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Abstract 

Understanding the evolution characteristics and driving mechanisms of 

eutrophic lake ecosystems, especially over long time scales, remains a 

challenge. Little research on lake ecosystem mutation has been conducted 

using long-term time series data. In this study, long-term water quality 

indicators, as well as ecological indexes, natural meteorological factors, 

and socio-economic indexes, were collected for Tai Lake to enable us to 

study the environmental evolution of the lake ecosystem. The key time 

nodes and early warning signals of the steady-state transformation of Tai 

Lake were also identified, which could provide a theoretical basis for 

early indication of the transformation of lake ecosystems. Furthermore, 

the characteristics and driving mechanism of the lake’s ecosystem 

evolution were analyzed based on the physical and chemical indexes of its 

sediments and its long-term water quality indexes. The results show that 
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the early warning signals (variance, autocorrelation, and skewness) of 

ecosystem mutation included abnormal changes 10 years before the 

steady-state change, and the evolution of Tai Lake was driven by the 

complex nonlinear effects of biological, physical, chemical, and 

socio-economic factors in the lake basin. These results have important 

theoretical and practical value for pollution control and the management 

of eutrophic lakes. 
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1. Introduction 

Lake ecosystems have a variety of ecological functions and have 

provided ecosystem services for humans for thousands of years. However, 

most lakes are experiencing serious ecosystem degradation, which directly 

leads to a loss of biodiversity and an imbalance in the ecosystem structure 

and function [1,2]. With the changing climate and increasingly intensive 

nature of human activity, multiple driving forces interacting with each 

other have exerted serious damage upon the global natural ecosystem. 

Therefore, it is important to predict sudden and nonlinear changes in the 

system [3,4,5,6]. Ecologists have long recognized that ecosystems can 

exist in one steady state and operate within a predictable range for a 

long period of time and then suddenly switch to another state [7,8,9,10]. 

For example, the desertification of grassland, the expansion of shrubs 

in the Arctic region, the eutrophication of lakes, the acidification of 

seawater, and the degradation of coral reefs are all real or potential 

ecosystem mutations that are indicated by tipping points or system 

thresholds and driven by one or more external driving forces, as well as 

the internal control variables of the system. This leads to changes in 

the structure, function, and dynamics of the system [11]. Many scientific 

studies have shown that the Earth’s system is currently developing along 

an unsustainable trajectory [12], with shallow lake ecosystems being 

relatively fragile. The lakes’ low pollution loading capacity and the 

vulnerability of their water–soil interfaces to external disturbances 

result in strong material exchange and instability. In addition, in 

shallow lakes located in areas with intense human activity, it is 

difficult to fundamentally control external discharge. When the cycle 

characteristics of the nutrients in lake sediments, the food web structure, 

and the aquatic environment in the lower layer of a lake are destroyed, 

changes in the hydrodynamic conditions and the physical and chemical 

properties of the surface sediments will form a harmful positive feedback 

loop, thus hindering the process of ecological restoration in the lake 

[13]. 
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Many studies have been conducted on the basic principles, driving 

mechanisms, statistical methods, and early indicators of steady-state 

transition in shallow lakes. Crawford S Holling (1973) studied the ability 

of ecosystems to respond to stress and proposed the term “resilience” 

to clarify the nonlinear characteristics of ecosystems to external stress 

[10]. Robert M May (1977) proposed the multistable state and threshold 

theory of ecosystems, pointing out that persistent external stress will 

weaken the resilience of an ecosystem and trigger a homeostatic transition 

[14]. Carpenter (2011) confirmed that methods such as experimental 

observation, statistical analysis, and model simulation can be used to 

identify the driving factors of the steady-state transition of lake 

ecosystems [15]. Wang Rong (2012) took Erhai Lake in Yunnan Province as 

an example to discuss the early warning signals of lake ecosystem mutation 

and revealed that under the strong interference of environmental change, 

the ecosystem state fluctuated frequently before the occurrence of 

steady-state transition; he termed this the “flickering” phenomenon 

[16]. However, due to the relatively scattered nature of the quantitative 

and long-term observation and research data, and the use of different 

research scales, key areas, research directions or starting points, and 

methods, his research conclusions were not completely consistent. 

Therefore, there is an urgent need for a long-term comprehensive analysis 

based on a large number of monitoring data. This paper takes the large, 

shallow Tai Lake as the key research object. We collected long-term 

ecological data and data on natural meteorological factors and the social 

economy, as well as other physical, chemical, biological, and 

comprehensive data, to explore the driving mechanism of water environment 

evolution. 

The continuous monitoring of the water environment in Tai Lake began 

in the 1980s when it first entered a eutrophication state. Therefore, in 

order to study the characteristics of ecosystem mutation in Tai Lake, 

monitoring data from before the 1980s are needed for analysis. There is 

insufficient research on the evolution characteristics of the lake water 

environment before the 1980s due to the lack of water quality monitoring 

data in the 1970s. However, based on the “amplification effect” of 

environmental information on lake sediments and the orderliness of time 

records, physical, chemical, and biological information from different 

historical periods can be obtained by studying lake sediments; moreover, 

the historical process of ecological environment changes in lakes can be 

indirectly obtained by analyzing this information. Among a series of 

lacustrine sediment indicators, paleoecological indicators have been 

widely used in the study of lake eco-environmental evolution, among which 

diatoms in sediments are especially suitable for the study of 

high-resolution environmental change events because of their short life 
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cycle, rapid reproduction, extreme sensitivity to environmental changes 

in water, and easy preservation in strata [17]. 

Therefore, in this paper, the evolution of diatom community structure 

in Tai Lake sediments was used to characterize the evolution process of 

Tai Lake and identify the key time nodes of steady-state transition. 

Furthermore, the characteristics of structural transformation and the 

driving mechanism during the steady-state transition were analyzed in 

order to provide a scientific basis for determining the steady-state 

transformation of large shallow lake ecosystems and management of the lake 

water environment [18,19,20]. 

2. Materials and Methods 

2.1. Study Area 

Tai Lake is the third largest freshwater lake in China [21] and is 

located near the Yangtze River Delta in a subtropical monsoon zone (Figure 

1). The catchment area is 36,500 km2, and the lake shoreline is 393.2 km 

long [22]. The average annual temperature and precipitation are between 

16.0 and 18.0 °C and 1100 and 1150 mm, respectively. The lake supplies 

humans with vital ecosystem services such as agricultural grain 

production, flood control, fish, tourist tours, shipping, etc. In 

addition, Tai Lake also acts as a repository for a large quantity of 

industrial and domestic sewage discharge from nearby cities, villages, 

and industries due to the rapidly growing economy [23]. 

 

Figure 1. Location of Tai Lake in China. 
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2.2. Data Source 

2.2.1. Physical and Chemical Indicators of the Water Environment 

In this study, water quality indexes such as total phosphorus [TP], 

total nitrogen [TN], ammonia nitrogen [NH3-N], chlorophyll [Chl-a], 5-day 

BOD [BOD5], chemical oxygen demand [COD], dissolved oxygen [DO], pH, water 

temperature [WT], and transparency [SD] were collected from Tai Lake from 

1980 to 2012 and sorted. Among them, water quality index data from 1980 

to 2000 were obtained from water environmental monitoring data 

(GEMS/Water) collected by the Global and Regional Environmental 

Monitoring Coordination Center under the United Nations Environment 

Program. Data from 2000 to 2012 were collected from the National Ecosystem 

Observation and Research Network (CNERN). Water quality monitoring data 

from 2012 to 2017 were obtained from literature published in related 

fields [24,25], China’s Environmental Status Bulletin of the Ministry 

of Environmental Protection, and the Tai Lake Health Report of the Taihu 

Basin Administration of the Ministry of Water Resources. 

2.2.2. Aquatic Ecological Indexes 

The aquatic ecological indicators were collected from the National 

Ecosystem Observation and Research Network 

(CNERN: http://www.cnern.org.cn/data/iitDRsearch?classcode=SYC_A01

 (access on 20 October 2022); it is important to note that the time range 

of the data may change over time) and the Tai Lake Health Report of the 

Tai Lake Network. The aquatic ecological indicators of Tai Lake in this 

study mainly include phytoplankton, zooplankton, benthic animals, 

macro-aquatic plants, and bacteria. The first principle component 

analysis (PCA1) results on the presence of algae in Tai Lake sediments 

were obtained from the literature [26]; the TOC (%), TN (%), and C/N data 

on sediments were obtained from the literature [27]; and data on the 

abundance of Bosimina spp were obtained from the literature [28]. 

2.2.3. Meteorological Factors 

Meteorological element data were collected from the National 

Ecosystem Observation and Research Network (CNERN) and provided by the 

Meteorological Data Room of the National Meteorological Information 

Center, China Meteorological Administration. These data included 

rainfall, wind speed, and temperature indicators. 

2.2.4. Hydrological Data 

https://www.mdpi.com/2073-4441/15/6/1245/htm#B24-water-15-01245
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The data on hydrological elements (which mainly refer to water level) 

were collected from the National Ecosystem Observation and Research 

Network (CNERN), and daily water level data were recorded at five water 

stations in the Tai Lake area: Wangting, Dapukou, Jiapu, Xiaomeikou, and 

Dongting, Xishan. 

2.2.5. Socio-Economic Indicators 

Data on China’s annual grain production and fertilizer use from 1960 

to 2013 were downloaded 

from: http://www.earthpolicy.org/data_center/C24.html (access on 20 

October 2022). 

2.3. Data Analysis and Processing 

In this paper, STARS (Sequential T-test Algorithm for Analyzing), 

proposed by Rodionov [29], was used to analyze the statistical mutation 

of the mean level and amplitude of fluctuation of the evolution of the 

diatom community structure PCA1, and the abundance of the clean-tolerant 

species Bosmina, using a 10-year cutoff length (p < 0.01). The 

abundance of PCA1 and Bosmina spp in the sediments was calculated using 

Z-scores, which further supported the detection results regarding the 

mutation point of the lake ecosystem. Gaussian kernel density estimation 

of the PCA1 time series was conducted using R software to obtain a bimodal 

curve, which confirmed the existence of bistability in the ecosystem. 

Furthermore, an Autoregressive Integrated Moving Average (ARIMA (p, d, 

q)) model of the time series before PCA1 mutation was fitted using R 

software using the Stats program package, which was downloaded 

from http://www.r-project.org/ (access on 20 October 2022). Based on 

the minimum value of the Akaike Information Criterion (AIC), the optimal 

model was selected to predict the evolution process of the PCA1 time series 

from 1850 to 1960, and the predicted values were compared with the actual 

observed values. In addition, single exponential smoothing was conducted 

using Minitab software to detrend the PCA1 time series and lake sediments 

before the mutation. Then, the first-order lag autocorrelation 

coefficient, standard deviation, and skewness were calculated based on 

the detrended residuals with a 4-year moving window to assess changes in 

the elasticity of the lake ecosystem. Furthermore, SPSS statistical 

software was used to create a simple regression model and a multiple linear 

regression model and to verify the hypothesis that non-stationary driving 

factors lead to changes in the ecosystem. 

3. Results and Discussion 

http://www.earthpolicy.org/data_center/C24.html
https://www.mdpi.com/2073-4441/15/6/1245/htm#B29-water-15-01245
http://www.r-project.org/
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3.1. Historical Records of Response Variables and Environmental Driving Factors in the 

Sediment of the Tai Lake Ecosystem 

Continuous monitoring of the water environment in Tai Lake began in 

the 1980s, and during this time, the understanding of water environment 

evolution was insufficient. In view of the “amplification” effect of 

environmental information on sediments, spatial statistical 

representativeness, and chronological orderliness, this paper analyzes 

the evolution processes of the sedimentary environment and anthropogenic 

pollution in Tai Lake by combining geochemical records of sedimentary 

cores with dating data. Based on this analysis, we were able to reconstruct 

and analyze the historical evolution of the water environment in Tai Lake. 

The time series of the abundance of the diatom community PCA1 showed a 

downward trend from around 1960, with a sharp decline in 1970 (Figure 2a). 

The abundance of Bosmina spp increased 1.3-fold from the 1950s to the 

1970s and began to decrease rapidly in the 1970s; following this, the 

abundance of Bosmina spp in the sediments decreased sharply and nearly 

disappeared in the 2000s, which indicates that the water environment of 

Tai Lake deteriorated quickly from the 1970s (Figure 2b). Furthermore, 

the amount of TOC in the sediments of Tai Lake increased rapidly from 1970 

to 2000 and nearly doubled. Meanwhile, the content of TN increased slowly 

from 1950 to 1970 and then decreased by 5% from 1970 to 1979, followed 

by a rapid increase of 10% from 1979 to 2000 (Figure 2c); this is consistent 

with the strengthening of agricultural economic activity in the Tai Lake 

basin and indicates that the extensive application of farmland 

fertilizers is an important contributor to the total nitrogen in lake 

sediments [22]. Since the 1970s, the nutrient contents in the sediments 

of Tai Lake have increased rapidly, and the quality of the water 

environment has deteriorated remarkably. In addition, since 1970, the C/N 

ratio in the sediment has also increased significantly (Figure 2d); 

combined with the variation in TOC and TN, this indicates that before the 

1970s, the carbon and nitrogen cycles were in a balanced state, and 

occurred mainly in the internal cycle of the system. During this time, 

the trophic status of the lake was still within the threshold before the 

occurrence of its mutation. After the 1970s, with the significant increase 

in the proportion of exogenous organic matter in the lake sediments, the 

balance of carbon and nitrogen was disturbed, and Tai Lake gradually 

became eutrophic. 

https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f002
https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f002
https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f002
https://www.mdpi.com/2073-4441/15/6/1245/htm#B22-water-15-01245
https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f002
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Figure 2. Historical records of lake sediment-based aquatic system 

response variables (The dotted box represents tipping points of the lake 

sediment-based aquatic system response variables). (a) Silicon alga 

composition in sediment; (b) density of Bosmina spp. species in 

sediment; (c) TN and TOC in sediment(%); (d) C/N in sediment. 

From 1951 to 1970, historical records of natural driving factors in 

the Tai Lake basin show that the temperature and rainfall decreased from 

15.1 °C and 1650 mm to 14.9 °C and 970 mm, respectively (Figure 3a), 

while from 1970 to 2017, the temperature and rainfall increased 

significantly (p < 0.01). Since 1970, the 2-min average wind speed, which 

can affect the chemical and biological processes in Tai Lake, has 

decreased year by year (from 3.1 m/s to 1.72 m/s in 2018) (Figure 3b). 

With wind speed gradually decreasing, vertical disturbance in the lake 

has gradually weakened, which has slowed the increase in nutrients in the 

water body, thus alleviating the eutrophication process. In addition, the 

lake water level decreased from 3.58 m in 1954 to 3.1 m in 1970 and then 

gradually increased (Figure 3b) to 3.58 m in 2016. Furthermore, the annual 

https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f003
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average grain output and fertilizer use in China has increased rapidly 

since 1970. By 2011, fertilizer use had increased 49.5-fold (Figure 3c), 

and by 2013, grain output had increased 4.42-fold. The intensive 

development of agriculture has led to the discharge of a large number of 

nutrients into the lake, thus causing continuous deterioration of its 

environment. 

 

Figure 3. Historical records of environmental drivers during the period 

1840–2017 (The dotted box represents tipping points of the lake 

sediment-based aquatic system response variables). (a) Temperature; (b) 

water level and wind speed; (c) grain production and fertilizer. 

3.2. Detection and Evidence of Mutation in the Tai Lake Ecosystem 

Based on the comprehensive analysis of sediment data, water level, 

meteorology, and other natural factors in the Tai Lake basin (Figure 

2 and Figure 3), we can deduce that the algal community structure 

changed significantly after the 1970s. The exogenously driven historical 

https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f003
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https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f003
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record (the 1950s) shows that the structural evolution of the algal 

community, which began in the 1960s, has changed in line with the nutrient 

loading of the lake due to agricultural intensification, which is a 

slow-driving variable that takes effect over decades (Figure 3c). In 

addition, the rapid driving variables, comprising the short-term 

regulation of lake water levels and short-term water volume changes caused 

by low rainfall from 1950 to 1970, have jointly triggered the 

transformation of the Tai Lake ecosystem. With an increased nutrient 

concentration in the lake (Figure 2c), its productivity is increased, and 

the dissolved oxygen in the water body is decreased; this results in the 

release of bioavailable phosphorus into the water body of Tai Lake from 

its upper sediments, which further aggravates eutrophication [30]. 

Although the water level of Tai Lake increased in 1980 (Figure 3b), the 

diatom community did not show signs of recovery until 1998 due to the 

occurrence of positive feedback in the eutrophication process. 

The results of STARS mutation detection show that there was a downward 

mutation in the PCA1 time series in 1974 (Figure 4a). In order to further 

prove the existence of the mutation point, a set of autoregressive 

integrated moving average (ARIMA (p, d, q)) models were fitted using the 

Stats package of R software, where p is the autoregressive (AR) order, 

q is the moving average (MA) order, and d is the differential part of the 

1850–1960 PCA1 time series. Based on the minimum Akaike information 

criterion (AIC), the evolution process of the PCA1 time series from 1970 

to 2000 was predicted, and ARIMA (1,1,2) was selected as the optimal model 

for the PCA1 time series (Table 1). The predicted values for 1970–2000 

(red lines represent 95% confidence intervals), observed values (solid 

black lines), and predicted values (circles) are significantly different 

within the 95% probability level (Figure 4b); this indicates that the 

abrupt change observed in the 1970s cannot be predicted by a linear model, 

further proving the existence of an ecosystem break point. Furthermore, 

the value of PCA1 decreases dramatically from about 0.9 to −0.9 (Figure 

4a). Compared with Figure 4b, it can be seen that in the absence of strong 

external interference, the value should have been within the predicted 

range instead of the mutation range. In addition, the probability density 

function (Gaussian kernel density estimate) from 1850 to 2000 indicates 

the existence of bistability in the ecosystem, with short vertical bars 

indicating the density of individual points (Figure 4b). This indicates 

that the ecosystem of Tai Lake has undergone dramatic mutation in the past 

150 years, with a significant increase in eutrophic planktonic diatoms 

in its sediments [26] and a rapid decrease in the clean-tolerant 

species Bosmina spp. (Figure 4c). Overall, these results indicate that 

the ecosystem of Tai Lake underwent large-scale mutation and rapid 

reorganization in the 1970s. 

https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f003
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https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f004
https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f004
https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f004
https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f004
https://www.mdpi.com/2073-4441/15/6/1245/htm#B26-water-15-01245
https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f004
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Figure 4. Evidence of bistability and regime shift in time series of 

PCA1. 

Table 1. The selection details of the ARIMA (1,1,2) model of PCA1, 

including model type (AR and MA), coefficient, standard deviation of 

coefficient, T-test statistic, and probability level (P). 

 

In addition, the PCA1 and Bosmina spp. data were normalized based 

on their means and standard deviation using the function Z-score (X) in 

MATLAB software. The obtained Z-score values indicate the variability of 

the PCA1 and Bosmina spp. time series data. Before the 1970s, the 

Z-score value fluctuates within a relatively low range of one standard 

deviation, and a sudden jump occurs in the 1970s, exceeding the range of 

one standard deviation, indicating that the state of the Tai Lake 

ecosystem suddenly changed in the 1970s (Figure 5). 

https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f005
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Figure 5. Z-scores of Bosmina spp. species and PCA1. (a) Z-score 

of Bosmina spp.; (b) Z-score of PCA1. 

In 1960, the transparency of Tai Lake was 1.57 m, which decreased to 

0.45 m in 1980. At the same time, the area covered by submerged macrophytes 

decreased from 252 km2 to 146 km2, while the chlorophyll concentration 

increased from 0.003 mg/L to 0.004 mg/L. Meanwhile, COD content increased 

from 1.9 mg/L to 2.83 mg/L. This shows that in 1960, the water quality 

of Tai Lake was good, the ecological environment was not affected by 

large-scale external stress, and the water environment was still 

undergoing natural evolution. By 1980, water quality monitoring results 

showed that Tai Lake had entered a stable state of eutrophication (Figure 

6). This indicates that the water environment of Tai Lake underwent a 

steady-state transition during the 1970s, changing from a natural 

evolution state to a disordered state. By 1980, the ecosystem of Tai Lake 

had completed its steady-state transition (Figure 6). 
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Figure 6. Time series of water quality indicators between 1960 and 

2011~2017 in Tai Lake (The dotted box was used to highlight 1960, and the 

blue and green lines were used to mark time nodes of water environment 

change). (a) Total nitrogen and total phosphorous; (b) chemical oxygen 

demand and biological oxygen demand; (c) dissolved oxygen and 

transparency; (d) chla, ratio of nitrogen to phosphorous; (e) 

phytoplankton and submerged plants. 

In order to further exclude the possibility of PCA1 time series 

mutation caused by non-stationary external stress, a regression model was 

used to test our hypothesis. The results of the multiple linear regression 

analysis for 1950–2000 (including the potential mutation point of the 

1970s) (Table 2) show that rainfall, temperature, wind speed, fertilizer, 

water level, and grain yield do not provide a clear explanation for the 

changes in linear relationships with the PCA1 time series (none were 

significant at a probability level of p ≤ 0.05). In our simple linear 

regression model (Table 2), only wind speed, fertilizer, and grain yield 

showed significant statistical significance, but the relationship 

https://www.mdpi.com/2073-4441/15/6/1245/htm#table_body_display_water-15-01245-t002
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between wind speed and PCA1 was a counterintuitive negative correlation, 

which was difficult to explain using a simple causal relationship. 

Therefore, the mutation of the Tai Lake ecosystem could be a critical 

transition phenomenon caused by a series of complex nonlinear 

interactions, internal and external feedback of the ecosystem, and 

internal threshold crossing. 

Table 2. A simple, multivariate regression analysis of potential 

external drivers (rainfall, air temperature, wind speed, fertilizer, 

water level, and crop production) and algal response (PCA1) in the Tai 

Lake ecosystem from 1950 to 2000. 

 

3.3. Extraction of Potential Early Warning Signals of Ecosystem Mutation 

R software and Minitab software were adopted to perform Gaussian 

kernel density estimation and trend decomposition to obtain the residuals 

of the PCA1 time series (Figure 7b), and the red line represents the smooth 

curve fitted after the time series before the mutation point was detrended 

(Figure 7a). The first-order autocorrelation coefficient 

(lag1-autocorrelation), standard deviation (SD), and skewness (skew) of 

the residuals were calculated using a semi-time series sliding window, 

and the early warning signal of ecosystem mutation was extracted. The 

results show that the first-order autocorrelation coefficient and 

standard deviation of the PCA1 time series residuals have increased 

significantly since 1960, and the skewness has decreased since 1960. 

Compared with the mutation that occurred in the 1970s, the change in the 

trend of warning signals occurred about 10 years earlier, in 1960. 

Previous studies have found that the responses of shallow lake ecosystems 

to stress drivers will change suddenly with changes or increases in 

disturbance intensity, which will lead to a series of changes in the 

structure or function of the ecosystem, that is, the homeostatic 

transition of the ecosystem [7,31]. The results of the PCA1 long-time 

series analysis of the diatom community structure in the sediments of Tai 

Lake show that the standard deviation, autocorrelation coefficient, and 

skewness of the Tai Lake ecosystem increased significantly about 10 years 

before the threshold point of steady-state transition in the 1970s. 

Previous studies have shown that when driven or stressed by the external 

environment, the rate of change of a dynamic system will slow down when 

the tipping point is approached, and in an ecosystem, the autocorrelation 

of the system will increase in the short term [31,32]. Scheffer et al. 

studied changes in the characteristics of the variable autocorrelation 

https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f007
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coefficient in the transition of a lake from an oligotrophic state to a 

eutrophic state and found that the autocorrelation of variables was 

significantly enhanced before the steady-state transition of the lake 

ecosystem [31]. Owing to the increasing intensity of external stress 

factors, the number of species showed an obvious downward trend. In this 

process, the autocorrelation of statistics that indicate the number of 

species was significantly enhanced, suggesting that the enhancement of 

the autocorrelation of a large number of statistics can be used for early 

indication of the steady-state transition of ecosystems [31,33]. This is 

consistent with this study’s conclusion that the system autocorrelation 

of Tai Lake was enhanced 10 years before the tipping point in the 1970s. 

This indicates that the change rate of the ecosystem in Tai Lake gradually 

slowed down 10 years before the threshold mutation occurred under the 

influence of external interference. Therefore, the long-term monitoring 

data of Tai Lake can be used for analysis; moreover, the autocorrelation 

coefficient of the system state residual can be extracted so as to provide 

an early indication of the threshold mutation of the ecosystem and 

determine the time node of steady-state transition. 
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Figure 7. Potential early warning signals of a regime shift in the 

lake’s trophic state for PCA time series. (a) PCA1 scores of sediment 

diatom composition (derived from Figure 2) (The red line is the Minitab 

curve after filtering out the slow trend, and the arrow indicates the width 

of the moving window used to calculate the warning signal); (b) residuals 

of PCA1 (the gray line indicates zero); (c) lag-autocorrelation of (b); 

(d) SD of (b); (e) skewness of (b) (the solid gray vertical line indicates 

the 1970s). 

Secondly, the early warning signals extracted in this study also 

include an increase in the standard deviation of the residuals. Carpenter 

(2011) successfully obtained advanced warning of a sudden change in the 

food web of an ecosystem by introducing competitive predators to destroy 

the food web of the aquatic ecosystem and analyzing significant changes 

in statistical data, such as a sudden increase in standard deviation or 

a sudden decrease in recovery rate. It was proven that a regular change 

in long-term time series data can be used to judge the occurrence of 

steady-state transition in an ecosystem [15]. When Scheffer (2007) 

studied the community structure of aquatic plants in shallow lakes, he 

simulated a “large aquatic plant quantity model” over a long time scale 

and analyzed the change of the systems upon approaching the mutation point 

of a multi-stable curve and found that the variance increased 

significantly [34]. The above results are consistent with those of the 

Tai Lake ecosystem in this paper, which show a significant increase in 

variance 10 years before approaching the threshold point of the 

multistable system. As a result of the strong evidence of exogenous 

driving forces (Figure 2 and Figure 3), we can reject the hypothesis 

that the increase in variance is explained by internal noise generated 

only by internal changes in the ecosystem. Thus, the rising variance is 

most likely indicative of a phenomenon caused by multiple exogenously 

driven interactions and transitions across thresholds within the 

ecosystem that amplify the system response. 

In addition, in the field of ecosystem steady-state transitions, 

sudden changes in the skewness of statistical data can be used to 

accurately indicate whether the symmetry of the target long-term time 

series data has changed [35]. It has been confirmed that when the system 

is close to the threshold point where the mutation is about to occur, the 

nonlinear influence of a large number of external stress factors is 

gradually strengthened, which leads to an increasing trend of asymmetry 

in the statistical data density distribution. Therefore, the gradual 

strengthening of the law of asymmetry of statistical data can be used to 

identify the occurrence of steady-state transition in the system. Thus, 

through the research and analysis of long-term time series data of an 

ecosystem, if it is confirmed that the skewness of the statistical data 

curve has a sudden change, it can be predicted that the system will cross 

https://www.mdpi.com/2073-4441/15/6/1245/htm#fig_body_display_water-15-01245-f002
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the mutation point of the steady-state transition, and then, transform 

to other steady states. Guttal (2008) regarded the oligotrophic and 

eutrophic states of a lake as two stable states of an ecosystem [36]. Our 

research results show that in the process of the system approaching the 

threshold point of the multistable curve, with the increasing intensity 

of external interference, the symmetry of the curve describing the system 

state variables decreased significantly, and the skewness value of 

statistical data changed abruptly. This trend appeared 10 years before 

the steady-state transition of the lake ecosystem, which confirmed that 

the sudden change in skewness could be used as an important early indicator 

of lake eutrophication. The results of this study show that the skewness 

of residuals has become increasingly left-aligned since 1960 (the 

absolute value of the negative number has become increasingly larger), 

and this appeared 10 years before the steady-state transition of the Tai 

Lake ecosystem; this is consistent with Guttal’s results [36]. Therefore, 

the feasibility of developing an early warning system for lake ecosystem 

eutrophication based on the increased skewness of statistical data is 

further verified. 

At present, the driving mechanisms for the steady-state transition 

of lake ecosystems are mainly divided into six types [37], and the 

characteristics of external force and the nature of random disturbance 

in the ecosystem determine the type of steady-state transition and whether 

it can be identified [38]. Whether or not the warning factor for 

steady-state transition is effective can determine the type of mechanism 

that drives steady-state transition. In our study, external environmental 

driving forces, such as climate and nutrient load, slowly pushed the 

ecosystem to the threshold of steady-state transition, which represents 

a typical slow environmental driving mechanism (Figure 8). Therefore, the 

potential early warning signals (variance, first-order, autocorrelation, 

and skewness) extracted in this paper were generated by the slow 

environmental driving mechanism and the reorganization and feedback of 

the lake’s internal system [39]. These factors can be identified and used 

for the early identification of water bloom in Tai Lake, with an early 

warning time scale of as long as 10 years. 
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Figure 8. The mechanism of driving forces for regime shift in Tai Lake 

(the dotted line represents the time range of ecosystem mutation). 

3.4. Dynamic Change Process of the Socio-Lake System 

Ecosystems can be driven by sudden environmental events or by slowly 

changing environmental variables that cause internal reorganization and 

feedback [30,40,41]. The research in this paper shows that the degradation 

of the Tai Lake ecosystem has experienced three different stages 

corresponding to different climate–socioeconomic regimes in the last two 

centuries (Figure 9). Before the 1960s, the ecosystem of Tai Lake was in 

an oligotrophic state (Figure 6), and the lake ecosystem maintained a 

relatively stable state, which can be seen from the relatively stable 

natural variability of the PCA1 time series (Figure 5). Although human 

beings began long-term reclamation and development of the Tai Lake basin 

thousands of years ago, due to the limitations of farming technology and 

the sparse population density [42], this reclamation was limited to a 

local area of the Tai Lake basin; thus, the impact of human activity was 

much smaller than that of modern society. Therefore, during this period, 

the ecosystem maintained a high recovery capacity after external 

disturbance, that is, it had high system elasticity (upper part of Figure 
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9), which enabled the maintenance of an ecological balance between the 

lake ecosystem and human disturbance. 

 
Figure 9. A time axis of multiple cumulative driving factors in the Tai 

Lake basin (the bottom figure) over the past 60 years, which have led to 

degradation of the ecosystem and reduced its resilience (the top figure). 

The three ellipses of different colors represent the different 

development stages of the Lake Tai ecosystem, representing the 

oligotrophic stage (before 1960S), the disordered mutation stage (1960–

1980), and the eutrophication stage (1980–2010). 

However, after 1960, the balance between the ecosystem of Tai Lake 

and the social system surrounding the basin has gradually been broken. 

The pressure of population growth and the increasing demand for food has 

led to an increase in the intensity of agricultural activity in the Tai 

Lake basin, such as the Great Leap Forward in 1958–1961 and the People’s 

Commune Movement in 1958–1982 [40], which were marked by large-scale 

wetland reclamation and a campaign to build farmland around the lake. As 

a result, the lake area has shrunk, and nutrients have been discharged 

into the lake. At the same time, the water level of Tai Lake declined from 

1965 to 1970, which further aggravated the degradation of the ecological 

environment. In the 1970s, fluctuation in the environmental, chemical, 

and physical processes of Tai Lake led to significant changes in its 

species composition (Figure 7a) and food web structure. The system 

elasticity continuously decreased, and steady-state mutation of the 
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ecosystem from an oligotrophic state to a eutrophic state occurred (upper 

part of Figure 9). 

Since the 1980s, with the deepening of the reform and opening-up 

policy, the impact of human activity on the ecosystem of Tai Lake has 

increased exponentially. In 2010, the urbanization rate of the Tai Lake 

basin in Jiangsu Province reached 67.9% [42]. Large-scale and 

high-intensity human socio-economic activity has greatly accelerated the 

eutrophication process of Tai Lake [43,44]. With the development of 

society, people obtain increasing amounts of natural resources from lakes, 

which leads to problems such as overfishing, the extensive use of chemical 

fertilizers and pesticides, and the excessive excavation of sediment. 

Meanwhile, the temperature of the Tai Lake basin keeps rising (Figure 3), 

which further aggravates the ecological and environmental effects of 

pollution and overfishing, such as the outbreak of cyanobacteria in Tai 

Lake in 2007 and the “black water mass” event in 2008, both of which 

were extreme ecological disasters caused by the synergistic effects of 

external driving factors. Under these conditions, the response of the Tai 

Lake ecosystem has been much greater than if it were under the influence 

of a single external driving force. In addition, there is a positive 

feedback loop of interaction and mutual reinforcement between the 

development of the Tai Lake ecosystem and its social system, which further 

accelerates the lack of elastic resilience of the Tai Lake ecosystem. For 

example, a decline in the fishing rate in Tai Lake would lead to the 

strengthening of fishing activity, and a long-term decline in fishing 

would stimulate the economic value of rare goods, which would lead to a 

further increase in fishing activity. Under the strong influence of social 

activity [45] and the positive feedback loop of the ecosystem, we believe 

that after the 1980s, the external stress exerted on the Tai Lake ecosystem 

exceeded the elastic adjustment ability of the system itself, which has 

led to great changes in the composition, structure, and function of its 

species (Figure 10). 
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Figure 10. The figure describes the occurrence of eutrophication (Figure 

6) after the 1980s. At this time, a positive feedback loop (dotted ellipse) 

of phosphorus in the sediments circulating in the lake water was firmly 

established. The figure shows the diversity and interconnectivity of the 

main external drivers (bold) of the algal community in Lake Tai, with 

typical relationships (positive and negative) shown for major 

interactions. This figure is modified from Wang et al., 2012 [16]. 

4. Conclusions 

Our study offers new insight into research on lake ecosystems. In this 

research, the sediment environmental index and water quality monitoring 

data were used to analyze the abrupt change in the Tai Lake ecosystem, 

which successfully fills the research gap caused by the lack of 

environmental monitoring records for Tai Lake in the 1970s. 

In order to further understand the evolutionary process and driving 

mechanism of the Tai Lake ecosystem, we considered the evolutionary 

process of diatom community structure in the sediments to represent the 

evolutionary process of Tai Lake. Time series with long time scales were 
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used for inversion, and early indications (variance, autocorrelation, and 

skewness) of ecosystem mutation showed the occurrence of abnormal changes 

ten years before the steady-state transition; moreover, we found that the 

evolution of the Tai Lake ecosystem is driven by complex nonlinear 

interactions between biophysical, ecological and socio-economic factors. 

In addition, this study also shows that the evolution of the 

ecological structure of the diatom community in the Tai Lake ecosystem 

is driven by complex interactions between biophysics, ecology, and the 

social economy. Therefore, in the processes of protecting and restoring 

a lake’s ecological environments, the tipping point and threshold of 

ecosystem mutation should be included in their management; moreover, on 

this basis, the driving forces of the further collapse of lake ecosystems 

should be studied in depth. 
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