29

20f 17

as nutrient cycling and water layering [12,13], and it can affect the sustainable development
of society and economy [14]. Therefore, the WL and its changes in a lake are crucial to
the safety and health of the lake ecosystem [15].Currently, the problem of WL fluctuation
exceeding the natural change threshold is common in Chinese lakes, and lake managers
have also proposed corresponding protection strategies for this question. For example,
Poyang Lake, the largest fresh water lake in China, was affected by the decrease inflow
and the water regime of the mainstream of the Yangtze River, which caused the WL drop.
To alleviate the WL change process, the current protection strategy includes not only
reducing the impact of water conservancy and hydropower projects and reducing the
water storage after flooding but also restocking water after obtaining information from the
Tuolin reservoir [16]. Researchers have studied whether this water replenishment project
had a negative impact on the lake water quality and [17] have shown that although the
water quality of the lake is worse than the average water quality of Taihu Lake, the water
diversion operation can not only accelerate the hydrodynamic cycle of the lake body, but
also improve the WL of the lake. In addition, Dongting Lake, the second largest freshwater
lake in China, was mainly created by the impoundment of water conservancy projects
such as the Three Gorges Project [18]. To reduce the decline in lake WL, [19] a river lake
model was established, the optimal operation law curve of the Three Gorges Reservoir was
deduced, and the operational WL to restore the ecological balance of the lake area was
adjusted. It can be seen that water replenishment projects and characteristic water level
adjustments can effectively alleviate the decline in lake WL and improve regional ecological
balance. Furthermore, studies have also shown that water replenishment projects can also
accelerate the growth of freshwater algae. Therefore, measures to deal with lake water level
exceeding the natural change threshold are of vital importance to lake managers. However,
analyzing the characteristics of WL changes, grasping future development trends, and
preventing and controlling possible ecological and environmental problems are the primary
issues that need to be paid attention to in lake protection and management.

Furthermore, affected by the combination of climate change and human activities, the
characteristics and influencing factors (climate change, runoff, and human activities) of
WL changes in different types of lakes in different climate regions are quite different. The
WL of Urmia Lake in northwestern Iran was mainly affected by human activities such as
increased water consumption and the construction of water conservancy projects, rather
than by the effects of climate change such as changes in rainfall and temperature [20],
indicated that human activities were the key factors that determine the water level change
of the lake, which to a certain extent masks the influence of natural factors on water level
changes [21]. Additionally, the WL of Lake Ontario in North America reached a record
high during the spring of 2017 because of human activities such as water management [22].
However, the changes in the WL of Lake Issyk-Kul in Kyrgyzstan and White Bear Lake
in the United States were caused by the combined effects of regional precipitation and
evaporation [23,24]. What is more, potential future climate change will pose a threat to
water resources [25]. However, in previous studies, a large number of methods have been
used to assess potential climate change, such as hydrological models [26,27] and regional
climate scenario analysis [28-30]. They mostly have focused on the impact of climate
change or human activities on lake water levels, and few studies have quantitatively
analyzed the effects of compound influencing factors (precipitation, evaporation, inflow,
outflow, population, and cultivated land area) on lake water levels. Therefore, in-depth
analysis of the main driving factors that affect water level changes is essential for lake
water environmental protection and management. In particular, quantifying the impact
of compound influencing factors on lake water level changes can provide important
information for lake water resources management.

Erhai Lake (EL) is the second largest plateau freshwater lake in Yunnan Province,
China, and the main source of drinking water in Dali city. EL plays an important role in
regional social and economic development and the coordinated construction of ecological
civilization. However, EL faces the following major problems: (a) With the development of
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tourism and industrial and agricultural economies, the amount of water resources in EL
is decreasing, and the current utilization rate of water resource development has reached
53.3%. The protection and treatment of EL is extremely unfavorable [31]. (b) In recent
years, in response to the needs of ecological restoration such as the restoration of aquatic
vegetation, the EL water level is generally operating at a lower level and experiences
violent fluctuations [32]. At the same time, whether the WL changes will affect the lake
water quality and whether the sewage treatment and interception project will affect the
fluctuation of the WL have become key questions to be answered in the protection and
management of EL. To answer these questions, we need to systematically analyze the
change trend and influencing factors of the EL WL. Existing studies have focused on the
water environment [19,33-35], while systematic quantitative research on the characteristics
of WL changes and influencing factors has rarely been reported.

Briefly, human activities and climate change have changed the regional water cycle,
combined with the impact of water resources utilization, which together lead to fluctuations
in lake water levels, thereby affecting lake water quality and sustainable use of water
resources. However, in contrast to the slow effect of climate change over a long time period,
the impacts of human activities normally have occurred over a short time period and
caused quick modification of lake hydrology [36]. Therefore, it is difficult to quantitatively
distinguish the roles of these two driving factors [37]. In addition, Erhai Lake has paid
attention to reducing the pollution load into the lake and improving the water quality of
the lake in recent years, but it has not fully considered the impact of pollution interception
projects on the water level. Therefore, the operation of the sewage interception project
around the lake has also increased the complexity of water level variation, and these
compound influencing factors make it more challenging to understand the background
mechanism of the WL changes. Therefore, this study aims: (1) to reveal the trend and phase
characteristics of the water level in EL during the past 30 years; (2) to explore the main
driving forces affecting the hydrological changes of EL and the possible ecological effects;
and (3) to quantify the influence of compounding influencing factors (inflow, outflow,
climate change, and other human activities) on the WL changes. Finally, these results
should provide support for water level management and efficient utilization of water
resources in EL.

2. Materials and Methods
2.1. Study Area

Erhai Lake is located in Dali city, within the jurisdiction of Yunnan Bai Nationality
Autonomous Prefecture, southwestern China (100°05-100°17" E, 25°36’-25°58’ N). The
lake area is 252.67 km?, the lake elevation in 2016 was 1965.69 m (National Vertical Datum
1985), and the lake volume is 2.74 billion m3. The major rivers draining into the lake
include the Miju River, Luoshi River, and Yong’an River in the north; the Cangshan
Eighteen Stream in the west; and the Boluo River in the south. Additionally, Xi’er River is
the only natural outflow river of EL (Figure 1). In addition, the EL basin has a low-latitude
plateau subtropical monsoon climate, with a multiyear average temperature of 15.6 °C [38],
a multiyear average precipitation of 1032 mm, and a lake surface evaporation value of
approximately 1200 mm. Additionally, EL plays an important role in local economic
development, and its water resources can be used for the water supply, agricultural
irrigation, fisheries, tourism, and shipping. However, with population growth and rapid
economic development, there have been large fluctuations in the Erhai water level in recent
years, and coupled with the higher pollution load into the lake, it leads to changes in the
lake landscape pattern and related ecosystem functions and services, and serious water
problems have become the key obstacle challenging the protection and development of EL.
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Figure 1. Distribution diagram of the study area of Erhai Lake. The map shows the location of Erhai
Lake and Erhai Basin in China, and the distribution of the major inflow and outflow sources of Erhai
Lake.

2.2. Data Sources

The data used in this study included the WL (Xia guan water level station), outflow,
inflow, precipitation, evaporation, number of people in the basin, and the area of cultivated
land during 1990-2019; and the hydrometeorological data time step is the annual average,
and the social development data time step is the annual total value (Table 1). To ensure
the reliability and accuracy of the data, the data adopted in this study came from three
sources: (1) hydrological data were provided by the Erhai Conservation Administration.
(2) Socioeconomic development data were mainly collected from the “Yunnan Statistical
Yearbook” and the “Dali Prefecture Statistical Yearbook” from 1990 to 2019. (3) Meteoro-
logical data were acquired from the China Meteorological Science Data Sharing Service
network (http://www.escience.gov.cn).

Table 1. List of basic analysis data.

Category Variable Series Length Data sources
Water level data Water level 1990-2019 Erhai C.opservlatlon
Administration
Outflow . .
Water volume data Inflow 1990-2019 Erhai C.or.15erv.at10n
Administration
Water transfer
Meteorological data Prec1p1tat.1 on 1990-2019 http:/ /www.escience.gov.cn
Evaporation
Statistical Yearbook of
Social development Cultivated land area 1990-2019 Yunnan Province
data Basin population Statistical Yearbook of Dali

Prefecture

2.3. Methodology
2.3.1. Mann-Kendall Method

The Mann-Kendall (M-K) nonparametric rank correlation test method was proposed
by H.B. Mann and M.G. Kendall [39] and is a widely used nonparametric test method
recommended by the World Meteorological Organization (WMO). The advantages of this
method are that it is convenient to calculate and is more suitable for trend testing of time
series with outliers [40]. In recent years, there have been many examples of M-K method
application research [41], and the test has often been used to assess the trend components
of hydrological and meteorological data, including the time series of precipitation, runoff,
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temperature, and water quality [42]. In this study, based on the water level, inflow, and
outflow data of Erhai Lake in 1990-2019, and using the M-K method to analyze its main
change trends and mutation characteristics. The M-K test statistical formula can be found
in reference [43]; the M-K test was carried out in MATLAB version 8.0.

The Mann-Kendall test method is used to test the mutation of time series. The specific
method is as follows:

First, based on the time series x1, X2, X3, ... , X;, an ordered sequence was constructed
by Equation (1):

k
Sk:ZT’i,kIZ,B,"',Tl, (1)
i=1

where r; was defined by Equation (2):

- 1, xi>x]- . .
rl - { 0’ xi S X]' 7 ] - 1/2/3/ L (2)

Under the assumption of random independence of the time series, the statistics UF
was defined by Equation (3):

Sk —E(Sy)

UF, =
Var(S,)

/k: 1/2/.../71 (3)

where UF; =0, E(S;) and Var (S;) were the mean and variance of the ordered sequence Sy,
respectively.

Then, according to the inverse sequence x;, x,_1, ..., x1 of the time series x, and
following the above process to calculate UBy and UBj, which satisfies formula Equation (4):

{ Hoe= U 1030, @)

k=n+1-k,

Based on the statistics of UF and UB values, when UF = UB, the year can be determined
as a water level mutation point.

2.3.2. Hurst Exponent

There are many random changes and trend changes in hydrological sequences, which
are driven by human activities and climate change. The R/S analysis method (rescaled
range analysis), is a statistical analysis method that was proposed by British hydrologist
Hurst to address time series. The method was originally used to analyze the inflow and
outflow between the reservoir and the river; however, the method is now used in major
fields such as the stock market, ecology, and machinery [44—46]. In this study, based on
the data of water level, precipitation, evaporation, inflow, and outflow in 1990-2019, and
using R/S to evaluate its possible future trends. For the basic principles and methods of
R/S analysis, please refer to reference [47].

2.3.3.PCA

Principal component analysis (PCA) is a typical method used for extracting data and
reducing dimensions [48]. In this study, the WL of EL was used as the response variable,
precipitation, evaporation, inflow, outflow, population, and cultivated land area were used
as the explanatory variable, and SPSS 20.0 was used for data analysis. First, KMO and
Bartlett sphericity tests were performed on the data, which precipitation, evaporation,
inflow, outflow, population, and cultivated land area of Erhai Lake in 1990-2019. When the
KMO test coefficient was greater than 0.5, and p < 0.05, it indicated that the data could be
factored (PCA). Varimax orthogonal rotation was then performed on the Kaiser normalized
factors to further quantify the contribution of different factors to the change in Erhai water
level (Figure 2). The specific methods are as follows:
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Determine the principal component model, as defined by Equation (5):

Fi= upywi+uyiwy + - - - +upjwp,
Fr= uppwi+urpwr + -+ - +uppwr,

&)
Fui= w11 tupwr + - - - +upmwr,

where Fy, Fy, ..., Fjy are the m principal components obtained after the analysis, u;;
is the coefficient in the decision matrix when SPSS software is used for the principal
component analysis, and the initial factor load f;; is not the coefficient u;; of the decision
matrix. The relationship between f;; and u;; is shown in Equation (6):

f ij
VA
where f;; is the initial factor load, A; is principal component eigenvalues; and u;; is
decision matrix coefficient.

Construct the comprehensive evaluation function, as defined by the following formula
Equation (7):

Ujj = j:1,2,3"' m (6)

3

F, = (/\j/k)f]-z awi + apwy + -+ +arwg, 7)
j=1

where a1, ay, ..., ay is the index wq, wy, ... , showing the comprehensive importance
of wy in the principal component, and k is the sum of the eigenvalues.
Calculate the weight of each indicator by Equation (8):

i=1

L h
wl:Zaszj/ ZV211:1/2/h (8)
j=1

Compounding influencing
indicators (P. E. O. I.
Population...) data series

SPSS 20.0

KMO and Bartlett
sphericity tests

Can’t use PCA

B0

Determine the principal component model (Fm)

l Analysis result

(1) Rotated component matrix (fij)
(2) Principal component eigenvalues (Aij)
(3) Comprehensive evaluation function (Fz)

}

Weight of each influencing indicators

Figure 2. Principal component method—Flowchart of weight analysis.
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To analyze the contribution of precipitation, evaporation, watershed population and
other influencing indicators on the Erhai water level, we first used the PCA method
to determine the main factors affecting the change in the Erhai water level, and finally
calculated the weight of each influencing index.

3. Results
3.1. Variation in Precipitation and Inflow and Outflow in the Erhai Lake Basin
3.1.1. Variation in Precipitation in the Erhai Lake Basin

In 1990-2019, the annual precipitation in the Erhai Basin showed a downward trend,
with a rate of decline of 87 mm/10a (Figure 3). The annual average precipitation was
1031.78 mm, of which the maximum was 1364.80 mm in 2008, the minimum was 695.30 mm
in 2006, and the extreme value ratio was 1.96. In terms of the characteristics of interannual
changes, the annual precipitation fluctuated greatly. Taking 2005 as the node, the charac-
teristics showed an initial increase and then a decrease. In 1990-2004, the average annual
precipitation was 1118.64 mm, and the average annual precipitation was more than 8%.
Ten of the 15 years at this stage were above the average, and the value was continuously
high from 1998 to 2002, indicating that the climate of the Erhai Basin in the 1990s was
relatively humid with high precipitation. However, in 2005-2019, the average precipitation
was 944.92 mm, 16% lower than that in the previous stage, and 8% lower than that in the
multiyear average. Additionally, 11 of the 15 years in this period had values below the
average, and drying continued from 2010 to 2014, indicating that the climate of the Erhai
Basin was relatively dry, and the precipitation was low in the early 21st century. Especially
in the last 10 years, the precipitation in the basin was below the average (except in 2006).
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Figure 3. Interannual precipitation changes in the Erhai Basin. Period I represent 1990-2004, and
period II represent 2004-2019.

3.1.2. Variation in the Inflow and Outflow of Erhai Lake

As shown in Figure 4, in 1990-2019, the annual average net inflow and outflow of EL
were 653 million m® and 597 million m?, respectively. The change rule of the inflow and
outflow of EL are more obvious, showing a fluctuating downward trend, and the difference
between inflow and outflow of EL was small. Meanwhile, the average annual inflow was
56 million m>® more than the outflow, and the decline rate was also smaller. Likewise, the
rate of decline of the inflow was only 1 million m?/a higher than the outflow.
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As shown in Figure 5, regarding the variation trends of the inflow and outflow of EL,
the M-K trend mutation test showed that the inflow and outflow of the lake mutated in
2004 and showed a downward trend before and after the mutation, and the change was not
significant (p > 0.05) (Table S1). Taking the year of mutation 2004 as the node, in 1990-2004,
the average inflow was 851 million m® and more than 30% of the average annual value;
the average outflow was 809 million m® and more than 35% of the average annual value.
Although the inflow and outflow of EL were higher than the annual average level, they
had a downward trend due to the joint influence of the decrease in precipitation and the
increase in water transfer from EL to Binchuan County. In 20052019, the average inflow
and outflow of the lake were 455 million m3 and 386 million m3, which were 30% and 35%
less than that of the multiyear average, respectively; during this period, the decrease in
the inflow and outflow of EL was mainly affected by the decrease in precipitation and the

implementation of the protection and treatment project around the lake, thereby reduced
part of the inflow into the lake.
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Figure 4. Interannual changes in the inflow and outflow of Erhai Lake. (a) and (b) are the inflow and outflow of Erhai Lake

during 1990-2019, respectively. Note that outflow includes the Xi’er River outflow and the diversion of water from Erhai
Lake into Binchuan County.
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Figure 5. The Mann-Kendall (M-K) method test of the inflow (a) and outflow (b) in Erhai Lake. A positive UF value

indicates that the water level is increasing, and a negative UF value indicates that the water level is decreasing. If the UF

and UB curves intersect between the significance values, it indicates that the water level has changed suddenly at this time.
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3.1.3. Variation in the Erhai Lake Water Balance

The characteristics of the water balance in EL during 1990-2019 (Table 2), showed
that the change in water storage was 3 million m?, which indicated that EL was positively
balanced overall. However, in 1990-2004, the water consumption of EL was 1140 million m3,
the change in water storage was minus 6 million m3, and the lake’s water supply was
insufficient. Moreover, considering the annual changes in precipitation, evaporation, inflow
and outflow, the variation coefficient Cv (coefficient of variation) values were 0.17, 0.19,
0.48, and 0.48, respectively, which indicated that the interannual variation of water inflow
and outflow of EL was more intense, and the larger change in water outflow of EL was the
main reason for the decrease in water volume during this period. In 2005-2019, the water
volume of EL was in a positive balance; compared with 1990-2004, the evaporation and
precipitation in this period decreased by 8% and 52%, respectively, and were affected by the
water replenishment project. The change in water storage in EL increased by 18 million m?,
indicating that the increase in water storage in EL was mainly caused by the increase in

water replenishment and the decrease in outflow.

Table 2. Elements of water balance in Erhai Lake.

TN . Outflow (108m?) Water Storage
Period Precq;ﬂa;mn Evapgrat;on Inglovg Water Tranaf Supplement Variation
(10° m?) (10° m”) (10°m”)  yirer River ater Transter Project (108 m3) (108 m3)
Project
19902004 2.83 3.31 8.51 7.55 0.54 - —0.06
2005-2019 2.39 3.04 4.55 3.10 0.76 0.08 0.12
19902019 2.61 3.18 6.53 5.32 0.65 0.04 0.03

Note: all indicators are represented by period averages.

3.2. Characteristics of Water Level Variation in EL
3.2.1. Interannual Variation Trend and Stage Characteristics of Water Level in EL

According to the operating WL time series of EL during 1990-2019, the M-K method
and annual curve of cumulative water level anomaly was used to analyze the trend and
mutation of the annual operating WL (Figure 6). The WL mutation in EL occurred in
2004-2005, which was closer to 2005. Therefore, 2005 was regarded as the year of WL
mutation in this study, and 2005 was the first year after the adjustment of the characteristic
WL in EL.

In terms of the characteristics of interannual variability, the operating WL of EL
has changed significantly during 1990-2019 (Figure 7a). The average water level was
1964.84 m, with an overall rate of 47 mm/a (Table S2), showing a fluctuating upward
trend. Furthermore, in 1990-2004, the annual average WL was 1964.43 m. Due to the
impact of the water diversion project, the water was transferred to Binchuan County at an
annual average of 500 million m?, resulting in a downward trend in WL. In 2005-2019 (after
the WL mutation), the WL showed a fluctuating upward trend, with an annual average
WL of 1965.24 m. Compared with the first period, the water outflow decreased by 52%,
which increased the lake water storage. However, the decrease in the water level in 2013-
2019 slowed the rising trend of WL in EL in 20052019 (Figure 6a), and the WL showed
a downward trend in 2013-2019, with a rate of decline of 98.70 mm/a (Figure 7a). In
2013-2019, the inflow and precipitation decreased by 39% and 11%, respectively, compared
with that in 1990-2019, and the evaporation was 37% higher than the precipitation, which
indicated that the decrease in the WL in the past seven years was mainly caused by the
decrease in inflow (Figure 6b). Moreover, the decrease in inflow not only was related to the
decrease in precipitation and the increase in evaporation, but also affected by the treatment
projects such as sewage interception around the lake.
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Figure 7. Interannual variations of water level during 1990-2019 (a) and hydrometeorological changes (b) in 2013-2019.

3.2.2. Seasonal Characteristics and Trend of Water Level Variation in Erhai Lake

As shown in Figure 8a, the WL of EL changes obviously with seasons, showing the
characteristics of being low in spring and summer, and high in autumn and winter. The
lowest annual WL occurs from May to June, which was caused by the concentrated period
of agricultural water use, and the increase in irrigation water consumption. However, due
to the frequent precipitation in EL from May to October during the wet season, the water
inflow into the lake increases, and the impact of the water inflow on the lake level has a
certain sustainability, making the water level of EL reach its peak in October [49].

In terms of the seasonal change trend, the WL in spring and summer showed an
upward trend at a rate of 0.06 m/a (Figure 8b), in which the highest water level was
1965.40 m in 2016. The highest WL year was consistent with the lowest evaporation year,
which indicated that the spring WL is greatly affected by evaporation. Moreover, the
lowest WL in summer was 1963.05 m in 1993, and the highest water level was 1965.67 m in
2013, with a variation of 2.62 m, which was mainly affected by human activities such as
irrigation water and production and living water consumption. However, the fluctuation
of the WL in autumn and winter was relatively large, with an overall rate of 0.02 m/a,
showing an upward trend. The highest and lowest water levels in autumn were 2008 and
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WL (m)

2003, respectively, and the year with the highest WL was consistent with the year with the
maximum precipitation, which indicated that the WL in autumn was greatly affected by
the previous amount of precipitation. In addition, the highest WL in winter was 1965.88 m
in 2008, the lowest was 1964.29 m in 1997, and the precipitation was largest in 2008, and
the precipitation and water inflow of EL were low in 1997, which indicated that the WL
change in winter was greatly affected by the inflow and precipitation.
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Figure 8. Seasonal (a) and interannual (b) variations in the water level in Erhai Lake. The standard seasonal division is as

follows: spring is from March to May, summer is from June to August, autumn is from September to November, and winter

is from December to February.

4. Discussion
4.1. Influence Factors and Ecological Effects of Water Level Change in EL

As shown in Figure 9, climate change, outflow, inflow, and human activities are the
main factors affecting the WL changes in the lake. This study found that the precipitation,
evaporation, inflow, and outflow of the lake all showed a downward fluctuating trend
in 1990-2019, but the lake WL increased at a rate of 47 mm/a. The rise in the WL was
not only related to the increase in the operating WL of EL in 2004, but also affected by
the water replenishment project which was officially opened in May 2017 and increased
the water storage capacity of the EL. Nevertheless, Figure 5 illustrates that the WL has a
downward trend during 1990-2004, mainly caused by the rapid population growth and
the development of the industrial and agricultural economy, which increased the intensity
of water resource development and utilization (reached 54.3%). In addition, after the water
diversion project was completed in 1994, the annual water transfer from EL to Binchuan
County was approximately 50 million m3, which was equivalent to the annual decrease
in the Erhai water level by 0.2 m. The seasonal and interannual WL fluctuations affect
the distribution and stability of aquatic organisms in the lake [50-52]. For example, the
variation in the WL in EL decreased from more than 2 m in 1978 to 0.75 m in 1983, and the
distribution area of submerged vegetation decreased significantly, from 60% to 30% [53].
It is worth noting that affected by the adjustment of the characteristic WL, the decrease
in outflow and the increase in supplementary water, the WL showed an upward trend
during 2005-2019. The decrease in WL in 2013-2019 was not only caused by the decrease
in precipitation, which reduced the main supply of lake water, but also was related to
reducing part of the inflow by implementing protection and treatment projects. Therefore,
WL changes and consequent habitat loss seriously affected the biodiversity and ecosystem
functions of the lake [54,55], and the natural water level fluctuations were essential to the
structure and function of the lake ecosystem. For example, exceeding the natural change
threshold will cause great harm to ecosystems [56,57], and can directly affect water quality.
Under the influence of climate and WL changes in 2007, the Burragorang Lake waters in
Australia showed obvious stratification, which led to algal blooms [58].
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Concerning the future change trend of the WL, the Hurst exponent of hydrometeo-
rological elements in the Erhai basin calculated by the R/S method showed that the H
(Hurst exponent) of the Erhai water level was 0.048 (0 < H < 0.5), indicating that the WL
may with increased probability decrease after 2019. However, the Hurst exponents of
precipitation, evaporation, inflow, and outflow in EL were 0.049, 0.048, 0.037, and 0.042,
respectively, indicating that the decrease in future WL will be caused by the combined effect
of runoff changes and climate change. Furthermore, climate change can not only affect the
hydrological cycle and natural functions of lakes by changing precipitation, evaporation
and temperature conditions but also cause the lake WL to fluctuate beyond its historical
range, which may promote the occurrence of extreme events such as floods and droughts,
and further affect aquatic organisms [59], For example, a decrease in WL can increase the
richness and abundance of dabbling duck species in EL [60].

4.2. Quantitating the Contribution of Compounding Influencing Factors to Water Level Change

In this study, the PCA method was used to extract the main factors affecting the
change in the EL water level, and two principal components with eigenvalues greater than
1 were obtained. The variance contribution rates were 52.74% and 30.73%, respectively,
and the cumulative contribution rate was 83.47% (Table S3), which explained most of the
information that affects the change in the EL water level.

To further quantify the contribution of climate change, inflow, outflow, and human
activities to the WL change in EL, a weight determination model based on PCA was
established, and the weights of each impact index were calculated. The results are shown
in Table 3, which shows that the principal factor for the rise in the EL water level in
1990-2019 was the outflow, accounting for 19.34%. In addition, the contribution of human
activities such as the change in population and cultivated area to the WL of EL was second
only to the outflow, with contribution proportion of 18.59% and 18.69%, respectively.
However, in 1990-2004, the dominant factor of water level change in EL was the outflow,
with a contribution rate of 21.61%, followed by the population of the river basin, with a
contribution rate of 18.03%. This indicated that with population growth, industrial and
agricultural development and large-scale economic development, the per capita water
consumption increased [61]. Moreover, in 2005-2019, the water level change in EL was
mainly due to the decrease in agricultural irrigation water consumption caused by the
slow rate of increase in cultivated area, with a contribution of 20.48%. This was related to
some measures taken to strengthen the ecological protection of EL in recent years, such
as returning farmland to forests and grass and adjusting the characteristic operation WL,
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effectively controlling the agricultural irrigation water consumption, and increasing the
water storage of the lake, to strengthen the protection of the Erhai ecosystem, which has
enabled the sustainable development of EL to be scientifically accomplished [62].

Table 3. Factor load matrix and index weighting at different stages.

Period Index Factor 1 Factor2 Comprehensive Score Weight (%)
Inflow 0.123 0.954 0.321 17.52%
Outflow 0.483 0.759 0.399 21.61%
Precipitation —0.249 0.913 0.188 10.25%
1990-2004 Evaporation 0.922 0.080 0.324 17.68%
Cultivated area 0.888 —0.003 0.289 15.74%
Population 0.950 0.071 0.331 18.03%
Inflow 0.937 0.150 0.370 20.12%
Outflow 0.853 —0.114 0.259 14.11%
Precipitation 0.914 0.120 0.352 19.18%
2005-2019 Evaporation —0077 0720 0.196 10.65%
Cultivated area 0.380 0.794 0.376 20.48%
Population —0.013 0.935 0.284 15.46%
Inflow 0.924 0.209 0.385 18.31%
Outflow 0.816 0.430 0.406 19.34%
Precipitation 0.941 —0.106 0.306 14.54%
1990-2019 Evaporation ~0039  0.868 0.221 10.54%
Cultivated area 0.689 0.546 0.393 18.69%
Population 0.533 0.743 0.391 18.59%

In general, the WL regime of the lake mainly depends on the precipitation, evapora-
tion, inflow, and outflow, basin characteristics and human activities [13,24,63]. Currently,
due to the influence of human activities or climate change, China’s lakes are generally
affected by falling water levels and water shortages, which not only damage the integrity
of lake ecosystems [64] but also affect the function and sustainable utilization of lake
ecosystems [65,66]. Meanwhile, to alleviate the current problems faced by lakes, water
diversion by water conservancy projects was considered to (a) alleviate the contradiction
between limited water and increased water demand [67], (b) improve lake water quality,
(c) raise the operating water level of lakes, (d) and restore the ecological characteristics of
lakes or rivers [68]. However, due to the reduction of precipitation in the EL basin and the
implementation of the sewage interception project around the lake, the water level in EL
has declined significantly in last seven years, which has changed the structure and function
of the lake ecosystem. To meet the sustainable development and ecological demand of
EL, through the three reservoirs connection project in 2017, the water storage capacity of
the lake was increased, and the operation WL and storage capacity of EL improved, thus
promoting the utilization efficiency of water resources.

5. Conclusions

In this study, we collected WL and meteorological data and social statistics of the EL
basin to assess the WL changes in EL in the past 30 years and quantified the impact of
climate change and human activities on WL changes. This information is crucial for WL
management policies of the Erhai Authority. The following points summarize the main
results of the study.

(1)  Over the past 30 years, the total volume of EL has been in a state of dynamic positive
balance. In 1990-2004, it was mainly influenced by the increase in water consumption,
and the volume of EL was in a negative balanced state. In 2005-2019, it was mainly
influenced by the adjustment of the operating water level of EL and the connected
water replenishment project of the three reservoirs: the outflow decreased, the lake
water storage increased, and the volume of EL was in a positive balanced state.
Although the water volume in 2005-2019 was in a positive balance, due to the increase
in evaporation and the decrease in inflow, the water volume in 2013-2019 was in a
negative balance.
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(2) In1990-2019, the water level of EL rose at a rate of 47 mm/a. In 1990-2004 (before
the mutation), with population growth and social and economic development, the
development and utilization intensity of EL water resources increased, coupled with
a decrease in water inflow, which resulted in a decrease in the WL. In 20052019 (after
the mutation), the evaporation and outflow decreased by 8% and 52% compared with
that in 1990-2004, respectively, and the water consumption of the lake decreased.
Together with the increased water replenishment, this led to an upward trend of the
water level, which was 0.81 m higher than that in 1990-2004. However, affected by
the decrease in precipitation and the increase in evaporation and the interception of
inflow by the sewage interception project, the decrease in the WL in 2013-2019 slowed
the rising trend of the WL in EL in 2005-2019. It has been predicted that the WL will
decrease in the future (H = 0.048 < 0.5), which was mainly related to the increase in
future lake discharge (H = 0.046) and evaporation (H = 0.048). In addition, it was
predicted that the future WL will show a downward trend (H = 0.048 < 0.5), which is
mainly affected by the increase in outflow (H = 0.042) and evaporation (H = 0.048) in
the future.

(3) In1990-2019, the decrease in outflow was the major factor influencing the WL change
in EL, with a contribution of 19.34%. In 1990-2004, the WL change was mainly
caused by the large outflow, with a contribution of 21.61%. In 20052019, the change
in cultivated area was the main factor influencing the WL fluctuation of EL, with
a contribution of 20.48%. In the future, with the impact of climate change and
human activities, the precipitation may with increased probability decrease (H =
0.049 < 0.5) and the inflow intercepted by the pollution interception project will have
an important impact on the fluctuation of the WL. In particular, in 2013-2019, the
maximum contribution of climate change to WL changes was 40.35%. Therefore, the
protection and management of EL should consider the demand of WL management
when paying attention to reducing the pollution load into the lake and improving the
water quality of the lake. Moreover, lake managers should pay more attention to the
impact of human activities on the water level, such as wastewater interception and
treatment projects around the lake, and also focus on the impact of climate change,
which is very important for WL management and EL protection and treatment.

Moreover, some caveats should be emphasized when discussing the contribution of
climate change and human activities to the water level of Erhai Lake in this study. Since
the water diversion project from Erhai Lake to Binchuan country started in 1994, and the
Three Reservoirs Connected Water Replenishment Project was officially implemented at the
end of May 2017, and there have been no effective long-term data series. Therefore, when
using the PCA method to calculate the index weights, the water replenishment project
has not yet been calculated, and contributions may cause some uncertainties in the results.
Additionally, the contribution of replenishment to the change in water level in EL should
be further discussed, and the droughts might play a significant role on the fluctuation of
water levels [69,70], and should be further discussed. Nevertheless, this study revealed
the trend of water level changes in EL over the past 30 years and quantified the impact of
climate change and human activities on the variation in water level, narrowed the gap in
understanding the impact of climate change and human activities on the water level of
EL, and enabled lake managers to formulate more appropriate water resource scheduling
schemes based on natural ecosystems.
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