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Abstract: During the past 20 years, the ecological environment of Dianchi Lake has been adversely
affected by climate change and human activities, which directly affected the ecosystem and biodiversity
of the Dianchi Lake watershed. Analyzing the spatiotemporal variation of chlorophyll a (Chla)
concentration of Dianchi Lake and exploring the internal and external factors effect on Chla
concentration is the basis for controlling and improving the water ecological environment of Dianchi
Lake, and it is also the key to prevent and control the water pollution of Dianchi Lake. In this study,
the water quality of Dianchi Lake was examined using 12 water quality indicators from 10 water
quality monitoring sites for the duration between 2000 to 2017. The changing characteristics of
Chla in the context of internal and external factors were analyzed. The spatiotemporal evolution
process of Chla concentration in the past 20 years was also evaluated. The results indicated that Chla
concentration was significantly and positively correlated with the chemical oxygen demand (CODc;),
the Dianchi Lake watershed gross domestic product (GDP), and the impervious surface area (ISA)
of the watershed, in addition to the total phosphorus (TP), biochemical oxygen demand (BODs),
ammonia hydrogen (NH3-N), water temperature (WT), and civil vehicle ownership. Moreover, a
significant and negative correlation was noticed between Dianchi Lake watershed GDP and NHj3-N,
BOD:s, TP, total nitrogen (TN), and comprehensive nutrition state index (TLI). The Dianchi Lake
population was negatively correlated with TP, TLI, and BODs. The concentration of Chla in Dianchi
Lake was affected by both internal factors, and external factors such as anthropogenic activities, the
latter of which was the main cause of the continuous deterioration of the lake water quality.

Keywords: chlorophyll a concentration; lake water quality; regression analysis; space-time evolution;
anthropogenic activities

1. Introduction

Since the 20th century, urbanization has been an important human activity, which is represented
by impervious surface area (ISA) expansion and population growth. The urban population accounts
for 54% of the world’s population; by 2020, the proportion will be as high as 66% [1,2]. The ecological
environment of lakes is not only associated with the urbanization intensity, but also the lake water
quality [3,4].
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With the rapid developments of the economy, China has experienced a rapid urbanization process
during the past 20 years [5]. During this process, ISA of lakes has rapidly expanded, resulting in
regional water cycle changes. In addition, the excessive development and utilization of lake resources
due to high-intensity anthropogenic activities, have exceeded the environmental carrying capacity
of lake water bodies. As a result, losses in the self-repair ability and the break of the ecosystem
balance of lakes have been observed. Moreover, the lake water ecological environment has been
deteriorating annually [6,7], which severely compromises the sustainable development of the regional
social economy.

Chlorophyll a (Chla) was selected as an indicator of water quality because it is not only affected by
other water quality directly [8,9], but also affected by human activities indirectly [10,11]. Application
of artificial neural network (ANN) for environmental and water resources modelling has become
increasingly popular since the early 1990s [12]. Backpropagation (BP) has been proposed as a
new learning procedure for neural network [13,14]. Park et al. [15] used ANN and support vector
machine (SVM) to predict Chla concentration for the early warning and investigate cause-and-effect
relationship between Chla concentration and environmental variables. This study suggested an
effective early-warning prediction method for Chla concentration and improved the eutrophication
management scheme for reservoirs. In addition to water quality monitoring, the lake water ecology
should be investigated. Many scholars in China have achieved fruitful results. Luo et al. [16] proposed
a simulation based on the SVM, principal analysis, and ANN to simulate and predict the spatiotemporal
process of the Dianchi water environment and used geospatial analysis technology to evaluate the
Dianchi water environment. Visual analysis of the temporal and spatial variation of Chla concentration
effectively improved the prediction accuracy of Chla concentration and provided a new concept for the
study of lake water quality.

It is necessary to monitor the change process of various water quality parameters on the lake
surface at the micro-scale [17] and to analyze the spatial and temporal processes of lake water quality at
the macro-scale [18]. Remote sensing technology has been widely used in water quality monitoring in
recent decades due to its advantages in data access and wide coverage. However, drawbacks in relative
low inversion precision, slow update rate, and vulnerability to different climate conditions prevent
its application in precise attribution analysis [19,20]. In situ monitoring method is the most effective
method to obtain water body condition in a timely and precise fashion [21,22]. Scholars have conducted
much research on the relationship among nitrogen and phosphorus nutrient cycling, algae growth, the
effects of anthropogenic activities, climate change, and Chla concentration [23,24]. Researchers have
long discovered that the deterioration of lake water quality is related to eutrophication, thus further
inhibiting the growth of aquatic plants [25,26]. Zhang et al. [27] explored the long-term dynamics
of aquatic vegetation. They used multi-year MODIS data to systematically quantify the interannual
characteristics of the aquatic vegetation and its variability. These authors determined that human
activities and water quality index were the main driving forces for the increasing Chla concentration [28].
They found that the cumulative effects of global change, including climate change, population growth,
and the rapid development of industrialization and urbanization [29,30], would likely continue and
exacerbate the eutrophication process in the coastal water. As per Niu et al.’s research [31], sixteen
physiochemical parameters at 29 monitoring wells within the western Jianghan plain were monitored
during 1992-2010 and analyzed with multiple approaches. Correlation analysis was used to identify
the origins and contamination sources of groundwater. Moreover, the concentrations of Chla were
comparatively high in the riverine and lakefront zones. The main factors affecting the changes in
Chla concentration in the lake were nitrogen, phosphorus, water temperature (WT), transparency, and
precipitation [32,33]. These ecological factors have direct and indirect effects on the Chla concentration.

The aims of this research are: (1) Quantitatively analyze the interaction between Dianchi lake
water quality and watershed human activities; (2) reveal external and internal factors related to Chla
concentration; (3) investigate the spatiotemporal distribution of Chla concentration.
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2. Data and Methods

2.1. Study Area

Dianchi Lake watershed (102°29'-103°01" E, 24°29’-25°28" N) is in the central part of the
Yunnan—-Guizhou plateau in the southwest monsoon climate zone of the subtropical plateau. The
climate of the region is primarily affected by the southwest monsoon and the tropical continental air
mass. In the past 60 years, the average precipitation in Dianchi Lake watershed is 994.69 mm, and the
drainage area is 2920 km?2. The main pollution sources are industrial wastewater, domestic sewage,
and nitrogen and phosphorus loss in farmland, which are the reasons for eutrophication of water
bodies. Dianchi Lake is in the lower reaches of Kunming and is the largest plateau faulted freshwater
lake in Yunnan province, its extent from north to south is 39 km, and from east to west is 12.5 km. The
average altitude, average depth, and maximum depth of Dianchi Lake are 1885 m, 4.1 m, and 10.1 m,
respectively. The average annual runoff of Dianchi Lake is 970 million m?, and the evaporation of lake
surface is 430 million m3. The lake water supply is mainly based on land-to-lake volume, lake surface
precipitation respectively, and three drinking water projects. This semi-enclosed lake covered an area
of 298.4 km? in 1985. From 1988 to 2017, changes in the area of Dianchi Lake have gone through four
stages [4]. The area of Dianchi Lake was reduced to 10 km? at a rate of 2.5 km?/yr~!. The main reason
was the acceleration of industrial processes and rapid urbanization in Yunnan Province, and the sharp
increase in industrial water consumption. During the second stage, from 1993 to 2006, the government
began to control the ecological environment of Dianchi Lake. In 1993, the Caohai Dredging Project was
launched [34]. The area of the dredged seabed mud was 2.83 km?, the sediment was 4.24 million cubic
meters, and the storage capacity of Caohai increased by more than 4 million cubic meters. Through
this project, the area of Dianchi Lake increased significantly at a growth rate of about 1.95 km?/yr~1,
resulting in an area 12 km? larger than that in 1993. During the third stage, from 2006 to 2013, the area
of Dianchi Lake as a whole reduced by about 9 km?, and the reduction rate was about 3.89 km?/yr~!.
During the fourth stage, the area of Dianchi Lake increased starting from 2014, and had increased by
about 5 km? in 2017. The growth rate was about 1.25 km?/yr~!, and the main area experiencing the
growth was Caohai, which was directly affected by the Niulan River diversion project [35]. The rainy
season is from May to October, which contributes over 80% rainfall in the whole year. After 2013, the
water diversion project, ‘Kraal River diversion project’ was implemented by the local government. The
only outlet of the lake is the southwestern part of Haikou [36], which is known as the “Pearl of Pocket”
of the Yunnan plateau.

Dianchi Lake is the sixth-largest freshwater lake in China and is the largest plateau lake in the
Yunnan province. Its many functions include urban water supply, industrial and agricultural water
use, irrigation, flood control, shipping, tourism, aquaculture, climate regulation, and hydropower
generation. It plays an important role in natural environment preservation and socioeconomic
development. During the past 30 years, the water quality of Dianchi Lake has deteriorated from class
II in the 1960s to the class V, making it one of the most polluted lakes in China [37]. To improve the
ecological environment of Dianchi Lake watershed, the government has enacted the plan to prevent
water pollution and control water quality. The government has invested large amount of resources
to monitor water quality and improve the ecological environment of the Dianchi Lake watershed.
Although the pollution of Dianchi Lake has been effectively controlled, and the water ecological
environment has been improved, the dual factors of global warming and urbanization have led to the
changes in the lake environment [38,39]. As a result, the eutrophication of Dianchi Lake has become
increasingly severe. The cyanobacterial blooms are frequent, making it one of the most polluted lakes
in China. The major reason for the continuous eutrophication of Dianchi Lake watershed can be
attributed to an insufficient understanding of the mechanisms leading to the lake pollution, and the
dynamics of the ecosystem under effects of anthropogenic activities and water quality parameters.
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2.2. Methods

2.2.1. Regression Analysis

The regression model was used to analyze the water quality and human impacts on Chla.
The goodness of fit (R?) and significance test were used to test the applicability of the (P) test model.
The polynomial regression model is represented as follows:

y=ax®+bx+c(a#0, x € [-c0,400]) 1)

where x is an independent variable, y is a dependent variable, 4, b and c are model coefficients. So that
the maximum point is M (xo, o), then

b
Xo = o )
4ac — b?
Yo=—F 3)

In the quadratic polynomial (1), when a > 0, there is a maximum value, on the contrary, there is a
minimum value, and the function increment and subtraction property of [-oo, xg] and [xg, +c0] on
both sides of the maximum point change. The maximum point can be treated as a mutation point.

2.2.2. Spatial Interpolation Method

Kriging method is also called spatial local estimation or spatial local interpolation. Its purpose is
to provide a method to determine the optimal weight coefficient and to describe the error information.
It is based on the data of several measured sample points in the limited field of the sample points
to be estimated, after considering the relationship among the shape, size and spatial position of the
sample points, the spatial position relationship of the sample points to be estimated, and the structural
information provided by the function of variation [40]. The linear unbiased optimal estimation is
carried out for the value of the sample to be estimated. The estimation accuracy of the Kriging method
for the unobserved points is higher than that of the ordinary average method, and the systematic
error is avoided. Through the interpolation of Kriging method, the spatial correlation or spatial
heterogeneity described by covariance function and variation function is expressed in the form of
a certain pattern in two-dimensional plane, which is not only of great significance for the analysis
of the regionalization of Chla concentration in Dianchi Lake watershed, but also provides effective
support for the quantitative study of the characteristics of the spatial distribution pattern and the
spatial configuration of the pattern.

2.2.3. Comprehensive Nutrition State Index

According to lake (reservoir) eutrophication evaluation method and grading technical regulations,
TP, permanganate index (CODyy,), dissolved oxygen (DO), Chla, and transparency are the main
indicators of nutrient level in the water [41]. In order to comprehensively understand water quality and
the eutrophication level in Dianchi Lake, the comprehensive nutrition state index is used to evaluate
the reservoir eutrophication level in different scenarios. The comprehensive nutrition state index (TLI)

is given as:
TLI(Z) - Z ;. TLI(j) 4)
=1

where TLI (})) is the integrated trophic level index; TLI(j) is trophic level index of j, W; is correlative
weighted score for trophic level index of j.

Wi=—" ®)

m 2
j=17ij
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where W is a correlative weighted score for trophic level index of j; ;; is a relative coefficient.
In Chinese lakes and reservoirs, the correlation coefficient for Chla to other parameters is presented
as follows (Table 1) [42]:

Table 1. The correlation coefficient for chlorophyll a (Chla) to other parameters in Chinese lakes

(reservoirs).
Parameter Chla TP TN SD CODwn
tjj 1 0.84 0.82 -0.83 0.83
12 1 0.7056 0.6724 0.6889 0.6889

b

The computational formula for each eutrophication index is as follow:

TLI(Chla) = 10(2.5 + 1.086 In Chla) (6)
TLI(TP) = 10(9.435 + 1.624In TP) @)
TLI(TN) = 10(5.435 + 1.694In TN) ®)
TLI(CODMn) = 10(0.109 + 2.66 In CODMn) ©9)
TLI(SD) = 10(5.118 — 1.94In SD) (10)

A series of 0~100 continuos values are adopted for the grading of eutrophication level: Trophic
level index TLI (}.) < 30 oligotrophic, 30 < TLI (}") < 50 mesotrophic, TLI (}’) > 50 eutrophic, 50 < TLI
() <60 light eutrophic, 60 < TLI (}) < 70 middle eutrophic, TLI (}.) > 70 hyper eutrophic.

2.2.4. Lake Quality Level

The river water quality classification was based on national quality standards (GB 3838-2002) [43].
According to the environmental functions and protection objectives of surface waters, it is divided into
five categories according to the function level (Table 2).

Table 2. Water function and standard classification.

Water Quality Classification Scope of Application

class1 Mainly applicable to source water, national nature reserve

class 11 Mainly applicable to centralized drinking water, surface water source,
first-class protection area, etc.

class TIT It is mainly applicable to the secondary protection zone, fishery water area
and swimming area of centralized drinking water surface water source.
It is mainly suitable for general industrial water use areas and recreational

class IV . L
water areas where the human body is not in direct contact.

class V Mainly applicable to agricultural water areas and general landscape

requirements

According to the China Environmental Bulletin, the Provincial Environmental Bulletin, and China
Surface Water Environmental Quality Standard. Among the water quality indicators of Dianchi Lake,
mercury, lead, and petroleum all meet the class I water quality index. Volatile phenol and DO meet
the class Il water quality index. The chemical oxygen demand (COD,,) and total nitrogen (TN) have
far exceeded the V water quality standard, and the remaining indicators are between III~ and V class
standards, which is inferior to class V.
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2.3. Historical Water Quality Data and Urbanization Data

The historical data used in this study was obtained from the Yunnan Academy of Environmental
Sciences, which was obtained by an in-situ sensor deployed in the lake. The sensor was placed one
meter away from the lake surface. A set of data was collected every hour from different stations,
including Baiyukou, Caohai center, Dianchi south, Duanqgiao, Guanyinshan eastern, Guanyinshan west,
Guanyinshan center, Haikou west, Huiwan center, Luojiaying. We also collected daily monitoring data
of 12 parameters, including WT, Chla, pH, CODy,, DO, COD¢;, TP, TN, BODs5, ammonia hydrogen
(NH3-N), transparency, and TLI from ten water quality monitoring stations from 1 January 2000 to
30 December 2017. We used random interpolation, mean filling, and adjacent data filling to fill the
missing data. The proportion of missing values of the data is 2.3%, so we used linear interpolation
method to modify the data sets. We collected daily lake water quality data and the annual mean data
for each water quality parameters were calculated. The study area and the monitoring stations are
shown in Figure 1. According to the published research results of the Dianchi Lake watershed [3],
this paper mainly uses the improved normalized difference build-up index (INDBI) algorithm to
extract the impervious surface. Civil vehicle ownership data, population data, and GDP data were
mainly derived from the China statistical yearbook, Yunnan statistical yearbook [44], and the Kunming
national economic and social development statistical bulletin [45].
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Figure 1. The introduction of research area: (a) China; (b) Yunnan province; (¢) Kunming city;
(d) Dianchi Lake watershed. Note: Monitoring location: 0: Duangqiao, 1: Caohai central, 2: Huiwan
central, 3: Luojiaying, 4: Guanyinshan western, 5: Guanyinshan central, 6: Guanyinshan eastern, 7:
Baiyukou, 8: Haikou western, 9: Dianchi southern.
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3. Results and Discussion

3.1. Temporal and Spatial Variation of Dianchi Lake Water Quality

In this study, the lake water monitoring data from 1998 to 2016 was used to analyze the change
trend and phase characteristics of the main lake water quality, and to explore the water pollution and
causes of the Dianchi Lake at different stages. Trend pattern of water quality parameters in Dianchi
Lake are shown in supplementary Figure S1. In 1998-2016, the water quality of the Dianchi Caohai
Lake experienced a gradual change in the decline-improvement-fluctuation. Among them, TN was
8.21 mg/L in 1998. After experiencing a volatility increase for 10 years, it reached a maximum value
of 15.34 mg/L in 2009. Subsequently, the TN concentration continued to improve, and the trend
showed a downward trend in 2009-2016. The trend of TP concentration is similar to that of TN. It also
experienced two major stages of increasing first and then decreasing. The concentration gradually
increased from 0.57 mg/L in 1998 to 1.43 mg/L in 2009, and then began to decline. In recent years,
there has also been a trend of volatility. The CODyy, increased first and then decreased, and reached a
maximum of 11.13 mg/L in 2009. From 1998 to 2016, BODs showed a volatility, and its concentration
dropped from 12.9 mg/L in 1998 to 7.75 mg/L in 2007, and then showed a volatility. The concentration
of Chla decreased first and then increased, from 0.16 mg/L in 2000 to 0.068 mg/L in 2008. In 1998-2016,
the COD¢, showed a downward trend and then increased. In 2008, it reached the minimum value, and
then the concentration showed an upward trend. The concentration of NH3_N-experienced a trend of
rising first and then decreasing. The concentration increased from 4.41 mg/L in 1998 to 12.48 mg/L in
2009, and the fluctuation fluctuated after 2009. The TLI value of grassland seawater has been showing
a fluctuating trend from 1998 to 2009, but it has been at a level of severe eutrophication and reached its
highest value in 2000.

After 1998, most of the water quality indicators in the Waihai showed a stable state of fluctuation,
and the trend was not significant. From 1998 to 2007, the concentration of TN in the Waihai increased
year by year, from 1.78 mg/L to 3.01 mg/L, and then fluctuated. The concentration of TP decreased
at first and then increased, its concentration decreased from 0.28 mg/L in 1998 to 0.12 mg/L in 2007,
it reached a maximum of 0.33 mg/L, in 1999 and then stabilized at IV and V levels. In 2008, the
concentration of TP was the lowest in nearly 20 years. The CODyy, fluctuated at the III-V level, and on
the whole, it increased at first and then decreased, from 5.96 mg/L in 1998 to 7.57 mg/L in 2001, reached
the lowest value of 5.34 mg/L in 2003, and gradually increased after 2004, from 5.72 mg/L in 2004 to
11.92 mg/L in 2016. The concentration of Chla increased at first and then decreased, and reached the
maximum value of 0.11 mg/L in 1998, the lowest value of 0.042 mg/L in nearly 20 years in 2005, and
increased again after 2002, reaching 0.093 mg/L. The trend of COD¢; fluctuated, showing a downward
trend from 1992 to 2009, and its concentration reached a minimum of 49.7 mg/L in 2009, followed
by an upward trend. The change trend of BODs experienced two main stages: First decrease and
then increase, its concentration decreased from 5.6 mg/L in 1998 to 2.15 mg/L in 2007, and increased
obviously from 2007 to 2016, and reached the maximum 7.79 mg/L in 2015. From 2000 to 2012, TLI was
basically at the level of eutrophication, and the overall TLI showed an upward trend. Especially in
2013, the TLI value was as high as 70.8, which has become a severe eutrophication level. The average
annual WT of Dianchi Lake from 1998 to 2016 was 18.01 °C. The WT reached the highest value of
26.4 °C in September 2006 and had its lowest value of 9.2 °C in February 2007, in which the average
temperature in August (23 °C) reached the maximum of all months. From 2007 to 2010, the WT of
Dianchi Lake showed an upward trend. From 2012 to 2016, the water temperature tended to be stable,
and the increase of water temperature had a certain effect on the concentration of Chla.

According to the changing trend of water quality parameters of Dianchi Lake in recent 20 years,
combined with the water pollution prevention and control plan of Dianchi Lake watershed, the stage
characteristics of water quality evolution of Dianchi Lake are analyzed. The changing trend of water
quality in Dianchi Lake can be divided into three periods: Rapid decline period, slow decline period,
and preliminary improvement period. During the period of rapid decline, the point source pollution
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increased continuously during the Ninth Five-Year Plan period due to the rapid economic and social
development of Kunming, especially the rapid development of industry and agriculture. At the same
time, with the increase of agricultural non-point source pollution, the eutrophication of Dianchi Lake
is becoming more and more serious, and its ecosystem is gradually destroyed. During the 10-year
period of slow decline from the Tenth Five-Year Plan to the Eleventh Five-Year Plan, with the increasing
eutrophication of Dianchi Lake, the national and local governments attached great importance to
the treatment of water pollution in Dianchi Lake watershed. During this period, the deterioration of
water quality in Dianchi Lake was effectively controlled. The concentration of TN and TP showed a
downward trend, and the momentum of eutrophication was restrained to a certain extent. During the
period of preliminary improvement, since the Twelfth Five-Year Plan, the state and local governments
have invested a lot of financial resources in the pollution control of Dianchi Lake watershed, and
continue to improve and consolidate the effect of the six major projects in the treatment of Yunnan. At
the end of the Twelfth Five-Year Plan, the water quality of Dianchi Lake was significantly improved,
and the eutrophication index decreased significantly. The water treatment in Dianchi Lake watershed
has been included in the national key river watershed management plan for five consecutive years.
Since then, Dianchi Lake protection has maintained “stable and good” water quality. In 2016, through
comprehensive management, the water environment of Dianchi Lake watershed was significantly
improved, and the water quality of Dianchi Lake was upgraded from inferior V to V.

3.2. Internal Factors for Chlorophyll a (Chla) Concentration

This study focuses on the long-term characteristics and processes of lake water quality, so the
annual average is used in the analysis. Seventeen years of data from ten monitoring sites in Dianchi
Lake were analyzed, in which the average value of Chla concentration was used as the independent
variable, and the water quality index was used as the dependent variable. Polynomial regression
analysis and the significance test showed a significant relationship between Chla and the water qualities,
as shown in Figure 2.

The results showed that the concentration of Chla was significantly affected by water quality
index, in which the R? of TP and TLI was more than 0.6. The threshold value of the water quality index
of the Dianchi Lake is obtained by using the threshold analysis method, as shown in Table 3. The Chla
concentration thresholds of BODs, NH;3-N, TP, Oils are 0.062 mg/L, 0.074 mg/L, 0.107 mg/L, 0.019 mg/L,
respectively. The maximum values of TLI and TP, BODs, Oils, COD¢,, WT, were 31.67 mg/L, 0.15 mg/L,
and 31.67 mg/L, 0.15 mg/L, respectively. The maximum values of TLI and TP, BODs, Oils, CODc¢,, WT,
did not exceed the III water quality standard, separately 2.98 mg/L, 0.01 mg/L, 65.17 mg/L, 17.05 °C.
The Chla concentration threshold of CODyy,, CODc¢y, TN, Oils is 0.094 mg/L, 0.075 mg/L, 0.057 mg/L,
0.069 mg/L, respectively.
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Table 3. Chla and water quality parameter thresholds and relationships.

10 of 19

WQI FE R2 P EV (mg/L) WQS (mg/L) Mean(mg/L)  Threshold (mg/L)
Class III Class V

pH y = —0.0294x% + 0.5299x — 2.3019 0.08 0.04 8.86 6~9 8.89 0.086
DO y = —0.0015x> + 0.0315x — 0.0714 0.08 0.02 7.05 5 2 7.20 0.094
CODyn y = 0.0008x% — 0.0116x + 0.1173 0.10 0.09 9.70 6 15 9.81 0.075
COD¢;, y = 7E-05x? — 0.0096x + 0.3857 0.22 0.46 65.17 20 40 65.61 0.057
BODs y = —0.0007x> + 0.0156x + 0.0245 0.50 0.76 2.98 4 10 3.26 0.062
NH;-N y = 0.9721x% — 0.5243x + 0.145 0.08 0.09 0.25 1 2 0.28 0.074
TP y = —0.1397x% + 0.2756x + 0.0284 0.64 0.03 0.35 0.2 0.4 0.16 0.107
TN y = 0.0114x% — 0.0673x + 0.1693 0.52 0.07 2.25 1 2.37 0.069
Oils y = —5.8041x% + 0.9907x + 0.062 0.16 0.388 0.01 0.05 1 0.01 0.019
Transparency y = —0.1583x? + 0.1096x + 0.0641 0.10 0.11 0.50 - - 0.43 0.045
TIL y = 0.0004x? — 0.0564x + 1.8954 0.68 0.03 31.67 - - 33.49 0.092

Note: WQI: Water quality indicator; FE: Fitting equation; EV: Extreme value; WQS: Water quality standard.
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During the study period, the Chla concentration threshold was between 0.019 and 0.107 mg/L,
and the fluctuation of 0.088 mg/L. Among the four indices affecting Chla concentration, the threshold
value was between 0.062 and 0.107 mg/L, indicating that TP was most sensitive to the change of
Chla concentration, followed by TLI and BODs, respectively. Among them, the TLI is based on the
calculation of Chla, TP, TN, transparency, and CODyy,, so the perception of WT change has a certain
lag. The average water temperature in Dianchi Lake watershed from 1999 to 2017 was 18.02 °C, the
average water temperature in summer was 22.80 °C, the average water temperature from June to
September was 22.25 °C (close to the suitable temperature for cyanobacteria outbreak), and the average
water temperature from November to February was 12.97 °C. The highest value was 26.40 °C in
September 2006 and the lowest value was 9.20 °C in February 2007. The results show that the high
temperature zone is from June to September every year, the low temperature zone from November to
February, and the transparency period is October. There is a consistently obvious fluctuation period
of Chla concentration, and the highest value of Chla concentration is in the high temperature range.
The fluctuation of Chla concentration was the smallest in 2005, but there was still a fluctuation cycle
between July and February of the following year.

3.3. External Factors Changing Characteristics

Although the drainage area of Dianchi Lake accounts for only 0.78% of the province, it carries
80% and 25% of the economic output for Kunming and Yunnan, respectively. It is the most densely
populated and economically developed area in the Yunnan province, and its development rates
imposed huge environmental pressure to the lake. Due to its important geographic location and its
ecological strategic position, the national and local governments have invested abundant financial
resources in the pollution control of Dianchi Lake in recent years, which has reduced the pollution
levels in the lake. However, the pollution load of the lake water in Dianchi Lake watershed still
exceeds the carrying capacity of the lake’s aquatic environment. According to the characteristics
of the population, and economic development in different periods, Sheng et al. [46] divided the
50-year socio-economic development of Dianchi Lake watershed into the initial development stage
(1960-1990), the rapid development stage (1991-2000), and the industrial upgrading stage (2000-2010).
The socio-economic development characteristics in the initial development stage are associated mainly
with the high proportion of the employed population in the primary industry. Population growth in
the watershed depends mainly on the natural growth rate. During the 30 years from 1960 to 1990, the
average annual population and GDP growth rate in Dianchi Lake watershed was 13.3% and 2.0%,
respectively. In 1998, the GDP of the primary industry, secondary industry, tertiary industry was 913
million yuan, 4.187 billion yuan, and 1.593 billion yuan, respectively, and its structural proportion
was 13.2:63.7:23.1. The characteristics of socio-economic development in the rapid development stage
are mainly associated with a rapid increase in the floating population, which has led to rapid growth
of the watershed population. Such trend has in turn, accelerated a rapid growth of the watershed
economy and formed an industrial layout dominated by the tertiary industry and supplemented by the
secondary industry. During the 10 years from 1991 to 2000, with a rapid development of the Dianchi
Lake watershed economy, many employment opportunities were provided for the vast rural labor
force, which led to the migration of workers in the surrounding areas. The average annual growth rates
of the floating population and GDP were 5.4% and 19.4%, respectively. The characteristics of social
and economic development during the industrial upgrading phase included the expansion of the main
city of Kunming, the rapid urbanization in the watershed, the rise in population, and the adjustment of
the industrial structure in the watershed. Since the beginning of the 21st century, owing to the greater
environmental pressure, the population and economic growth rate in the Dianchi Lake watershed has
slowed down from phase 2 (fast development stage) to 14.4% and 1.6%, respectively. At the end of
2012, the GDP of Dianchi Lake watershed reached 237.8 billion yuan, the population of Dianchi Lake
watershed has been increasing, from 2.2 million in 2000 to 4.086 million in 2015, showing an increase of
1.84-fold. The urbanization rate of the watershed was 81%, and the average population density was
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more than 1200/km?2. The ratio of the three industrial structures was 1.7:42.4:55.9, which contributed
to the GDP of Dianchi Lake watershed, it is 0.62:42.33:57.05. The process and characteristics of the
changes in GDP and population in Dianchi Lake watershed are shown in Figure 3.
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Figure 3. The population, gross domestic product (GDP), and growth rate changing trend in Dianchi
Lake watershed. (a) Changing trend of population and GDP; (b) Changing trend of growth rate
and GDP.

The ISA not only as an indicator of the degree of urbanization, but also as an important indicator
for measuring the environmental quality of the watershed [47]. In recent years, with the rapid
development of urbanization process, the area of ISA in Dianchi Lake watershed has significantly
increased, which has led to a series of negative effects such as surface runoff growth, serious soil
erosion, and non-point source pollution [48]. It can be seen from the extraction map (Figure 4) that the
ISA of the Dianchi Lake watershed has undergone tremendous changes in the past 20 years. Since
1992, the ISA in the watershed has mainly concentrated in the main urban area of Kunming. While in
2013, the ISA is surrounding Dianchi Lake. Driven by urban development and construction policies
such as “southern extension and northern extension,” “one lake, four patches,” by 2017, Dianchi Lake
watershed has developed into four main urban areas (main city area of Kunming, main city area of
airport, main city area of Chenggong, main city area of Jinning).

+ 1993 2000

2013

Legend Legend Legend
0510 20 - Impervious surface - Impervious surface - Impervious surface
mm——Kilometers [l Permeable surface 9500 [l Pemeable surface 051020 B Perneable surface
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Figure 4. Impervious surface area (ISA) extraction map of Dianchi Lake watershed in 1993, 2000,
and 2013.
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3.4. External Factors Impact on Chla Concentration

The process of water pollution and eutrophication in Dianchi Lake is also accompanied by a
rapid economic and social development and the accumulation of population in Dianchi Lake. The
fundamental way to solve the problem of lake water pollution and eutrophication is to solve the
relationship between lake protection and the rapid economic and social development of the Dianchi
Lake watershed. With the intensification of anthropogenic activities and the rapid economic and social
developments in the Dianchi Lake watershed, Dianchi Lake environment protection and treatment are
still not optimistic. This study reveals the impact of anthropogenic activities on the water quality of the
lake by analyzing the correlation among Dianchi Lake watershed population, Dianchi Lake watershed
GDP, ISA, and civil vehicle ownership.

Civil vehicle ownership is a main indicator to measure economic development level in a country
or aregion [49,50], and the increase in the number of cars means that more roads and highways need to
be built, and increased roads and highways will lead to an increase in impervious surface area, which
will lead to deterioration of water quality [51,52]. On the other hand, the number of civil vehicles
reflects the intensity of regional human activities; the higher the human activities intensity in this
region, the greater the impact on urban lakes. There are lots of published papers demonstrating the
above results [53-55].

The correlation analysis results in Figure 5a show that the correlation between Chla concentration
and civil vehicle ownership (R = 0.412) was significant at 0.05. In the period of industrial upgrading
stage, the civil vehicle increasing rate accelerated, which means that more pollutants were created. The
same result as correlation analysis is obtained.
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Figure 5. The Chla concentration correlation with civil vehicle ownership and population. (a) The
relationship between Chla concentration and civil vehicle ownership; (b) The relationship between
Chla concentration and population.

Correlation analysis between Chla concentration and Dianchi Lake watershed population
(R = 0.404) was significant at 0.05, and the concentration of Chla in Dianchi Lake is closely related to
population in Dianchi Lake watershed (Figure 5b). Increasing population will create more consumption
and more pollutant.

Based on the analysis of the correlation between GDP and Chla concentration indexes in Dianchi
Lake watershed, the response of Chla of Dianchi Lake to economic development was revealed
(Figure 6a).
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Figure 6. The Chla concentration correlation with GDP and ISA. (a) The relationship between Chla
concentration and GDP; (b) The relationship between Chla concentration and ISA.

The results show the correlation between Chla concentration and Dianchi Lake watershed
population (R = 0.404) was significant at 0.05. With the increase of GDP in Dianchi Lake watershed in
recent 20 years, the concentration of Chla in Dianchi Lake shows an overall upward trend.

Through the correlation analysis between ISA and Chla concentration in Dianchi Lake watershed,
the correlation between Chla concentration and ISA (R = 0.696) was significant at 0.01 (Figure 6b). The
nutrient produced by ISA in urban areas will converge into lakes through surface runoff, which has a
direct impact on Chla in Dianchi Lake such as the bigger ISA density, the faster urbanization rate and
the higher Chla in Dianchi Lake.

3.5. Spatiotemporal Changing Characteristics of Chla

The spatial analysis results in Figure 7a show that the change from yellow to blue represents
the change of Chla concentration from low to high. The closer the color is to yellow, the lower the
Chla concentrates, and the closer to blue, the higher the chlorophyll a concentration is, in the range of
0-0.15 mg/L. From 2000 to 2017, the area with high Chla concentration of 0.1 mg/L was mainly located in
Caohai in the north of Dianchi Lake, followed by the area near Huiwan Bay, and the high concentration
area tended to move to the west. After 2016, the distribution of Chla with a concentration higher than
0.1 mg/L moved southwest, and the high concentration Chla coverage of the whole lake increased
sharply in 2006, 2010, 2013, 2016, and the coverage rate was as high as 30%. The Chla concentration
in Xishan area and tribute area with rapid urban development showed a significant increase. The
concentration of Chla in the Xishan and Chenggong districts, where the city developed rapidly, showed
a significant increase. The Dianchi Lake watershed is dominated by southwest winds throughout the
year. In the summer, the south and north areas of Dianchi Lake are also affected by southerly wind,
the west by easterly wind, the east by southeast wind, and the northeast by northeast wind; the wind
is obviously distributed toward the Chla concentration. Considering human environment, because
Kunming put forward the development strategy of “one lake, four pieces,” the urban layout of “one
core, five axes, three layers and many centers” and the urban development ideas of “south extension
and north extension” and “South Asia and Southeast Asia radiation center,” and the western, southern,
and eastern part of Dianchi Lake has become the core area of urban development, which has a great
impact on the water quality around Dianchi Lake.
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Figure 7. Spatial visualization results of Chla concentration in Dianchi Lake. (a) Distribution of Chla
concentration; (b) Percentage change of Chla concentration in Dianchi Lake.
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According to the water pollution prevention and control plan of Dianchi Lake watershed, we
break our study time window to 2001-2005, 2005-2010, 2010-2015, and 2015-2017. The percentage
difference was conducted for each series. Changes in 2001-2005 showed that the concentration of
Chla in the entire study area decreased by 0.025 mg/L, which significantly reduced concentration
in the central and west Guanyinshan, while they remained unchanged in south Dianchi and west
Haikou. With the continuous increase in population and improvement in living standards, the pollutant
emissions further increased, which caused significant pressure on the water environment of Dianchi
Lake (Figure 7b). This increase also increased the demand for water in Dianchi Lake watershed, and the
ecological service function of Dianchi Lake experienced tremendous pressure, the change from 2005 to
2010 showed that the concentration of Chla in the central and eastern Guanyin increased significantly,
increasing by 0.046 mg/L and 0.042 mg/L, respectively. This shows a shift from north to south and
then to the east, the changes between 2010 and 2015 indicate that areas with significant increases in
Chla concentration in the study area were mainly located in the Duanqgiao and west Haikou areas. The
areas of significant reduction were mainly in the southwest and east of Dianchi Lake, and the main
reason for the analysis was to prevent and control the water pollution in Dianchi Lake watershed.
After the changes occurring between 2015 and 2017, the concentration of Chla in Dianchi Lake has
been further improved, and its area has decreased by 81.86 km?. The concentrations of Chla in the
Duangiao, Luojiaying, Guanyinshan eastern, and Baiyukou areas were significantly reduced by 0.008
mg/L, 0.015 mg/L, 0.003 mg/L and 0.018 mg/L, respectively. In addition, the concentration of Chla in
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the northern and southwestern part of Dianchi Lake was significantly increased, with an overall trend
towards the southwest.

3.6. Limitations and Implications

This research selected Dianchi Lake and its watershed as research area. There are two limitations:
(1) Findings from the Dianchi lake may not apply to other kinds of lakes, such as natural lakes and
semi-urban lakes; (2) due to the limited number of monitoring stations, the model’s performance may
be affected to a certain degree. With the improvement of lake environment monitoring system, such
issue may be alleviated in the future.

We noticed that some relationship between water quality and Chla are an anomaly. Some water
quality parameters such as TP, TN, and BODjs far exceed Class V water quality standard, so the internal
and external factors impacting on these parameters may not follow normal regulation. We will pay
more attention to these issues in future research in order to explain these laws quantitively. Meanwhile,
we will pay more attention to the analysis of seasonal characteristics of Chla concentration in our
future research work.

Our research provided new insight into assessing lake water quality and predicting Chla
concentration. The method we proposed can be used to evaluate urban development, especially useful
in developing countries.

4. Conclusions

Based on water quality monitoring data from 2000 to 2017, this paper analyzes the spatiotemporal
changes of water quality and human activities intensity, and polynomial fitting and significance testing
methods were applied to obtain the relationship and threshold of Chla concentration with water quality
and human activities index. The results show that the concentrations of Chla, CODyg, and CODc,
are increasing, and pollutants migrate and diffuse from north to south. At the same time, the rapid
urbanization of the Dianchi Lake watershed is the main reason for the deterioration of the Dianchi
Lake water environment. Spatial analysis showed that the concentration of Chla in the southwest and
west of Dianchi Lake increased year by year. The area with high Chla concentration of 0.1 mg/L was
mainly located in the Caohai Lake in the north of Dianchi Lake, followed by the area near Huiwan Bay,
and the high concentration area.

Under the interaction and influence of a series of natural and human effect, such as construction
of wetland park and Niulanjiang water diversion project, Dianchi Lake still has class V water quality. It
is suggested that urbanization rate and quality are also important for Kunming city, rational planning
urbanization development is the key to protect and improve Dianchi Lake water environment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/24/7242/s1,
Figure S1: Trend of water quality parameters in Dianchi Lake.
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