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are key to Erhai Lake management.

Received April 27, 2023;
Accepted August 22, 2023.

Correspondence: wangsr@bnu.edu.cn

GRAPHICAL ABSTRACT

100 = 5
—— WQI —— Algal biomass
Satisfactory = Deteriorating Improving
90 - TN 14 =
=
3
80 1 IN,Chla | oSO Chla 45 o
o z
=
70 2 £
e
e
TP, BOD =
60 {COD A\ 0 W\ T T 1 :;D
TP, TN, COD,,,
50 T T T T T T 0
1995 2000 2005 2010 2015 2020
Year
ABSTRACT

Elucidating the spatiotemporal pattern of water quality and algal biomass is

crucial for accurately tracing pollution sources and reducing the risk of algal

blooms in lake systems. This study analyzed the spatiotemporal variability of

water quality and algal biomass in Erhai Lake from 1994 to 2021 using water
quality index (WQl), Mann-Kendall test and Sen’s slope combined methods.

The potential causes of water quality deterioration and algal biomass dynamics

were also elucidated. The results showed that the historical changes in the

water environment of Erhai Lake mainly had three stages: satisfactory
(1994-2001), deteriorating (2002-2010) and improving (2011-2021). The
changes in water quality and algal biomass were primarily affected by total
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nitrogen, total phosphorus and chemical oxygen demand in different stages.

The water environment of Erhai Lake is currently improving significantly,
starting in the southern area that is furthest from the sources of agricultural

pollution, especially in summer and autumn. This is attributed to the
implementation of control measures resulting in lower pollutant loads at

particular times and places. Therefore, it is necessary to continue to promote
standardized livestock farming, to strengthen rural wastewater collection and

to investigate measures such as the interruption of the endogenous cycle.

© The Author(s) 2023. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 INTRODUCTION

In recent decades, lake eutrophication has become a
widespread concern and area of research interest worldwide.
Much research is concerned with the degradation of water
quality and the ecological and toxicological effects of
Overall

improvement of the lake environment involves regulating

eutrophication in aquatic ecosystems caused!»].

water quality within permissible ranges and preventing algal
blooms!’). However, with the escalation of human activities in
watersheds due to population and economic growth, the
aquatic environment of lakes has been degraded by excessive
inputs of pollutants such as nitrogen and phosphorus!’l. Such
degradation of the aquatic environment has detrimental
impacts on the services and functions of lake ecosystems[’l.
Thus, understanding the variation and trends of water quality
caused by pollutant inputs and their control measures are
major challenges for improving water quality and sustainable

lake management.

Water quality index (WQI) is an efficient method for assessing
water quality. It integrates several physical, chemical and
biological parameters into a single value, and has been widely
used in water quality assessment!>’], Combined with methods
Mann-Kendall (M-K) test, it

examine the historical

such as the helps to

comprehensively changes and

characteristics of water quality indicators and algal
biomass!®~'"]. Diamantini et al.l''l assessed water quality and
drivers of change in three large European river basins at the
inter-annual scale, using many individual water quality
indicators. Li et al.['’] studied the multi-decadal trend of water
quality and hydroclimatic conditions in Lake Poyang using
single indicators such as total nitrogen (TN) and total
phosphorus (TP). Wang et al.l’ used trophic level index and
WQI methods to assess the eutrophication levels and water

quality status in the Wuli Lake estuary. However, these studies

rarely link water quality and algal biomass to watershed
pollutant discharges and control measures at refined spatial
and temporal scales. Water quality parameter data collected
from many sites in multiple seasons would provide a
comprehensive data set for applying the above methods to
assess the overall water quality status and spatiotemporal

patterns.

Erhai Lake is one of the nine largest plateau lakes in Yunnan
Province in south-western China. It provides indispensable
water resources for irrigation, human consumption, tourism
and fishing for the people of Dali City, which is crucial for the
local socioeconomic development!'“]. Due to the massive influx
of pollutants, the lake water quality experienced a sharp
deterioration in 2002-2003 and a shift from a macrophyte-
dominated state to a phytoplankton-dominated statel'*]. Since
2011, the authorities have made considerable efforts to protect
Erhai Lake. The overall water quality of Erhai Lake has
improved in recent years, but incidents of localized and time-
delayed algal blooms are common!'’l. Current fine-scale
spatiotemporal evaluations of water quality and algal biomass
are limited and largely rely on single parameters such as TN,
TP and ammonia-nitrogen, which hampers the comprehensive
understanding and assessment of the ecological environment
of Erhai Lake.

Therefore, this study attempted to comprehensively analyze the
monthly data of Erhai Lake over 28 years using WQI, M-K test
and Sen’s slope trend test to evaluate the comprehensive
temporal and spatial distribution pattern of water quality and
algal biomass. The main objectives were: (1) to analyze
spatiotemporal variations and characteristics of water quality
and algal biomass in Erhai Lake, (2) to identify the main
parameters affecting water quality and algal biomass at each
stage and the causes, and (3) to illustrate the current problems

and insights for the management of Erhai Lake.
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2 MATERIALS AND METHODS

2.1 Study area and sampling sites

Erhai Lake (99°32' to 100°27’ E, 25°25’ to 26°16’ N) is located in
Dali Bai Autonomous Prefecture, Yunnan Province ( ). It
is the second largest freshwater lake in Yunnan Province, with
an average elevation of 1796 m. The lake has a total water
surface area of about 250 km?, and mean and maximum water
depths of 10.8 and 21.3 m, respectively. The lake watershed
covers an area of 2565 km? and includes 10 towns in Dali City
and 6 towns in Eryuan Countyl'],

Regional and seasonal water pollution problems and algal
blooms persist in Erhai Lake due to spatial and temporal
differences in pollutant loads. Eleven sampling sites within the
National Control Sections of the lake have been grouped into
northern, central and southern areas, according to the
characteristics of their pollutant load sources. The northern

characterized by extensive agriculture and livestock
farming!'’l. In the central watershed (sampling sites S4-S8,
), the main sources of pollution are villages, farmland and
tourism. The southern watershed (sampling sites S9-S11,
), adjacent to the central area of Dali City, is mainly

affected by urban pollution.

2.2 Data sources

This study presents an analysis of monthly surface water
quality and algal biomass data collected from the 11 nationally
controlled sites in Erhai Lake from 1994 to 2021 (
1994 to 2000, data are only available only for March, August

). From

and November, while other years had 12 months of data. The
parameters collected include water temperature (WT, °C), pH,
electrical conductivity (EC, ps-cm™), dissolved oxygen (DO,
mgL1), total nitrogen (TN, mgL™!), ammonia nitrogen
(NH4*-N, total (TP,
permanganate-based chemical oxygen demand (CODwy,

mg- L), phosphorus mg-L1),

mg-L1), five-day biochemical oxygen demand (BODs, mg-L1),

watershed of Erhai Lake (sampling sites S1-S3, ) is
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Fig. 1 Location of Erhai Lake and distribution of sampling sites (i &5 GS 4 (2023) 2266 ).
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chlorophyll a (Chla, pg-L™!) and algal biomass represented by
algal density (107 cells L!). Data were collected from the Dali
Prefecture Environmental Monitoring Centre Station and the
Hydrological Bureau.

In addition, annual data on gross regional production (GRP)
for Dali City, population, total central and local financial
investment in Erhai Lake protection were obtained from open
data sources such as the Yunnan Provincial People’s
Government website, the National Bureau of Statistics of China
website and the Chinese government website (Table S1). TN,
TP and COD loads to the lake were calculated from river
quality data entering the lakel'"].

2.3 Statistical analysis

2.3.1 wal

The WQI was developed by integrating several parameters into
a single value representing the overall water quality!'*], which
was calculated from 10 parameters, including WT, pH, EC,
DO, TN, TP, NH4*-N, CODpy,, BODs and Chla. Lower and
higher WQI indicate poorer and better water quality,
respectively. The normalization method of the parameters as
shown in Table S2. The WQI was calculated as:

wQr= " (Pxwo[ > W, (1)

where, P; is the normalized value of factor i and W; is the
weight of factor i. WQI ranges from 0 to 100, with values of
90-100, 0-90, 50-70, 25-50, and 0-25 considered to be
represent excellent, good, fair, poor, and very poor water
quality, respectively.

23.2 M-Ktest

To identify the changing trends and mutations of water quality
and algal biomass in Erhai Lake, M-K tests were conducted[°].
For a time series x with a capacity of n samples, each value of
the series is compared with the remaining values, and count the
total number of remaining values greater than this value is

counted as the order column s, Assuming random
independence of the time series, the statistics are defined as:
-E
) g Ll m=1)) PP S @)

vVar(sk)

where, UF; is equal to 0, E(sx) and Var(sy) are the mean and
variance of the cumulative number s, which are independent
of each other at x;, x5, ..., x,. UF; obeys the standard normal
distribution, which is a sequence of statistics calculated
according to the time series x order xi, x,, ..., x,. Under the

condition of significance level a (« = 0.05, U, = %1.96),

if [UF)| > U,, the sequence has a significant trend change.
According to the inverse sequence X,, X,_1, ..., x1 of the time
series x, the above process is repeated again, making UB; =
-UFy, k = n, n-1, ..., 1, and UB; = 0. If the intersection of the
two curves of UB and UF lies between the critical lines, the
corresponding moment of the intersection is the starting time

of the sudden change.

2.3.3 Sen’s slope test
In addition to M-K test, the magnitude of the trend was
determined by using Sen’s slope test['’] calculated as:
X;j—Xx
0i=—~2—Lfori=1,2,....N (3)
j—k

where, x; and x; are the data values at time j and k (j > k),

respectively. Q; is sorted from the smallest to the largest, and
the median Qpeq is taken as the Sen’s slope. A positive Sen’s
slope indicates an upward trend, while a negative value
indicates a downward trend. The magnitude of the slope
determines the magnitude of the increase or decrease.

All statistical analyses were performed within the package
‘trend’ in R 4.0.2, and graphs were generated using Origin 9.0
and Microsoft PowerPoint 2019.

3 RESULTS AND ANALYSIS

3.1 Inter-annual changes and stage characteristics
of water quality and algal biomass in Erhai Lake
As shown in , TN (0.241-0.649 mgL,

0.482 mg-L!) and TP (0.015-0.033 mg-L~!, mean 0.024 mg-L™!)
are generally in Classes II to III of the Chinese surface water
standard (Table S3). NH4*-N (0.023-0.168 mg-L~!, mean
0.089 mg-L!) is mainly in Class I standard, with some years in
Class 1I. BODs (0.462-2.77 mg-L!, mean 1.76 mg-L™!) is at
Class I standard. CODpy, (1.26-3.98 mg-L71, mean 2.83 mg-L™1)
is generally at Class II standard, but has been increasing in

mean

recent years, with a trend toward Class III standard. Chla
(0.584-22.8 ug-L~!, mean 9.28 ug-L7!) is in the critical range for
algal blooms in most years. Therefore, TN, TP and CODyy, are
the main parameters affecting the water quality status of Erhai
Lake.

Trend analysis was performed on the forward series UF and the
backward series UB of the M-K test statistic for annual average
series of water quality parameters. The results revealed
significant differences in the trends and abrupt change points
of different water quality parameters, as illustrated in
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Fig. 2 Annual variation of water quality parameters, water quality index (WQI) and algal biomass in Erhai Lake and Mann-Kendall trend
analysis (1994-2021).

Fig. 2(a~f). The UF of TN had an overall upward trend, with  indicating a significant upward trend in TN, followed by
the UF and UB curves intersecting within the confidence  fluctuating changes after 2010. TP had a general upward trend,
interval in 2000, indicating an abrupt change point for TN in  with an abrupt change point in 1996, followed by a significant
that year. The UF crossed the confidence line in 2002, increase from 2002 and then relative stability after 2005.
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NH,*-N had a generally upward trend, with an abrupt change
point in 1996, a significant increase from 2004 and a
fluctuating downward trend from 2009. BODs had an overall
upward trend, with a change point in 1997 and a significant
upward trend starting when the UF curve crossed the
confidence line. BODs started to decrease from 2006 and then
remained relatively stable. CODwy, had a general upward trend
from 1998, with no significant change point detected, followed
by a short decrease in 2006 and a continuous increase from
2012 to 2021. Chla had an overall upward trend, with an abrupt
change point in 2002, followed by a significant upward trend
after 2006 and then stabilizing at a high level. In summary, TN,
TP, NH,4*-N, BODs, CODyy,, and Chla had upward trends,
with significant upward trends starting in 2002, 2002, 2004,
1997, 1998 and 2002, respectively. The abrupt change points
for these upward trends also showed significant differences.

As presented in , WQI ranged from 74.2 to 90.4, with a
mean of 79.9, indicating good water quality. However, UF for
WQI was negative, indicating a decline in the water quality of
Erhai Lake over the past 28 years, with a significant change
point in 1996. In 2001, the UF curve broke through the lower
confidence limit, indicating a significant decline in water
quality. After 2010, the UF curve started to rise, indicating an

improvement in water quality. Based on these results, the
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changes in the water quality of Erhai Lake can be divided into
three  stages: satisfactory  (1994-2001),
(2002-2010) and improving (2011-2021).

deteriorating

The algal biomass ranged from 0.089 to 2.70 (107 cells L) with
an average of 1.19 (107 cells L!), with an increasing trend over
time ( ). Based on the UF and UB curves, there was an
abrupt change point in 1996 and a significant upward trend in
1997. After a short decrease in 2000, an upward trend was
observed from 2001 onwards, followed by a downward trend
after 2010. In general, the overall variation of algal biomass was
consistent with WQI and could also be divided into the same
three stages. However, algal biomass was more unstable, with

sudden increases observed in 2003, 2013 and 2019.

3.2 Intra-annual variations in WQJ and algal
biomass in Erhai Lake

In addition to the inter-annual trends, the intra-annual
variation of water quality and algal biomass in Erhai Lake were
investigated as well. WQI and algal biomass were collected
monthly, and Sen’s slope was calculated to assess the trend
change and slope within each stage. In all three stages, WQI

was lowest in July-October ( ), which corresponded to
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Fig. 3 Seasonal variation and trend characteristics of water quality index (WQI) and algal biomass in Erhai Lake at different stages.
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the highest algal biomass at the same time ( ). It is
noteworthy that the lowest WQI and the highest algal biomass
occurred in September prior to 2010, while the highest algal
biomass in 2011-2021 occurred in October. The seasonal
characteristics of the stages showed that from Stage I
(1994-2001) to Stage II (2002-2010), water quality decreased,
and algal biomass increased throughout the year. From Stage II
to Stage III (2011-2021), water quality improved and algal
biomass decreased throughout the year, but the improvement
was better in summer and autumn.

The Sen’s slope for WQI was positive in September (Stage II),
January, June, August and September (Stage III), and negative
the rest of the year ( ). The Sen’s slope for algal biomass
was negative in July (Stage II), September to December
). This

indicates a significant improvement in the water environment

(Stage III), and positive the rest of the time (

in summer and autumn in Erhai Lake from 2011 to 2021 with
trend toward better water quality and lower algal biomass.

. There was only minor variation in WQI between sites
(Stage I: 87.2 + 0.58, Stage II: 75.6 + 0.74, Stage III: 78.0 + 0.41),
and WQI in the northern area of Erhai Lake was slightly lower
than in the central and southern areas ( ). Algal
biomass was 0.505 + 0.076 (107 cells L~!) in Stage I, 1.75 +
0.084 (107 cells L™!) in Stage 11, and 1.26 + 0.168 (107 cells L-1)
in Stage III, indicating that spatial variability was greater in
Stage III, and algal biomass in the northern area was
significantly higher than in the other areas ( ).

The Sen’s slope for WQI was positive at sampling sites S10
(Stage II) and S9 (Stage III) and negative at the remaining sites
( ). The Sen’s slope for algal biomass was negative at
sampling sites S7, S9, S10 and S11 (Stage III) and positive at the
remaining sites ( ). This indicates a clear trend of
improvement in water quality and algal biomass in the
southern area of the lake during 2011-2021.

4 DISCUSSION

3.3 Spatial variations in WQI and algal biomass in
Erhai Lake

The spatial variation and trend characteristics of WQI and
algal biomass in Erhai Lake at three stages are presented in
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Fig. 4 Spatial variation and trend characteristics of water quality index (WQI) and algal biomass in Erhai Lake at different stages.
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complex and include hydrological, hydrodynamic and

meteorological factorsl’’’'l. In general, the emission of
pollutants is the key determinant of the water environment
condition as well as an important basis for the implementation
of control measures to improve the water environment
condition. Therefore, this study focused on the changes of
Lake,

economic development in the watershed, investment in

human-induced disturbances in Erhai including

pollution control and pollutant loads ( ).

From 1994 to 2001, the relatively slow economic and social

development of Dali City resulted in minimal pollution

( ). In 1996, there was a turning point in the WQI
( ), with a discernible deterioration in water quality and
a Herba houttuynia bloom occurred”’], albeit the overall

aquatic environment remained satisfactory. From 2002 to 2010,
the further socioeconomic development of the basin led to a
large amount discharge of point and non-point source

pollutant loads (peaking in 2010) and caused a significant

decline in water quality and the outbreak of a Microcystis
aeruginosa bloom in 2003. From 2001 to 2010, pollution
control in the watershed was in the early stages, with the
central and local governments investing 86.9 x 108 yuan in
pollution control. From 2011 to 2020, the investment raised to
233.5 x 108 yuan ( ). These funds facilitated the
implementation of various measures including controlling
pollution sources, intercepting pollution around the lake and
supplementing clean water sources!' "l. These measures shifted
the focus of treatment from lake management to watershed
management and protection of the lake ecology. Enhanced
treatment efficiently counterbalanced the pressures imposed by
economic and population growth, basically controlled the
influx of TN, TP and COD (
improved the water environment of Erhai Lake in Stage III.

), and significantly

To further interpret the changes in the water quality and algal
biomass of Erhai Lake, the main influencing factors at each

stage were identified and the control measures implemented
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Fig. 5 Historical changes of gross regional production (GRP) and population in Dali City (a), central and local financial investment in Erhai Lake

treatment (b), and total nitrogen (TN), total phosphorus (TP) and chemical oxygen demand (COD) in Erhai Lake (c).
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are discussed. The parameters that determined WQI in the
three stages were identified by lower standardized WQI,
namely TN (1994-2001); TN and Chla (2002-2010); TN, Chla
and CODy; (2011-2021) ( ). TN 1is the main
indicator of deteriorating water quality in Erhai Lake. Erhai
Lake is subject to non-point source pollution. The most serious
non-point source pollution in the watershed is agricultural
pollution!'®l. Since the 21 century, fertilizers from agricultural
runoff, livestock breeding and poultry farming have caused
significant nitrogen and phosphorus loads into the lake,
increasing the concentration of TN and TP in the water body
of Erhai Lakel*’l.

agricultural surface pollution in the Erhai Lake basin has

shows that the management of

received attention since 2006, and systematic measures were
initiated in 2010 to mitigate pollution sources, including the
promotion of organic fertilizer, adjustment of planting
structure, collection of livestock and poultry manure, and a ban
on the sale of highly toxic and high-residue pesticides. In
addition, a 128-km buffer zone around the lake was
implemented in 2018-2020, which has contribute greatly to

intercepting pollutants that would have otherwise entering the

lake (
TN and TP loads and concentrations in Erhai Lake over recent

). All these measures have effectively reduced the
years ( ). Therefore, the water quality of Erhai Lake
primarily depends on the discharge and interception of surface
source pollution in the watershed. Since the M. aeruginosa
bloom in 2003, cyanobacteria have gradually taken over the
dominant position, and Chla, representing algal biomass, has
gradually become an important factor affecting water
qualityl”’]. In addition, high algal biomass was always
associated with low alkaline water, so a lower pH-normalized
value, pHwaqn, also contributed to the reduction in WQIL
BODs, NH4*-N and DO had higher normalized values, which
had less impact on the water quality of the Erhai Lake. In
general, the main factors affecting the WQI of Erhai Lake were
TN and Chla, and COD has also become an important factor

over the past 10 years.

From 1994 to 2001, there was a significant positive correlation
between algal biomass and TP, BODs and CODy ( ).
From 2002 to 2010, algal biomass was positively correlated with

TN and TP ( ). From 2011 to 2021, algal biomass was
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Fig. 7 Control measures of Erhai Lake in recent decades.

positively correlated with TN, TP and CODwn ( ). In
addition, WT was positively correlated with algal biomass
during Stages II and III. Therefore, TP is always the most
important indicator of algal biomass, followed by TN. Over
recent years, the control of non-point source pollution in the
Erhai Lake basin has facilitated the control of the phosphorus
load in the lake, and endogenous pollution has become the key
to the phosphorus supply for algal growth. Endogenous
phosphorus pollution is mainly due to effective phosphorus
turnover caused by phosphorus release from lake sediments
and degradation by algal mortality!”>*°]. As shown in ,
since 2016, authorities have vigorously implemented algal
bloom prevention and control measures, including the
establishment of algal water separation stations and
cyanobacteria rescue teams to quickly capture aggregated
cyanobacteria and control the occurrence of large-scale algal
blooms. These measures have prevented the internal cycling of
phosphorus to some extent, resulting in a significant reduction
in TP concentration and algal biomass in the Erhai Lake after
2016, and a great improvement in overall water quality.
However, it is suggested that increased efficiency of
phosphorus use by algae may have offset the effects of reduced
external loading on algael’’l. The problem of endogenous
phosphorus loading supply is far more complex for algal bloom
prevention and control. In addition, warmer temperatures in
recent years have provided optimal growth conditions for
cyanobacteria, increasing their growth rate and sensitivity to

changes in the external environment!*‘],

4.2 Current situation and treatment insights of the
Erhai Lake

For improving the water environment of Erhai Lake, the basin-
wide control of pollution sources, the retention of pollutants in
the buffer zone along the lake and the timely salvage of algae
have been effective. However, despite the progress made in
water quality and algal biomass management through the
above measures, some new issues and phenomena have been
observed during the water environment improvement stage
(2011-2021), which need to be considered in the future
management of the lake. These issues include understanding
why the water environment improvement is more effective in
summer and autumn than in other seasons, why the
improvement of the water environment in southern lakes is
more successful than in others, and why COD elevation is so
common. These phenomena highlight the importance of
continued efforts to enhance the water environment of Erhai
Lake.

Erhai Lake receives 85% of its annual precipitation during the
summer and autumn, the period when pollution inputs to the
lake are particularly concentrated’”). Comprehensive control
measures, such as the management of agricultural and rural
surface pollution, the implementation of urban and rural waste
collection, and sewage treatment systems, have resulted in a
reduction of pollution sources in summer and autumn!'°l. The
water quality of Erhai Lake in summer and autumn has been
greatly improved by the construction of the shoreline
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ecological zone, which acts as a barrier to ingress of
pollutionl""]. The Sen’s slope suggests that with successful
watershed management, the water quality and algal biomass in
Erhai Lake during the summer and autumn seasons can be
expected to improve sustainably. As of 2018, sewage collection
from villages around the lake has increased to full coverage and
is connected to the lake-wide interceptor system. However, the
problem of rainwater and sewage mixing has not been fully
resolved due to different construction batches of the lake-wide
interceptor system, resulting in sewage overflows into the
environment during the rainy seasonl’’>’'l. In the future, the
management of Erhai Lake basin should focus more on
rainwater treatment and sewage separation in the summer and
autumn seasons.

According to the above analysis, the water environment in the
northern area of Erhai Lake are sensitive to the intensive
agricultural activities in the area. Over the years, the rapid
agricultural development in the northern catchment area has
led to a large amount of nitrogen and phosphorus pollutants
entering the lake along with runoff, laying the foundation for
continued eutrophication in the northern areal''"l. As
phosphorus cannot exist in a gaseous form, most of the high
phosphorus load in the northern area is deposited in the
sediment, forming an endogenous load. Phosphorus from the
sediments could return to the lake water under appropriate
conditions. Studies have shown that algal degradation and
mineralization processes mediated by microorganisms lead to a
rapid decrease in dissolved oxygen concentration at the water-
stabilized
phosphorus from the sediments into the water for algal

sediment interface, inducing the release of
utilization, resulting in an anaerobically driven nutrient
cyclel’”l. The contribution of phosphorus released from
sediments in the northern area of Erhai Lake to the overlying
water body was significantly higher than that in other areas!>’].
In the central area of the lake, due to the west to east degressive
terrain, nitrogen and phosphorus pollution is rapidly washed
into the lake during rainfall. If the self-purification capacity of
Erhai Lake is not sufficient to absorb this pollution shortly, a
temporary accumulation of algae will occurl'"l. Collectively,
the northern area is responsible for a substantial volume of
pollution, while the central area has a high concentration of
pollutants, hence, the enhancement of water quality has

commenced from the southern area of the lake.

In recent years, increasing COD has emerged as a critical factor
affecting the water quality and algal biomass of Erhai Lake.
COD is an indicator of organic pollution, which mainly comes
from livestock breeding and poultry farming, rural life and
industrial activities in the watershed!""l. After 2010, the COD

load to the lake was basically maintained at about 7000 t-yr~!
( ), which was significantly higher than the load of
nitrogen and phosphorus to the lake, indicating that it is
necessary to further strengthen the targeted measures for
external COD reduction. In addition, the growth, death and
decomposition of algae are also important sources of COD in
lakes"’. The death and deposition of algae releases large
amounts of organic matter, which can be recycled by the algae
through decomposition and mineralization by heterotrophic
bacteria, which in turn maintains the biomass of the algael*].
The sustained increase in COD concentration in Erhai Lake
over the past 10 years ( ) is also partly attributed to the
strength of the cycling process in the lake. To solve the problem
of high COD in Erhai Lake, in addition to further promoting
non-point source pollution control measures, such as
standardized concentrated aquaculture in the watershed, and
increasing the means of livestock and poultry waste treatment
and resource utilization, endogenous pollution cycle blocking

measures should be further strengthened.

Overall, the water environment of Erhai Lake has greatly
improved through the implementation of various management
measures. The further improvement of the water environment
in Erhai Lake requires equal attention to the control of water
pollution and algal biomass, which is reflected in the
simultaneous implementation of exogenous and endogenous
pollution control. For external pollution control, it is necessary
to focus on the treatment in particular time periods and areas.
The pollution in the northern area of Erhai Lake basin is
massive and dispersed, while the western area has a high
pollution intensity, and the pollution entering the lake is
concentrated in high temperature seasons such as summer and
autumn. In the future, the centralized control of agricultural
and rural sewage in the north should be strengthened, and the
intensity of pollution entering the lake in the west in summer
and autumn should be reduced, especially to solve the problem
of rainwater and sewage spills. For endogenous pollution
control, it is necessary to remove the internal pollution load in
time, to intensify research on blocking mechanisms for the
endogenous cycle, and to quantify in detail the relationship
between the self-purification capacity of the water body and the
exogenous pollution load.

5 CONCLUSIONS

This study evaluated the spatiotemporal variability of water
quality and algal biomass in Erhai Lake as well as the
underlying reasons at each stage, while summarizing the
problems at the current stage and the future management
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priorities. The water environment of Erhai Lake has had three
stages: satisfactory (1994-2001), deteriorating (2002-2010) and
improving (2011-2021). TN is the most critical indicator of
water quality whereas TP is the most critical indicator of algal
biomass. Economic development in the basin, investment in
environmental pollution control, pollution load to the lake and
other anthropogenic disturbances have greatly affected the
environmental conditions of Erhai Lake influencing the
discharge/interception of pollutants in the basin.

After the implementation of a series of control measures, water

quality in Erhai Lake in 2011-2021 improved during summer
and autumn (predominantly in the south) while COD levels
remained significant. The high pollution load in summer and
autumn, the large non-point pollution source in the northern
area of the basin and the topographically induced rapid
pollution in the west have greatly influenced the seasonal and
spatial characteristics of the pollution load. For the future,
control of COD within Erhai Lake must be reinforced through

animal husbandry
Additionally,
endogenous pollution release merit further encouraged.

standardized and rural wastewater

collection. research efforts to mitigate
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