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Water level plays a crucial role in the function and social services of lakes. Studies on
historical changes in water level and its eco-social function can give insights into future
water conservation and management. In this study, interannual and seasonal changes in
the water level of Erhai Lake were analyzed from 1952 to 2019 to explore water level
responses to human activities and climate change. The time series was divided into three
distinct periods, i.e., 1952-1971, 1972-2003, and 2004-2019. Results showed that the
water level and fluctuation amplitude differed among the different time periods, i.e., 1965.8
and 1.3m (1952-1971), 1964.4 and 1.9m (1972-2003), and 1965.2 and 1.2m
(1972-2003), respectively. The construction and operation of a hydroelectric power
plant along the outlet river significantly decreased the water level and increased
fluctuation amplitude in the 1972-2003 period. Since 2004, due to the implementation
of local government water level management laws for Erhai Lake, the water level has
remained relatively high, with moderate fluctuation amplitude. In addition, compared to the
increase in water level amplitude in response to increased wet season (May-October)
precipitation in the 1952—-1971 period, response sensitivity increased in the 1972-2003
period, but became non-significant in the 2004-2019 period. In regard to the multi-
timescale relationship between water level and precipitation, precipitation decreased by
89 mm in the 2004-2019 period compared with that from 1952 to 1971, and artificial
water-level regulation resulted in a time-lag of 2, 3-3.5, and 4 months between water level
and precipitation during the 1952-1971, 1972-2003, and 2004-2019 periods,
respectively. The eco-social aspects of changes in water level are discussed below,
and water level regulation from an ecological perspective is recommended to gain
economic returns in the future.
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INTRODUCTION

The hydrological regime plays a vital role in regulating the
structure and function of aquatic ecosystems (Poff et al., 1997;
Bunn and Arthington 2002; Coops et al., 2003). It affects water
flow, water level, nutrients, and temperature, which are closely
related to biological activities and behaviors, such as spawning,
rearing, and recruitment in fish (Copp 1989; Junk et al., 1989;
Sparks 1995; Humphries et al., 1999) and growth and colonization
of aquatic plants (Quennerstedt 1958; Zhao et al., 2012; Evtimova
and Donohue 2016). In addition, lakes, reservoirs, and rivers are
widely used for drinking water, irrigation, fish farming,
hydropower, and recreation through artificial adjustments of the
hydrological regime (Riis and Hawes, 2002; Coops et al., 2003; Cott
et al., 2008; Reid et al., 2013).

Climate change and human activities have altered the
distribution of water resources and the hydrological regime of
many aquatic systems on a global scale over the past decades (Leira
and Cantonati 2008; Haddeland et al., 2014; Tornqvist et al., 2014;
Kong et al,, 2017), with implications for ecosystem services. For
example, the Mediterranean basin has been experiencing longer
and warmer summers, with shifts in seasonal and annual
precipitation since 1950, resulting in water resource shortages
and water quality deterioration (Cramer et al., 2018). Therefore,
increasing conflicts have emerged in view of water resource
utilization between human welfare and ecological demands,
particularly in developing countries that rely on water resources
for irrigation, fisheries, and hydropower. In developed countries,
however, increasing attention has been paid to the ecological
aspects of water resources. For example, in the United States,
many dams had been removed to restore natural hydrological
regimes for aquatic ecosystems (Born et al., 1998; Pohl 2002). In
China, water resource management has begun to focus more on
ecological concerns, as shown by the debate on whether to build a
dam between the Yangtze River and Poyang Lake, the largest lake
in its basin (Xie 2018).

Human activity, especially artificial water level regulation, can
have serious impacts on lake ecosystem services, including
changes in water supply, water depuration services, flood
control, freshwater biodiversity, climate regulation, and
recreation (Coops and Hosper 2002; Riis and Hawes 2002;
Fang et al, 2006). Water level has emerged as a dynamic
reflection of hydrological processes and water balance of lake
ecosystems and can have a dominant effect on lake structure and
function (Coops et al., 2003; Leira and Cantonati 2008; Gownaris
et al,, 2018). The amplitude, timing, and frequency of water level
plays crucial roles in determining macrophyte depth distribution
(Liu et al., 2018; Liu et al., 2020; Zheng et al., 2020), water trophic
states (Zohary and Ostrovsky 2011; Bakker and Hilt 2016; da
Costa et al.,, 2016; Kong et al., 2017), and invasion of aquatic
organisms in lake ecosystems (Van Geest et al., 2005). Climate
change and human activities are two major driving forces
affecting water level variation (Paillisson and Marion 2011;
Tao et al, 2019). Climate change can impact water level via
temperature, precipitation, evaporation, and glacier melting
(Ludwig et al., 2014). However, the driving factors of water
level change differ among regions, and vary in different types
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of lakes, leading to distinct seasonal and spatial characteristics of
water level change (Qin, 1999; Tao et al., 2019). The water levels
of flood plain lakes are usually affected by the water level of their
main rivers, and the operation of upstream hydrological projects
(Van Geest et al., 2005; Yuan et al,, 2015; Xu et al., 2020). In
addition, given the usually well-developed river networks in these
catchment and high wet season precipitation, severe seasonal
water level fluctuations can occur over the yearly cycle.
Nevertheless, in plateau lakes, which are generally deep-water
tectonic lakes, the temperature is relatively low and water levels
are subject to smaller variations than flood plain lakes. In
Yunnan, the plateau lakes located in the upper reaches of the
Yangtze and Pearl rivers provide significant ecosystem services,
including water provision for the plateau region and maintenance
of biological diversity, as well as important areas for tourism and
ethnic culture. Erhai Lake is the second largest plateau lake in the
northwest Yunnan-Guizhou plateau. To the best of our
knowledge, however, limited research has been conducted on
the characteristics of historical variations in the water levels of
plateau lakes in Yunnan (Zhu and Yao 2012; He et al., 2019), and
no previous related work has been reported on Erhai Lake.

In this study, we investigated long-term changes in the water
level of Erhai Lake from 1952 to 2019 under a warming climate
with lower precipitation and in response to rapid social
development over the past half century (Duan and Tao 2012;
Li et al,, 2017; Chen et al., 2018). During the 1952-1971 period,
the lake had a natural water level fluctuation regime. In 1972,
however, a new hydropower station was constructed, and water
levels were regulated artificially for hydropower until 2003 (Yuan
and Wang 1985). In 2004, emphasis shifted to the ecological
management of water level fluctuation, limited the operation
range of water level between 1964.3 and 1966.0 m according to
the promulgated “Amendment to Regulations on Erhai lake” (Li
etal., 2011). Thus, the aims of this study were to: 1) Compare the
interannual and seasonal variation characteristics of water level in
three periods over the past 68 years; 2) Compare the sensitivity of
water level increase in response to accumulated wet season
precipitation over the three periods; and 3) Compare the
multi-timescale relationship between water level and
precipitation in the three periods.

MATERIALS AND METHODS

Study Area

Erhai Lake (25°36"-25°58'N and 100°15'-100°18'E), located in the
Yunnan-Guizhou plateau in southwestern China (Figure 1), is a
typical fault lake with a maximum depth of 21 m (mean depth of
10.5 m), area of 252 km?, and volume of 29.59 x 108 m*® (Chen
etal., 2018). The region has a subtropical monsoon climate, with
an annual mean temperature of 15°C, wet season precipitation of
870 mm (May-October), and dry season precipitation of 170 mm
(November—-May). Moist air comes from the western Pacific and
Indian oceans and temperature and precipitation respond to
changes in global climate. The catchment covers an area of
2,565km” (Hu et al., 2018; Lin et al, 2020). Water supply
mainly originates from precipitation but also partially from
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FIGURE 1 | Location of Erhai Lake in Yunnan, China, and catchment distribution.
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groundwater and snowmelt from the Cangshan Mountains. In
total, 117 rivers and streams ultimately drain into Erhai Lake. The
only outlet river (Xi’er River) is located in the south, with a total
length of 23km and total depth drop of 610m, eventually
running into a branch of the Mekong River (Yuan and Wang,
1985; Guo et al., 2001).

Data Sources

Daily water level data (average water level over 24 h) from 1952 to
2019 were obtained from the Erhai Hydrological Station. Daily
climate data (exact precipitation) were obtained from the Dali
Meteorological Bureau.

Data Analysis

For analysis of long-term trends in interannual water levels,
the 68-year study period was divided into three periods,
ie., 1952-1971, 1972-2003, and 2004-2019, corresponding
to phases with natural water levels, artificial water level
adjustment for hydropower, and ecological water level
management, respectively. The mean, maximum, and
minimum water levels each year were averaged for the
three periods, together with the occurrence times of the
maximum and minimum water levels. The durations of
increasing water levels were calculated based on the
occurrence time of the minimum and maximum water
level each year and averaged for the three periods. For
analysis of seasonal water levels within a year, mean
monthly water levels were averaged for the three periods.
Precipitation data were analyzed following the same methods

as that of water levels. Seasonal precipitation was divided
into a wet season (May-October) and dry season
(November-April). Regression analysis was wused to
explore the relationship between the magnitude of water
level fluctuations and cumulative precipitation in the wet
season.

Cross-wavelet analysis, which combines cross-spectrum
analysis and wavelet transforms (Hudgins et al, 1993;
Torrence and Compo 1998), was applied to explore the multi-
timescale relationship between water level and precipitation.
Cross-wavelet analysis can compare the frequencies of two
time series and identify asynchrony of two time series over
certain periods and across certain time ranges (Grinsted et al.,
2004). According to Veleda et al. (2012), two cross-wavelet
transforms, ie., time series (x;andy,) and respective wavelet
transforms (Wave x and Wave y), can be used to decompose
Fourier co-spectra and quadrature-spectra in their time-
frequency domain, using the following formula:

1
Wave.xy (7,s) = —. Wave.x(7,s).Wave.y" (7, s) (1)
s

The modulus can be understood as the cross-wavelet power,
which is used to assess the similarity of wavelet power of two
series in the time-frequency (or time-scale) domain:

Power.xy (T,s) = |Wave.xy (T, s)| (2)

In a geometric sense, cross-wavelet power can be interpreted as
local covariance between the time series at each time and
frequency.

Frontiers in Environmental Science | www.frontiersin.org

June 2021 | Volume 9 | Article 697694


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wen et al.

Water Level Regulation in Erhai

1968+

Natural regime

19674

19661

1965+

Water level (m)

1964+

19634

19621

1950
1955
1960
1965+
1970
1975
1980

Hydroelectric power

FIGURE 2 | Mean, maximum, and minimum annual water levels in Erhai Lake from 1952 to 2019.

Ecological perspective

- Mean water level
== Maximum water level
== Minimum water level

1990
1995
2000+
2005
2010
2015+
2020

Instantaneous or local phase advance of any periodic
component of (x;) concerning the correspondent of (y,), the
phase difference of x and y at each localizing time origin and scale:

Angle (1, s) = Arg[Wave. xy (1, )] (3)

When converted to a certain angle in the interval [-m,n], this is
equal to the difference of each phase, that is, Phase x—Phase y (Ge
2008; Aguiarconraria-Conraria and Joana Soares, 2011). An angle
less than (or greater than) n/2 indicates that the two sequences are
moving in-phase (or anti-phase). Thus, instantaneous time is the
origin and frequency (or period) in question. The sign of the
phase difference indicates which series is the leading one in the
relationship.

Monte Carlo simulation, with red noise as the standard
spectrum, was used to test if synchronization was statistically
significant (Torrence and Compo 1998). In the application of
cross-wavelet analysis, as some water level data between 1986 and
1989 were missing, we divided the 1972-2003 period into
1972-1985 and 1990-2003. Statistical analyses were performed
using R 3.4.2 (R Core Team, 2017).

RESULTS

Interannual and Seasonal Changes in Water
Levels in Erhai Lake From 1952 to 2019

The water levels of Erhai Lake changed substantially from
1952 to 2019. Over the last 68 years, the mean annual water
level was 1965.0 m, with the lowest (1962.7 m) and highest
(1966.0 m) water levels in 1982 and 1961, respectively. The

annual  water levels remained relatively  stable
(1965.5-1966.0 m) during the period from 1952 to 1974,
then  decreased  sharply from 1975 to 1982

(1965.3-1962.7 m), and finally increased gradually from
1983 to 2019 (1963.0-1964.9 m) (Figure 2).

The annual water levels were highest (mean 1965.8 m) and
fluctuated naturally during the 1952-1971 period. The annual
water levels were lowest (mean 1964.4 m) during the 1972-2003
period when the water level was regulated for hydroelectric
power, and mid-range (mean 1965.2 m) during the 2004-2019
period when the water level was adjusted with an emphasis on
ecological management (Figure 3A). The variations in
interannual and seasonal water levels were 0.5 and 1.3m
during the 1952-1971 period, 3.0 and 1.9m during the
1972-2003 period, and 1.0 and 1.2m during the 2004-2019
period, respectively, (Figure 2, 3B).

In general, the seasonal water level was lowest from May to
June and highest from September to November (Figure 4).
During the 1952-1971, 1972-2003, and 2004-2019 periods,
the lowest and highest seasonal water levels occurred on 9
May and 12 September, 24 May and 21 October, and 27 May
and 3 November, respectively, indicating sequential time-lags
among the three periods and prolonged duration from the lowest
to highest water levels (Table 1).

Interannual and Seasonal Changes in
Precipitation in Erhai Lake Basin From 1952

to 2019

Annual precipitation from 1952 to 2019 ranged from 650 to
1,391 mm, respectively, with a mean of 1,040 mm (Figure 5).
Whole year, wet season (May-October), and dry season
(November—April) precipitation amounts were 1,068, 917, and
148 mm during the 1952-1971 period, 1,053, 875, and 185 mm
during the 1972-2003 period, and 979, 804, and 172 during the
1952-1971 period, respectively (Figure 6). Precipitation also
changed seasonally, with the maximum (218 mm) and
minimum (13mm) in August and December, respectively
(Figure 7). Compared with the 1952-1971 period, a reduction
(97 mm) in precipitation in May and October largely contributed
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FIGURE 3| Box plots on water level (A) and its fluctuation (WLF) (B) in Erhai Lake in 1952-1971, 1972-2003, and 2004—2019 periods. Lower, middle, and upper
lines of box indicate first quantile, median, and third quantile of data, respectively. Vertical line indicates values within 1.5 interquartile range below the lower quartile and
above the upper quartile. Dots are yearly data.

TABLE1 | Dates and interval periods of minimum to maximum water levels in Erhai Lake.

Period Date of min. water Date of max. water Interval from min.
level level to max. water
level (day)
1952-1971 9 May 21 September 123
1972-2002 24 May 21 October 148
2003-2019 27 May 3 November 156
1967.0
- 1952-1971
~ 1972-2003
1966.5 ~ 2004-2019
1966.0
19655
E
T
31965.0
8
©
= 1964.5
1964.0
1963.5
1963.0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
FIGURE 4 | Seasonal changes in water levels in Erhai Lake in 1952-1971, 1972-2003, and 2004-2019 periods.
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FIGURE 5 | Annual precipitation in Erhai Lake catchment from 1952 to 2019.
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to the decrease in annual precipitation during the 2004-2019
period (Figure 6).

Relationship Between Water Level and

Precipitation From 1952 to 2019

In the wet season (May-October) in the 1952-1971 and 1972-2003
periods, increased water levels were positively correlated with the
amount of precipitation. Both the slope and coefficient of
determination of the relationship were higher in the 1972-2003
period (slope = 0.003, R = 059, p < 0.001) than in the
1952-1971 period (slope = 0.001, R*> = 0.40, p = 0.003; Figure 8).
No significant relationship was found between the increase in water
level and amount of precipitation in the 2004-2019 period (Figure 8).

Over the past 68 years, water level and precipitation have
varied seasonally (but not synchronically) over a periodic 12-
month scale (Figure 9). The changes in water level lagged
precipitation by 2 months during the 1952-1971 period, by
3 months during the 1972-1985 period, 3.5 months during the
1990-2003 period, and 4 months during the 2004-2019 period
(Figure 9).

The relationship between water level and precipitation was
primarily reflected in two aspects. First, during the wet seasons,
the sensitivity of the water level increase response to cumulative
precipitation in the 2004-2019 period declined compared to the
other two periods (Figure 8). Secondly, the time delay between
water level and precipitation became increasingly obvious with
time (Figure 9).
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FIGURE 6 | Box plots for annual (A), wet season (B), and dry season (C) precipitation in 1952-1971, 1972-2003, and 20042019 periods. Lower, middle, and
upper lines of box indicate first quantile, median, and third quantile of the data, respectively. Vertical line indicates values within 1.5 interquartile range below the lower

)
8
s

Precipitation in dry season (mm)

3
8

2004-2019 20042019

1952-1971
Period Period

1972-2003

Frontiers in Environmental Science | www.frontiersin.org

June 2021 | Volume 9 | Article 697694


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wen et al.

—1952-1971
~——1972-2003 Dec

——2004-2019 250
Nov Jan

Oct Feb

Sep

Aug Apr

Jul May

Jun

FIGURE 7 | Radar chart for monthly precipitation (mm) in Erhai Lake
catchment in 1952-1971, 1972-2003, and 2004-2019 periods.

DISCUSSION

Our results revealed distinct characteristics of water-level
fluctuations in Erhai Lake over the last seven decades in
conjunction with climate change and human activities. The
water level from 1952 to 2019 was divided into three periods,
namely 1952-1971, 1972-2003, and 2004-2019. Human activities
have changed in magnitude and occurring dates of the rise and
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fall of water level and led to the asynchrony of water-level
fluctuation and seasonal precipitation.

In the 1952-1971 period, Erhai Lake had the highest mean
annual water level, with a natural seasonal fluctuation of 1.3 m. In
the wet season (May-October), the increase in water level was
closely related to the amount of precipitation, implying that
water-level fluctuations followed a natural process. The high
water levels in the wet season often caused flooding in the
villages near the lakeshore, and many villages and urban areas
were located at elevations below the maximum water level
(1967 m) during these years. In the Yunnan-Guizhou Plateau,
many lakes are surrounded by high mountains, and thus there is
very limited land for human activities. Therefore, during the wet
season, these areas were prone to flood disasters. About 25.46 km*
of lakeside farmland located at an elevation of 1965.69-1967.19 m
was frequently inundated, resulting in a reduction in production,
especially in large areas of farmland north of the lake, which
flooded every year during the wet season (Li et al., 1986). Higher
water levels are also unfavorable for aquatic vegetation growth in
many lakes (Engel and Nichols 1994; O’Farrell et al., 2010). The
high water levels in Erhai Lake resulted in highly turbid water in
the littoral zone and a colonization depth of submerged
vegetation of only 3 m (Li et al., 1963).

In the 1972-2003 period, the water level of Erhai Lake was
artificially regulated with the primary purpose to produce
hydroelectric power. As such, the outlet river was artificially
deepened, and a dam was constructed to control outflow. The
lowest annual water level and largest seasonal variation (1.9 m)
were observed during this period. During the dry season, the
power supply capacity of run-of-river hydroelectric stations in
local region decreases, but the cascade power station of Xi’er River

WL rise amplitude (m)
o

=]

0.5

0.0

3.0
- 1952-1971 Slope = 0.001, R?=0.40,p = 0.003
-4 1972-2003 Slope =0.003, R?=0.59, p <0.001
- 2004-2019 Slope = 0.0007, R? = 0.06, p > 0.05
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FIGURE 8 | Increase in water level (WL) plots against amount of cumulative precipitation in same wet season (May—October) in 1952-1971, 1972-2003, and

Frontiers in Environmental Science | www.frontiersin.org

June 2021 | Volume 9 | Article 697694


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wen et al. Water Level Regulation in Erhai

14 0.7
0.1 0.1
Q o
g §
£ 00 2 z 00
3 2
H 00 g; & 00 g
: H
0.0 0.0
0.0 0.0
2 2
1952 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984
14 12
0.1 0.1
H H
’g‘ 0.0 E %‘ 0.0 ;
3 2
& 0.0 % 4 00 %
H i
0.0 0.0
0.0 0.0
2
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
6 E 6k 4
(e) (f)
45 b 45 B
3 . 3b 1. 4 ) ‘ -l <44- 4
, i
& &
=15 - =15 B
- ’ A . |
-45 - -45 B
_6_—Pmcwm — WL = = = Phase difference B _s_—meMm — WL = = - Phase difference B
P S T S S S S S S . ey
1952 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984
(@) I |
st & 5t - B
b e FA-AFr - H AR H- - R A L B J A . B | | R e 9 . |
3+ 4 3 2!
2| B 2 B
£ 1t B £ 1} ]
H 2
 ofF . s °F 1
g §
& -1f {1 & g
2} | 2k |
sk | sl |
e i ] s / ]
- | - |
——  Precipitaon —w - = - Phasediflerence a1 Precipitation —w = - - Phasediflerence i
i 1 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
FIGURE 9 | Wavelet power analysis of precipitation and water level (WL) in different periods. (A-D) Wavelet coherency-image colors represent wavelet power
spectrum. Blue U-shaped line is cone of influence, below which edge effects limit confidence in results. Horizontal arrows on right indicate precipitation is in-phase with
water level, on left indicate that two series are in antiphase, upward indicates that precipitation is 1/4 cycle ahead of water level, otherwise, 1/4 cycle behind. Arrows are
plotted only with white contour lines indicating significance (concerning null hypothesis of white noise process) at the 1% level. Darker colors indicate stronger
coherence between two series. (E-H) Phases and phase differences. Red line represents WL phase, blue line represents precipitation phase, and black dashed line
represents phase differences.

Frontiers in Environmental Science | www.frontiersin.org 8 June 2021 | Volume 9 | Article 697694


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wen et al.

compensates for the lack of power supply, resulting in the water
level of Erhai Lake dropped sharply (Li et al., 1986). Compared to
the 1952-1971 period, the lower mean annual water level in the
1972-2003 period was mainly induced by the artificial control of
the Xi'er River outlet, as annual precipitation did not differ
significantly between the two periods. The lower water level
corresponded to a smaller water surface area according to lake
basin morphology, and therefore the same amount of wet season
precipitation caused a larger increase in water levels compared to
the 1952-1971 period, thus the water level response was more
sensitive to precipitation. From a social perspective, the lower
water level resulted in a larger precipitation containing capacity,
which helped alleviate local village and urban flooding under
heavy precipitation conditions. On the other hand, the lower
water level led to larger beach areas, allowing further human
intrusion along the lakeshore, e.g., fishing, farming, housing
construction, which further impacted the local ecosystem. In
addition, during the wet season, the decline in water level
inevitably led to a decrease in tributary depth and an increase
in steep river slopes, and the bridges, channels, and embankments
of some tributaries around the lake were damaged, and houses
and farmland were threatened (Li et al., 1986). In addition, lower
water levels impacted normal hydroelectric power generation as
the water level could not reach the minimum water level required
(1964.97 m), which also affected agricultural irrigation to a
certain extent (Li et al., 1986). From an ecological perspective,
the larger fluctuation in water level decreased the retention time
for water exchange, and the lower water level resulted in an
increase in area suitable for the colonization of submerged
vegetation (Riis and Hawes, 2002; Litvinov and Roshchupko,
2007), which are two key processes beneficial for water
clarification. Furthermore, the decrease in water level made it
difficult for certain endemic fish species, e.g., Barbodes exigua,
Barbodes daliensis, and Schizothorax taliensis, to migrate and
spawn; notably, various wintering fish holes along the eastern
lakeshore became isolated or dry, leaving fish unprotected during
severe winters (Du and Li 2001). The increased seasonal variation
in water level also caused some coastal gravel beaches to dry up
during the spawning period, leading to the loss of spawning
grounds, extinction of endemic fish species, reduction in endemic
fish resources, and eventual decrease in fishery yield and economy
(Li et al,, 1986; Wu and Wang 1999). However, the lower water
levels promoted submerged vegetation growth, which covered
30-40% of the lake surface and reached a water depth of 7 m (Li
1983; Dai 1984; Ni et al., 2011). This increased water quality in
terms of transparency (Chen et al,, 2018; Dong et al., 2018; Lin
et al.,, 2020). Beklioglu et al. (2006) reported a similar response to
decreased water levels in five shallow lakes in Turkey,
i.e., expansion of submerged vegetation and improvement in
water quality. Nevertheless, the increase in submerged plants
led to an increase in the populations of Cyprinus carpio and
Carassius auratus auratus, which prefer to spawn among
submerged vegetation, and accounted for 65-80% of total fish
production in the 1970s in Erhai Lake (Wu and Wang 1999).
Eventually, fish community composition changed, and endemic
fish species were seriously impacted.

Water Level Regulation in Erhai

In the 2004-2019 period, the water level of Erhai Lake was
regulated with greater regard to ecological restoration, and
water levels were between those observed in the 1952-1971 and
1972-2003 periods, with a water level fluctuation of 1.2 m.
From 2004, a large part of the emergent lakeshore was again
flooded when the water level increased, and the ecological
function of the lakeshore was partly restored, e.g., expansion of
wetlands. In the 2004-2019 period, the increase in water level
in the wet season was not significantly correlated with
precipitation. This was partly due to the decrease in water
input caused by the 89-mm reduction in precipitation
compared with the 1952-1971 period, as well as local
government regulation of the Erhai water level through the
Xi’er hydropower station. During this period, the function of
the Xier hydropower station changed from generating
electricity to a tool for regulating the water level. From
2004 to 2008, the water levels rose sharply to dilute nutrient
concentrations, and from 2009 to 2019, the water level was
regulated to a nearly natural water level fluctuating state.
Furthermore, the mid-range water level was controlled
artificially with a small fluctuation of 1.2m, which was
beneficial for the function of industrial and agricultural
water supply, as well as lakeshore scenery and tourism.
Since 2005, local tourism has experienced an unprecedented
boom, with tourism revenue increasing from 2.39 billion RMB
in 2005 to 29.26 billion RMB in 2017 (Li et al., 2020). In
addition, the mid-range water levels and eutrophication
induced an increase in emergent and floating plants (e.g.,
Nelumbium nucifera and Trapa maximowiczii) as well as
invasion of pest species such as Eichhornia crassipes and
Myriophyllum aquaticum, but a decline in submerged
vegetation (Tan et al, 2017; Zhao et al, 2020). The
maximum colonization of submerged macrophytes is less
than 5m and coverage has shrunk to 8% (Li et al., 2011; Fu
etal., 2013). Changes in hydrological regimes are also reported
to induce the invasion of alien species, loss of biodiversity, and
alteration in ecological functions (Moyle and Mount 2007).

We observed an even longer time-lag between water levels
and precipitation in respect of the multi-timescale
relationship, as well as a time-lag in the occurrence of the
lowest and highest water levels in the three periods and an
extended interval between the lowest and highest water levels.
Therefore, the time-lag in the water levels in combination with
the reduction in water input and the controlled water levels
might disentangle the response of water level to precipitation
since 2004. These results indicate that the water level rhythm
has changed to a certain extent in the context of human activity
(hydroelectric generation), intervention, and climate change
(reduced precipitation). In particular, the longer time-lag
between water levels and precipitation reflects the effects of
human intervention, which may change the pattern and extent
of hydrological regime responses to extreme weather events. In
addition, altered multi-timescale relationships may change the
timing and duration of lakeside and wetland flooding,
eventually affecting the ecosystem services of the Erhai Lake
catchment.
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CONCLUSION

In this study, interannual and seasonal variations in the water
level of Erhai Lake from 1952 to 2019 were examined to assess the
responses of water level to climate change and human activities.
The time series was divided into three distinct periods,
ie., 1952-1971, 1972-2003, and 2004-2019.

The results showed that the construction and operation of a
hydroelectric plant along the only outlet river greatly decreased
the water level and increased its fluctuation amplitude during the
1972-2003 period. However, the water level remained relatively
high and demonstrated moderate fluctuation from 2004, when
local economic development became increasingly dependent on
tourism and there was a greater emphasis on ecological
restoration. In addition, water level responses to precipitation
in the wet season were most sensitive in the 1972-2003 period,
and a gradually increasing time-lag was found between them
from a multi-time scale perspective.

In summary, the changes in water level and the responses of
water level to climate change (precipitation) in Erhai Lake were
largely determined by the hydroelectric plant in the 1972-2003
period, and jointly impacted by decreased precipitation and
artificial water level regulation in the 2004-2019 period. We
also explored the subsequent social and ecological changes in
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