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Abstract: Health assessment and risk factor identification represent the premise and foundation of
scientific management and ecological restoration of urban lakes. Based on in-depth understanding
of the nature–society duality of urban lakes, a framework for evaluating urban lake health was
constructed, including four modules, namely, establishing an index system; determining the index
weight; identifying risk factors; and a comprehensive lake health evaluation. Employing this
framework, we evaluated Lianshi Lake, Beijing, classifying the lake condition as “sub-healthy”. Based
on the evaluation data, we identified the health risk factors of the lake. We applied standard difference
rate (SDR) and risk degree (Rd) (safe degree (Sd)) concepts, and classified the indices of risk areas
employing the Pareto analysis method. Finally, we identified the lake residence period, landscape
connectivity, and eutrophication as the major risk factors in Lianshi Lake. Three factors constitute
the basis of ecosystem health and are key targets of ecological restoration: the lake residence period
represents the hydrological and hydrodynamic characteristics of the lake; landscape connectivity is
described from an ecological perspective, and represents the integrity of the lake ecosystem; and the
eutrophication states describe the water quality characteristics and represent the availability of lake
water. The results contribute to decision-making for comprehensive urban lake management.

Keywords: urban lake; lake health assessment; coupling model; lake risk factor; Lianshi Lake

1. Introduction

Lake ecosystems have various service functions, including natural resources and living
environments for people [1,2]. However, unprecedented increases in the urban population worldwide
have accelerated and intensified the degradation of urban lake water ecosystems [3]. Accordingly,
the ecological health of lakes has attracted the attention of local [4–6] and international experts because
of the important implications for both natural and social systems [7,8].

Lake health assessment can advance our understanding of the health status of lakes and contribute
to strengthening the protection and management of lakes. The key to evaluating the health status
of lakes is to select the most appropriate evaluation method [9–11]. Initially, ecosystem health was
assessed using specific species as indicators; however, these single indicators were found to be very
limited in terms of ecosystem integrity [12]. Since the 1980s, a series of indicators and methods for
the comprehensive health assessment of lake ecosystems has been proposed in order to improve our
understanding of the health status of lakes.
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A number of holistic indicators have been proposed and discussed in the literature, including
the gross ecosystem product (GEP) proposed by Hannon [13]; the index of biotic integrity (IBI)
proposed by Karr et al. [14]; ecosystem risk indicators proposed by Rapport et al. [15]; the index
of network ascendancy proposed by Ulanowicz et al. [16]; overall system health index proposed
by Costanza et al. [17]; and eco-exergy, structural eco-exergy, and buffer capacity proposed by
Jørgensen et al. [18,19]. However, a single indicator can only represent a certain aspect of the health
status. For the health evaluation of the whole lake, it is necessary to couple multiple indices for a
simultaneous comprehensive evaluation.

Several comprehensive evaluation methods and models have been proposed in recent years.
Xu et al. [20,21] proposed a series of comprehensive ecological evaluation indices, and two methods—the
ecological modelling method (EMM) and direct measurement method (DMM)—were applied for
the evaluation of Chaohu Lake, southeast China. The ecosystem health index methodology (EHIM)
proposed by Xu et al. [22] was applied to the evaluation of 30 Italian lakes. Zeng et al. [23] established
an energy-based comprehensive evaluation index system and conducted a spatial–temporal health
evaluation of Baiyangdian Lake, north China. Xu et al. [24] suggested that eco-energy and structural
eco-energy are robust indicators for evaluating the ecosystem health of vegetation-dominated lakes,
and carried out a health evaluation of Baiyangdian Lake. Petesse et al. [25] conducted a study on the
selection of reference lakes and investigated the adaptability of the multi-metric index of fish biological
integrity in six lakes of the Amazon floodplains.

Nevertheless, these evaluation systems have been mainly applied to natural lakes, resulting
in a lack of research on evaluation indices and systems applicable to urban lakes. The selection of
evaluation parameters and indicators for natural lakes often ignores social factors. Therefore, in the
case of urban lakes, with their attendant nature–society duality, the suitability of such parameters and
indicators is poor [26].

To comprehensively evaluate the health level of urban lakes from both natural and social
perspectives, it is necessary to develop evaluation models and methods that conform to both social
needs and ecosystem integrity [27]. Such models and methods can be used to evaluate the health of
urban lakes and, as the risk factors affecting lake health are identified locally, a basis can be constructed
for the establishment of urban lake development and management strategies.

In view of the above, our study proposes an evaluation framework that meets the health concept of
urban lakes and reflects both the integrity of the ecosystem and the social needs of people. This concept
of duality (nature and society) is reflected in the entire evaluation process which has the following
characteristics: (1) Overall optimization of system indices, which include natural and social indices,
with the index group optimized according to the category of the urban lake; (2) the weight of the
index’s influence, with index weights employed to quantify the importance of factors in the entire
ecosystem; and (3) the precision of risk factor identification, i.e., accurate determination of the risk
factors that influence the health of a lake, based on the lake ecosystem health assessment.

The purpose of this study was to develop a framework model for lake health evaluation, taking
into account the nature–society duality of urban lakes and establish evaluation criteria for different
types of urban lakes.

2. Materials and Methods

2.1. Study Region

The Yongding River is one of the four major flood control rivers in China. It is the largest river in
the Haihe River system, occupying a total area of 47,000 km2 (Figure 1). The river basin in Beijing covers
an area of approximately 3200 km2, and the Beijing section of the river is 170 km long. This river has
been mainly used as a flood channel in Beijing, and the ecological conservation and urban landscape of
the river have been neglected to some extent [28]. Consequently, the ecological environment along
this river and its banks has been deteriorating, detrimentally affecting its image as the “mother river”



Water 2020, 12, 1428 3 of 20

of Beijing [29]. The Yongding River is an ecological link to the southwest region and an important
ecological corridor in Beijing. Therefore, urgent measures are required to enhance the management of
the river and improve the quality of the urban ecological environment, with a view to accelerate the
transformation of the city of Beijing as an international, liveable city.
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Lianshi Lake is an important artificial lake, located at the junction of the Shijingshan, Mentougou,
and Fengtai districts in Beijing. The lake, built on the former Yongding River bank, is 3.4 km long,
an average of 300 m wide and 1.5 m deep, and covers an area of 106 ha. Lianshi Lake is a key link
between the Mencheng Lake in the upriver and the Yuanbo Lake downstream in the urban section of
the Yongding River.

We obtained the ecological data used in this study mainly from the water ecological experiment of
Lianshi Lake, and hydrology and water quality data pertaining to the Yongding River. The economic
and social data were mainly obtained from the Statistical Yearbook of Beijing 2018 as well as
field investigations.

2.2. Water Ecological Experiment

We designed a water ecological experiment in Lianshi Lake to evaluate its health status and the
influence of its upstream inflow. In the preparation stage, six sampling sites were established in the
representative area of the main lake area, referred to as LSH-1, LSH-2, LSH-3, LSH-4, LSH-5, and LSH-6
(Figure 1). Physical, chemical, biological, and habitat data were monitored at these sampling sites.

The monitoring tests were designed to determine various aspects of the health of the lake, such as 1)
the degree of eutrophication at different locations; 2) the correlations between the physical and chemical
indices at different sampling points; and 3) the growth patterns of plankton and aquatic plants. As the
degree of eutrophication at different locations in lakes can differ because of a sluggish water body, we
compared the plankton index values of the different sampling points and processed the data required
for the health evaluation based on the comparative analysis results. In this study, six study sites were
located at water depths between 2.11 m and 4.72 m (Figure 1). Sampling dates (May–November 2018)
were selected depending on biological community development. Samples were collected in early May
2018 (beginning of the growing season), early August 2018 (maximum peak vegetation), late August
2018 (maximum phytoplankton and zooplankton peaks), and late October 2018 (minimum vegetation
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and plankton). Lianshi Lake belongs to the landscape’s water body, and the water level remains at
approximately 71 m. There is considerable hydrologic variation in the flood season and no obvious
stratification. Water quality data were derived from the continuous monitoring of Lianshi Lake, which
is conducted once a month (May–November 2018), and from encrypted monitoring in August and
September (once every five days).

The water quality parameters (pH, temperature), oxygenation parameters (dissolved
oxygen, chemical oxygen demand), nutrient parameters (ammonium-N, nitrate-N, total nitrogen,
total phosphorus), and photosynthetic pigment contents (chlorophyll a) were investigated in this study,
conducted to monitor the water quality of the Lianshi Lake.

Samples were taken from the subsurface (−50 cm) for analysis. Water temperature (WT), pH,
and dissolved oxygen (DO) were measured on-site at the sampling locations by using portable electronic
instruments (Hach HQ40d™multi-parameter pH/oximeter, Hach Company; YSI 550A, YSI Inc., USA).
Water samples for ammonia nitrogen (N-NH4+), nitrate nitrogen (N-NO3), total nitrogen (TN), and total
phosphorus (TP) were measured by an EN123 752 spectrophotometer. Chemical oxygen demand (COD)
was analyzed according to the dichromate method [30]. Chlorophyll a concentration was determined
spectrophotometrically with the spectrophotometric method [31]. All samples were analyzed within
24 h of collection in the laboratory for the water environment, China Institute of Water Resources
and Hydropower Research. According to government regulations, the water quality of Lianshi Lake
should not be worse than a type IV water quality [32].

Over the period of May–November 2018, we detected 89 species of phytoplankton belonging to
9 phyla, namely Cyanophyta, Chlorophyta, Diatomophyta, Dinoflagellates, Cryptomophyta, Euglenophyta,
Jinophyta, Xanthophyta, and Haptophyceae. We detected 39 species of zooplankton, belonging to 4 phyla,
namely Protozoa, Rotifer, Cladocera, and Copepoda. Forty-nine species of zoobenthos belonging to three
phyla were detected, namely Arthropoda, Annelida, and Mollusca. Three plant species were found,
namely Phragmites australis, Typha orientalis, and Acorus calamus.

2.3. Urban Lake Health Evaluation Framework

There are four functional modules in the entire urban lake evaluation framework (Figure 2):
the health evaluation index screening module (M1); the evaluation index weight determination module
(M2); the risk factor identification module (M3); and the health comprehensive evaluation module (M4).

The sustainability, stability, and ecological integrity of the lake ecosystem are reflected in the
health evaluation index screening module (M1). However, such an evaluation must also consider
societal needs; therefore, these two main aspects were combined to establish the index group of urban
lake health evaluation.

The selected evaluation indices were classified according to pressure index, status index,
and response index, to establish the pressure–state–response (PSR) health evaluation index system.
According to the concept and connotation of ecosystem health, the valuation indices should be selected
to be quantifiable, actionable, and widely popularized, so as to reflect the characteristics of the ecological
environment of the evaluated objects [33–35]. In the index screening module (M1), the pressure index
includes four indicators (C1.1–C1.4), the state index includes fifteen indicators (C2.1–C2.15), and the
response indicators include five indicators (C3.1–C3.5). The specific index meanings are shown in
Table 1.
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Table 1. Health quality evaluation system for urban lakes.

Objective
Layer A

Integrity Criterion
Layer B (Weight)

Index Layer C Unit Calculation
Result

Index Layer C

Peer
Weight

Global
Weight

Lake
Ecological
Health A

Pressure B1 (0.1643)

Population density C1.1 Person/km2 164 0.1477 0.0241

Utilization of water Resources C1.2 % 22 0.1635 0.0267
Intensity of pesticide application C1.3 kg/hm2 32 0.3270 0.0534
Intensity of fertilizer application C1.4 kg/hm2 1830 0.3618 0.0591

State B2 (0.5396)

Natural rate of lakeside zone C2.1 % 79 0.0446 0.0241
Landscape connectivity C2.2 time/10 km 12 0.0219 0.0406

The width of the landward radiation belt of the lakeside belt C2.3 m 47.8 0.0418 0.0226
Coefficient of shoreline development C2.4 / 5.6 0.0276 0.0149

Compactness C2.5 / 0.04 0.0218 0.0118
Shape ratio C2.6 / 0.03 0.0219 0.0118

Minimum ecological water requirement C2.7 % 74 0.0761 0.0411
Lake residence period C2.8 Day/time 173 0.1294 0.0698
Eutrophication status C2.9 / 52.6 0.1506 0.0813

Heavy metal pollution index C2.10 / 96 0.0602 0.0325
Water qualification rate C2.11 % 75 0.1661 0.0896

Zooplankton diversity index C2.12 / 1.44 0.0526 0.0284
Biomass of large aquatic plants C2.13 mg/L 46.7 0.0648 0.0349
Phytoplankton diversity index C2.14 / 1.77 0.0635 0.0343

Benthic biodiversity index C2.15 / 1.1 0.0383 0.0207

Response B3 (0.2970)

Public satisfaction C3.1 point 84 0.1289 0.0383
Degree of perfection of relevant laws and regulations C3.2 point 85 0.1606 0.0477

Degree of perfection of management functions C3.3 point 75 0.1481 0.0440
Environmental investment index C3.4 % 1.7 0.1845 0.0548

Regional population quality C3.5 % 0.23 0.3778 0.1122
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In the weight determination module (M2) (Figure 2) of the evaluation index, the weight of each
index in the index system should be determined to maximize the value of the lake ecosystem and satisfy
the needs of sustainable development of human society and the economy. In the process of determining
the weight, both the natural attributes of the indicators (objective law of lake ecosystem development)
and the social attributes of the indicators (demands of stakeholders) must be reflected. The analytic
hierarchy process (AHP) system engineering theory is the preferred method to determine the weight
of the indicators [36–38]. This process is an organized, multi-objective, multi-criteria decision-making
method that combines quantitative and qualitative analysis, divides the factors in complex problems
in an orderly way, and renders them interrelated. In the weight determination module (M2), the peer
weight and global weight of all indicators are calculated (Table 1).
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Figure 2. Framework for urban lake health evaluation.

In the risk factor identification module (M3), to accurately detect the risk factors that affect the
health of lakes, it was necessary to identify the risk factors based on the health evaluation criteria and
the calculated values of the actual indicators of the evaluated lakes. The main purpose of an urban
lake health assessment is to bring the health status of the lake to the attention of the relevant lake
management. When the health of a lake is affected and requires restoration, workers must be able to
accurately identify the restoration target and determine the order of restoration according to the risk
level indicated by the index under the guidance of the system restoration concept. In the process of
risk factor identification, the calculation of the standard difference rate requires an index calculation
value (Table 1), corresponding index calculation method is shown in Table 2, and a health standard
value (i.e., the critical value of health and sub-health, see Table 3).
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Table 2. Calculation methods of different indicators and related data sources.

Integrity Criterion
Layer B (Weight) Index Layer C Unit Calculation Data Sources

Pressure B1
[39]

Population density (C1.1) Person/km2 Urban lake area
population/Lake area Population and area statistics

Utilization of water resources
(C1.2) %

Exploitation and utilization of lake
water resources/Total lake water

resources

Beijing water resources bulletin (2018) and development
utilization statistics (2018)

Intensity of pesticide
application (C1.3) kg/hm2

Actual application amount of
cultivation-related agricultural

pesticides p.a./Agricultural acreage

Statistical data on actual pesticide use and census data
on cultivated land area

Intensity of fertilizer application
(C1.4) kg/hm2

Actual application amount of
cultivation land chemical
p.a./Agricultural acreage

Statistical data on actual use of chemical fertilizer and
census data on cultivated land area

State B2
[40–43]

Natural rate of lakeside zone
(C2.1) % Unspoiled area of a lakeside/Total

area of lakeside zone Ecological environment survey of lakeside zone

Landscape connectivity (C2.2) time/km Lakeside interrupted by buildings
(>100 m) for every 10 km Ecological environment survey of lakeside zone

Width of landward radiation
belt of the lakeside belt (C2.3) m Width of the lakeside zone along the

lake shoreline
Arithmetic average of multi-section monitoring data

obtained according to selected sampling zone
Coefficient of shoreline

development (C2.4) / DL = SL

2
√
πA

Lake shoreline length and lake area size obtained from
remote sensing data

Compactness (C2.5) / FR = A
L2

The longest axis length and size of lake area obtained
from remote sensing data

Shape ratio (C2.6) / C = A
A0

Minimum circumferential circle A calculated from
measurement data, and size of lake area obtained from

remote sensing data

Minimum ecological water
requirement guarantee rate

(C2.7)
% Time to reach minimum ecological

water requirement/Total time

Based on the principle of ecological hydrology, the water
resource function of the lake was analyzed according to
monitoring statistics, and the minimum ecological water

demand was calculated

Lake residence period (C2.8) Day/time Average number of days a lake is
updated once Statistics from lake management department
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Table 2. Cont.

Integrity Criterion
Layer B (Weight) Index Layer C Unit Calculation Data Sources

Eutrophication status (C2.9) / TLI(
∑
) =

m∑
j=1

W j × TLI( j) Nutritional status index of each parameter obtained by
field monitoring data

Heavy metal pollution index
(C2.10) / HPI =

∑n
i=1 WiQi∑n

i=1 Wi
Indicators obtained from water quality monitoring data

Water qualification rate (C2.11) %
Monitoring frequency in compliance

with specified water quality
standards/Total monitoring times

Lake water quality data obtained by field investigation
and sampling

Zooplankton diversity index
(C2.12) / H = −

∑
(Ni/N) log2(Ni/N)

Individual number of zooplankton and individual
number of total species obtained by water samples

Biomass of large aquatic plants
(C2.13) mg/L Density of large aquatic plants in

lakes Field sampling, survey statistics

Phytoplankton diversity index
(C2.14) / H = −

∑
(Ni/N) log2(Ni/N)

Individual number of phytoplankton and individual
number of total species obtained by water samples

Benthic biodiversity index
(C2.15) / H = −

∑
(Ni/N) log2(Ni/N)

Individual number of benthic animals and total number
of species obtained from our survey

Response B3
[39]

Public satisfaction (C3.1) point Satisfaction of public investigated
and scored through questionnaires Data obtained from questionnaire survey

Degree of perfection of relevant
laws and regulations (C3.2) point Relevant questionnaires, staff familiar

with laws and regulations score Data obtained from questionnaire survey

Degree of perfection of
management functions (C3.3) /

Staff familiar with lake management
measures scored through relevant

questionnaires
Data obtained from questionnaire survey

Environmental investment
index (C3.4) % Total environmental

investment/Proportion of GDP
Consulted environmental protection department and

obtained statistical data
Regional population quality

(C3.5) % Number of illiterate/Regional
population Statistical data
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Table 3. Assessment criteria of each health level.

Index Unit Healthy
(Level I)

Sub-Healthy
(Level II)

Unhealthy
(Level III)

Morbid
(Level IV)

C1.1 Person/km2 C < 100 100 ≤ C < 300 300 ≤ C < 500 C ≥ 500
C1.2 % C < 10 10 ≤ C < 20 20 ≤ C < 40 C ≥ 40
C1.3 kg/hm2 C < 30 30 ≤ C < 60 60 ≤ C < 90 C ≥ 90
C1.4 kg/hm2 C < 1500 1500 ≤ C < 3000 3000 ≤ C < 4500 C ≥ 4500
C2.1 % 100 > C ≥ 80 80 > C≥60 60 > C ≥ 40 C < 40
C2.2 time/km C < 2 2 ≤ C < 6 6 ≤ C < 10 C ≥ 10
C2.3 m C ≥ 50 50 > C ≥ 30 30 > C ≥ 10 C < 10
C2.4 / C ≥ 6 6 > C ≥ 2 2 > C ≥ 0.5 C < 0.5
C2.5 / C ≥ 0.5 0.5 > C ≥ 0.3 0.3 > C ≥ 0.1 C < 0.1
C2.6 / C ≥ 0.5 0.5 > C ≥ 0.3 0.3 > C ≥ 0.1 C < 0.1
C2.7 % 100 > C ≥ 90 90 > C ≥ 75 75 > C ≥ 50 C < 50
C2.8 Day/time C < 20 20 ≤ C < 40 40 ≤ C < 90 C ≥ 90
C2.9 / C < 30 30 ≤ C < 50 50 ≤ C < 70 C ≥ 70
C2.10 / C < 150 150 ≤ C < 300 300 ≤ C < 1200 C ≥ 1200
C2.11 % C ≥ 80 80 > C ≥ 70 70 > C ≥ 60 C < 60
C2.12 / C ≥ 1.5 1.5 > C ≥ 0.8 0.8 > C ≥ 0.2 C < 0.2
C2.13 mg/L C ≥ 1000 1000 > C ≥ 500 500 > C ≥ 100 C < 100
C2.14 / C ≥ 1.5 1.5 > C ≥ 0.8 0.8 > C ≥ 0.2 C < 0.2
C2.15 / C ≥ 1.5 1.5 > C ≥ 0.8 0.8 > C ≥ 0.2 C < 0.2
C3.1 point C ≥ 90 90 > C ≥ 80 80 > C ≥ 70 C < 70
C3.2 point C ≥ 90 90 > C ≥ 70 70 > C ≥ 60 C < 60
C3.3 point C ≥ 90 90 > C ≥ 70 70 > C ≥ 60 C < 60
C3.4 % C ≥ 2.5 2.5 > C ≥ 2 2 > C ≥ 1.5 C < 1.5
C3.5 % C < 3 3≤C < 6 6≤C < 12 C≥12

C in each row represents the value of the row index.

The health comprehensive evaluation module (M4) mainly integrates the results of modules M1,
M2, and M3 to comprehensively evaluate lake health. The comprehensive health evaluation mainly
used the set pair analysis method (SPA), a detailed introduction of which is presented in Section 2.6.

This framework facilitates systematic thinking for the evaluation of urban lakes. An evaluation
based on the framework not only provides an in-depth understanding of the health status of a lake to
decision-makers and restoration workers but also identifies the risk factors influencing lake health to
facilitate suitable restoration.

2.4. Index System

We used the PSR framework to establish the urban lake health evaluation system (Table 1),
including the 24 selected indicators. This evaluation system included an objective layer, three criteria
layers, and several indicator layers. Determining the ecological health of the lake is the goal of such
evaluation systems, including the criteria of pressure, state, and response. The pressure module
was designed to represent the state of the pressure caused by human activities on the urban lake.
Four indicators (C1.1–C1.4) were determined according to the screening results, representing population
pressure, water resource utilization pressure, pesticide pollution pressure, and fertilizer pollution
pressure, respectively. The state module reflected the changes in the internal organization of the lake,
nature, lake function, and disturbance caused by human activities. A total of 15 indicators (C2.1–C2.15)
were screened out in this module. Among these, C2.1–C2.3 represented the health status of the
lakeside zone, C2.4–C2.6 represented urban lake morphology, C2.7 and C2.8 represented hydrologic
and hydrodynamic conditions, C2.9–C2.11 were indicators of water quality status, and C2.12–C2.15
were indicators of lake water ecology. The response module reflected the environmental, economic,
and management strategies to prevent, respond to, mitigate, and prevent changes that were deemed
detrimental to human survival and social development. Five indicators (C3.1–C3.5) were screened
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out, representing public satisfaction, improvement in laws and regulations, management measures,
environmental investment, and regional population quality. The calculation methods and data sources
of each indicator of the evaluation system are listed in Table 2.

2.5. Assessment Criteria

Each index level was divided into four levels based on the evaluation indices of and methods
employed for similar lakes, investigation of the status quo of the ecological environment, and functional
positioning [44]. Table 3 provides the health level and value range of each evaluation index, which can
be the query basis for the health level of each index.

Table 4 shows the quantitative standard ecosystem health status. The criteria rank and rate the
health of the lakes, and the characteristics of the ecological systems are described according to the
aspects of reasonable ecological structure, system vitality, external pressure, abnormal ecological effect,
and system sustainability.

Table 4. Ecosystem health status scale.

Health Classification Health Status Ecosystem Characteristics

Level I Healthy
(3–5)

Ecological structure is reasonable, the system is highly dynamic,
external pressure is small, no ecological abnormality, perfect
ecological function, system is in stable and sustainable state

Level II Sub-healthy
(2–3)

Ecological structure is reasonable, pattern is still perfect, system is
vigorous, external pressure is small, no ecological abnormality,

ecosystem function relatively perfect, system still stable,
ecosystem sustainable

Level III Unhealthy
(1–2)

Ecological structure reasonable, pattern is still perfect, external
pressure relatively large, close to ecological threshold, more

sensitive areas, a few ecological abnormalities, able to function
ecologically, ecosystem can be maintained

Level IV Morbid
(0–1)

Ecological structure is defective, system vitality low, external
pressure is great, ecological function cannot meet the needs of
maintaining the region, ecological system begins to degenerate

2.6. Assessment Method

In evaluating the health level of Lianshi Lake, the degrees of the relationships between each index
of the evaluation system and the evaluation standard were determined by the set pair analysis method.

There are many uncertain factors in the evaluation of lake ecological health, such as the complexity
and dynamics of the lake ecosystem itself, relative fuzziness of the evaluation grade standard limit,
and the nonlinear problem of the evaluation results. According to the set pair theory, the method can
directly reflect the relation between the evaluation sample index and the standard bounds of all levels
of indicators, effectively solving the fuzzy problem of the standard boundary of the evaluation level
and improving the objectivity and credibility of the evaluation results.

The core idea of a set pair is to join two sets that have some type of connection into a set
pair. In the context of the problem, the same and different inverse analyses were carried out for the
characteristics of set pairs. By measuring and characterizing, we obtained the expression of the same,
different, and inverse connection degrees of the set pairs. We conducted the research on the prediction,
evaluation, and decision of the health evaluation system by employing the connection degree and its
operation [45,46].

In the multi-index evaluation of lake health, let set A and relative set B construct a set pair
H = (A, B), where A is the set of indicators for evaluating the health of the lake ecosystem, and B is the
set of index evaluation grades for evaluating the health of the lake ecosystem:

A = {Xl}

B = {Slk}m×n,
(1)
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where m terms in A(l = 1,2, . . . ,m), i.e., a1, a2, . . . , am, are used to show the characteristics of set A.
Similarly, n terms in B(k = 1,2, . . . ,n), that is, b1, b2, . . . , bn, are used to show the characteristics of set B.
The evaluation system will be divided into n levels. According to the principle of set pair analysis,
the connection degree of H = (Xl, Slk) is defined as µ(Xl, Slk):

µ(Xl, Slk) = a + b1i1 + b2i2 + cj, (2)

where a is called the identity degree, b the discrepancy degree, and c the contradictory degree. a, b,
c∈(0,1) and a + b + c = 1. i is the uncertainty coefficient of discrepancy, which has different values
(−1,1) in different conditions, or sometimes can be considered a marker of only discrepancy; j is the
uncertainty coefficient of contradiction, which has a value of −1 or sometimes can be considered a
marker of only contradiction.

3. Results and Discussion

3.1. Health Assessment

The values of each index of the assessment of Lianshi Lake were calculated according to the
calculation methods of the related indices (Table 2). The global weight of each index (Table 1) was
calculated by the analytic hierarchy process (AHP) method.

The set pair analysis theory (Section 2.6) was used to calculate the number of connections and
analyze and evaluate the health status of the lake. The equipartition principle is a commonly employed
method with a clear concept, simple calculation, and straightforward operation.

We adopted the equipartition principle to calculate the correlation component coefficient i.
Following this principle, we equally divided the (−1, 1) interval into four intervals, with the connection
degrees of the four levels of lake health in the range (−1 to −0.5), (−0.5 to 0), (0, 0.5), and (0.5, 1).
The four intervals represent morbid, unhealthy, sub-healthy, and healthy states, respectively. The value
i should be located at the third equinox of the interval (−1, 1), and should give i1 = 1/3, i2 = −1/3, and j
= −1. As shown in Table 1, the weights of pressure, state, and response are 0.1634, 0.5396, and 0.2970,
respectively. We obtained i1 = 1/3, i2 = −1/3, and j = −1 into µ(Xl, Slk) = a + b1i1 + b2i2 + cj, with the
result being µ(A, B) = 0.1467 (Table 5).

Table 5. Expression of the connection degree of the total index and the submodule.

Index Connection Degree of Comprehensive Assessment Result

Lake healthy µ = 0.3079 + 0.3134i1 + 0.1976i2 + 0.1998 j 0.1467
Pressure µ = 0.5393 + 0.3844i1 + 0.0764i2 0.6420

State µ = 0.1550 + 0.3019i1 + 0.2199i2 + 0.2848 j −0.1025
Response µ = 0.4581 + 0.2951i1 + 0.2098i2 + 0.0369 j 0.4496

As shown in Figure 3, the connection degree of Lianshi Lake was 0.1467 (i.e., between 0 and 0.5),
and the status of the health of the lake was sub-healthy. While evaluating the overall health status
of Lianshi Lake, three sub-modules (pressure, state, and response) of the M1 module (Figure 2) were
evaluated [35]. The results obtained showed that the pressure sub-module was in a healthy state,
the state sub-module is in an unhealthy state, and the response sub-module is in a sub-healthy state.
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As shown in Figure 4, we compared the gap between the index values and the health criteria to
identify the key indicators that had the greatest impact on the three sub-modules of M1.Water 2020, 12, 1428 14 of 20 
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In the pressure sub-module, utilization of water resources (C1.2) and population density (C1.1)
were far from the standard and the other two indicators met the health standard, which is closely related
to the control of various pollution sources by the government and lake management departments.
These results reflect the fact that the use of pesticides and fertilizers in cities has been greatly
reduced. Although the issues of water utilization and population size are more complex to address,
the overall development is in a better direction, which is consistent with the evaluation results of the
pressure subsystem.

In the state sub-module, recovery of the lakeside zone, water quality, and water ecology takes
time; there is a significant delay in time before the actual health state of the lake can be recorded, e.g.,
the pressure sub-module might be in good health while the state sub-module is unhealthy. At the same
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time, the shape of the lake and the hydrologic and hydrodynamic conditions are seriously affected by
the objective law, making it difficult to improve.

The response sub-module reflects the social aspects of the evaluation, which mainly include public
satisfaction, degree of perfection of management functions, degree of perfection of relevant laws and
regulations, and the investment in environmental protection and regional population quality, all of
which correspond to the status of the lake. At the time of this study, the response sub-module was in a
sub-healthy state, and requires sufficient time and continuous improvement to reach the healthy state.

3.2. Risk Factor Identification

3.2.1. Calculation of Standard Differential Rate

In the evaluation process, in addition to the overall evaluation of lake health, it is also important
to determine the key indicators (risk factors) that are detrimental to lake health, so that accurate
restoration measures can be applied.

To accurately represent the gap between each indicator and the health standard, the actual value of
the indicator was compared with the health standard value (the critical point of health and sub-health).
The concept of standard differential rate (SDR) was introduced, which is defined as follows:

SDR = ± (
Pv− Sv

Sv
) (3)

where SDR represents the standard difference rate, Pv represents the present value, and Sv represents
the standard value. When the index is positive it takes the positive sign (+) and when negative it takes
the negative sign (−). The positive index reflects that the evaluation grade of the health of the lake
increases with an increase in the index value. The negative index reflects that the evaluation grade of
the health of the lake decreases with an increase in the index value.

Figure 4 shows the SDR (vertical coordinate) of each indicator, and the bubble size represents the
global weight of the corresponding indicator. The figure clearly shows that the distance between the
landscape connectivity (C2.2) and lake residence period (C2.8) is relatively large, with the values of the
standard difference rate being −5 and −7.65, respectively. The regional population quality (C3.5) is
shown to have exceeded the health standard, and it has a large weight in the entire system, with the
value of the standard difference rate being 0.933. The area surrounded by the dotted line is a more
accurate indicator of health, and the values of the standard difference rate are between −1.2 and 0.5.
However, SDR alone cannot detect the influencing risk factor, because the weight of each indicator
is different.

3.2.2. Identifying Lake Health Risk Areas

When identifying risk factors, consideration must not only be given to the gap between the current
state and the healthy state of the lakes but also to the importance of the evaluation indices in the total
evaluation system. Therefore, the concept of risk degree (Rd) (security degree (Sd)) was introduced to
comprehensively represent the position of the indicators in the risk identification zone. The definition
is as follows:

Rd(Sd) = (SDR) ×W, (4)

where Rd represents the risk degree, Sd represents the security degree, and Wi represents the global
weight of each indicator. When SDR×W is positive, it is in the safe zone and the value is called the
security degree, Sd, which represents the ultra-healthy level of the index. When SDR×W is negative,
it is in the risk area, and the value is called risk degree Rd, which represents the unhealthy level of the
indicator.

The risk areas were divided according to the value of SDR×W. Figure 5 shows that two indices,
heavy metal pollution in the sediment (C2.10) and regional population quality (C3.5), are in the safe
area, while the other indices are in the risk area.
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The purpose of distinguishing safety indicators from risk indicators is to delineate the range of
risks, which is similar to the various indicators tested by doctors before patients see a doctor. Safety
indicators are no longer considered during the repair process, such as C2.10 and C3.5. The risk index is
comprehensively measured by the gap between the monitoring value and the health standard value
and its weight; i.e., the more important the index is, the greater the gap is, and the greater the risk
is. The SDR×W of the index in the risk zone is negative, and the greater the value, the greater the
risk. Among the numerous risk indicators, those with the greatest risk are state indicators (describing
the environmental quality of existing lakes), such as C2.8, C2.2, C2.9, and C2.13. These indicators
are all existing indicators that directly affect the health of lakes, and many scholars have conducted
relevant studies [47–51]. From the perspective of scholars and managers, the risks of these indicators
are recognized and allocated a high weight (Table 1). Analysis of less risky indicators, such as C1.1,
C1.2, and C3.4, are pressure indicators and response indicators, respectively. Among them, the stress
index describes the impact of human activities on the environment, and the response index describes
the social response and concern degree to environmental changes. The influence of these indicators on
lake health is delayed and the effect is not obvious in a short time (as shown in Figure 6); therefore,
the risk is considered to be relatively small.

Water 2020, 12, 1428 15 of 20 

 

The purpose of distinguishing safety indicators from risk indicators is to delineate the range of 
risks, which is similar to the various indicators tested by doctors before patients see a doctor. Safety 
indicators are no longer considered during the repair process, such as C2.10 and C3.5. The risk index 
is comprehensively measured by the gap between the monitoring value and the health standard 
value and its weight; i.e., the more important the index is, the greater the gap is, and the greater the 
risk is. The SDR×W of the index in the risk zone is negative, and the greater the value, the greater the 
risk. Among the numerous risk indicators, those with the greatest risk are state indicators (describing 
the environmental quality of existing lakes), such as C2.8, C2.2, C2.9, and C2.13. These indicators are 
all existing indicators that directly affect the health of lakes, and many scholars have conducted 
relevant studies [47–51]. From the perspective of scholars and managers, the risks of these indicators 
are recognized and allocated a high weight (Table 1). Analysis of less risky indicators, such as C1.1, 
C1.2, and C3.4, are pressure indicators and response indicators, respectively. Among them, the stress 
index describes the impact of human activities on the environment, and the response index describes 
the social response and concern degree to environmental changes. The influence of these indicators 
on lake health is delayed and the effect is not obvious in a short time (as shown in Figure 6); therefore, 
the risk is considered to be relatively small. 

 
Figure 6. Relationships between modules in the pressure–state–response (PSR) framework. 

3.2.3. Identification of Major Risk Factors 

In the process of identifying the major risk factors, the indicators in the risk area were classified 
and the major risk indicators were identified as the risk factors indicating the health of the urban 
lakes. In the classification method, an activity-based classification (ABC; Pareto analysis method) is 
able to classify and place the indicators in order of the risk degree and distinguish between the focus 
risk indicator and the general risk indicator, so as to scientifically identify the risk factors. 

First, in the risk indicators, the ABS (SDR×W) numerical value was sorted, and the percentage 
of the risk degree of each indicator in the total risk degree was calculated, after which the percentage 
cumulative curve was drawn. Subsequently, level grouping was carried out on the curve: Category 
A, with a cumulative frequency of 0%–80%, is a major risk index; Category B, with cumulative 
frequency of 80%–90%, is a secondary risk index; and Category C, with cumulative frequency of 90%–
100%, is a micro risk index. 

The risk indicators affecting lake health were identified by grouping (as shown in Figure 7). 
Among all the risk indicators, lake residence period (C2.8), landscape connectivity (C2.2), and 
eutrophication status (C2.9) were the major risk factors. These risk factors have to be considered 
carefully in the management and repair process of urban lakes. The biomass of large aquatic plants 
(C2.13), utilization of water resources (C1.2), environmental investment index (C3.4), and population 
density (C1.1) were the secondary risk index, and the remaining factors were micro risk indicators.  

Lake residence period is used to characterize the temporal characteristics of the water body's 
exchange with the outside world. It refers to the time required for all water exchanges to be renewed 
once and is also an important index to determine the hydrodynamic condition of lakes. Different 
countries have different definitions, such as water retention time in Brazil [52] and water exchange 

Figure 6. Relationships between modules in the pressure–state–response (PSR) framework.

3.2.3. Identification of Major Risk Factors

In the process of identifying the major risk factors, the indicators in the risk area were classified
and the major risk indicators were identified as the risk factors indicating the health of the urban lakes.
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In the classification method, an activity-based classification (ABC; Pareto analysis method) is able to
classify and place the indicators in order of the risk degree and distinguish between the focus risk
indicator and the general risk indicator, so as to scientifically identify the risk factors.

First, in the risk indicators, the ABS (SDR×W) numerical value was sorted, and the percentage of
the risk degree of each indicator in the total risk degree was calculated, after which the percentage
cumulative curve was drawn. Subsequently, level grouping was carried out on the curve: Category A,
with a cumulative frequency of 0–80%, is a major risk index; Category B, with cumulative frequency of
80–90%, is a secondary risk index; and Category C, with cumulative frequency of 90–100%, is a micro
risk index.

The risk indicators affecting lake health were identified by grouping (as shown in Figure 7). Among
all the risk indicators, lake residence period (C2.8), landscape connectivity (C2.2), and eutrophication
status (C2.9) were the major risk factors. These risk factors have to be considered carefully in the
management and repair process of urban lakes. The biomass of large aquatic plants (C2.13), utilization
of water resources (C1.2), environmental investment index (C3.4), and population density (C1.1) were
the secondary risk index, and the remaining factors were micro risk indicators.
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Lake residence period is used to characterize the temporal characteristics of the water body’s
exchange with the outside world. It refers to the time required for all water exchanges to be renewed
once and is also an important index to determine the hydrodynamic condition of lakes. Different
countries have different definitions, such as water retention time in Brazil [52] and water exchange
activity period in the former Soviet Union [53]. In this study, the lake residence period of the lake
represents the hydrological and hydrodynamic characteristics of the lake.

Lianshi Lake is an artificial lake. Due to water shortages in northern China, the water in the
lake is a typical sluggish water body, containing water, sand, and pollutants from different sources.
Under the action of the complex hydrodynamic environment of lake water, the lake residence period
and transmission time have seriously affected the migration and transformation of pollutants in the
lake area, which has brought significant impacts on the spatial and temporal changes of lake water
quality, resulting in serious damage to the health of the lake. By adjusting the cycle of changing water
and increasing the frequency of water exchanges, the quality of the lakes will be greatly improved.
Hu et al. [49] studied the ecological restoration of Taihu Lake and found that the diversion of water
from the Yangtze River improved the lake residence period of Taihu Lake and restored its ecology.
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Lindstrom et al. [48] found that the distribution of a freshwater bacteria group was also related to the
lake residence period of lakes. Li et al. [54] studied the lake residence period and transmission time
of Poyang Lake and the Yangtze River, and then studied the water quality change of Poyang Lake.
Catalán et al. [51] found that the decomposition rate of organic carbon was controlled by the water
retention time of inland waters. It can be concluded that it is an important link for lake ecosystem
restoration to consider the lake residence period as a key risk indicator for lake ecosystem restoration.

Landscape connectivity is described from an ecological perspective and represents the integrity
of the lake ecosystem. The urbanization process keeps advancing, which leads to the change
of landscape spatial form and the increasingly serious fragmentation, thus changing landscape
connectivity. The connectivity of natural habitats plays a crucial role in ecological processes that
maintain biodiversity and the healthy integrity of ecosystems. An important aspect of lake ecosystem
health is the maintenance of biodiversity and ecosystem integrity, and the stability and sustainable
development of the ecosystem. Brudvig et al. [55] pointed out that landscape connectivity promoted
the overflow of plant diversity to non-target habitats. Kramer-Schadt et al. pointed out that fragmented
landscape and patch connectivity had a significant impact on the spread of Eurasian lynx. Therefore,
it is reasonable to focus on landscape connectivity as an important risk indicator of Lianshi Lake,
which is conducive to the restoration of fragmented landscape and the restoration of biodiversity and
ecosystem integrity.

Eutrophication states describe the characteristics of water quality and represent the availability
of lake water. Eutrophication refers to the massive increase of nitrogen, phosphorus, and other vital
elements necessary for plant growth in water bodies, which increase the productivity of aquatic
ecosystems and leads to not only blooms of cyanobacteria but also the extinction of submerged plants.
Lake eutrophication has an important effect on the diversity of lake ecosystems [56]. According to the
ecological law, it will inevitably damage the stability of the ecosystem and affect the health of the lakes.
From the perspective of the stability of the lake ecosystem, lake eutrophication, as a key risk factor, is
the primary consideration in restoration, which is conducive to the restoration of the biodiversity of the
lake and its restoration to a healthy state. Related studies have shown that following eutrophication of
lakes, although water quality indicators and plant and animal community structure may be restored
with eutrophication treatment, careful comparison of some zooplankton gene fragments shows that
their evolutionary trajectory has changed and they cannot simply return to the original state and
level [57].

These three factors constitute the basis of ecosystem health and are the key targets of ecological
restoration. In restoration design planning, a priority order of restoration needs to be determined
according to the identification results to facilitate focused planning and ensure the success of the
restoration project.

3.3. Understanding of Integrated Lake Management

In evaluating the health of urban lakes, selecting the evaluation index by considering only the aspect
of nature is inadequate and unsuitable. The evaluation index should be selected comprehensively, taking
into account the aspect of nature–society duality. From the perspective of sustainable development,
lake restoration must start from the problem source, accurately determine the risk factors affecting lake
health, and adopt a strategy of high-risk treatment, medium-risk control, and low-risk prevention to
control lake health comprehensively.

Because of differences in geographical location, climate, and levels of urban development, the state
of different lakes will differ substantially. Therefore, a programme of "one lake, one policy" has to be
implemented [58]. Lake restoration can be carried out in a sequence of steps, namely assessing health
status, identifying risk factors, overall system planning, formulating specific plans, implementing
restoration measures, monitoring restoration effects, and the post-restoration evaluating of projects.
Accordingly, the risk classification of lake health indicators should provide a roadmap to treat high-risk
indicators, control medium-risk indicators, and prevent low-risk indicators.



Water 2020, 12, 1428 17 of 20

In conclusion, in the process of restoration, attention must not only be focused on the lake itself
but also on factors such as the environment around the lake and the water ecosystem. Lake restoration
requires comprehensive planning and accurate identification of the risk factors, with the aim being
to achieve sustainable development. To achieve sustainable lake management, society (the city) and
nature (the lake) need to be considered in a unified manner.

4. Conclusions

In this study, an evaluation framework was established with the aim of improving the health
status of urban lakes. The entire framework consisted of four modules: the screening module (M1),
weight determination module (M2), risk factor identification module (M3), and the comprehensive
health evaluation module (M4). We used the evaluation framework to assess the health of Lianshi
Lake in Beijing, China. Our results indicated the state of this lake to be sub-healthy.

We employed the concepts of standard differential rate and risk degree (insurance degree).
We used the ABC method to classify the indicators of all the risk areas, and these indicators were
divided into major, secondary, and micro risk indicators. We found that the lake residence period,
landscape connectivity, and eutrophication were major risk indicators.

In the selection of evaluation indicators, although many factors were considered, various
deficiencies remained relevant to the integrity and representativeness of the selected indicators.
The amount of data required was limited by the relatively short period during which research has been
conducted on the health of lakes.

The lack of monitoring data from the relatively short historical period of lakes being affected
significantly by human activities made it difficult to obtain reference background values, which
led directly to an inability to determine a more realistic evaluation standard threshold. Therefore,
the establishment of a long-term monitoring system for lake health, formation of an extensive series of
data, and the establishment of a lake health database are urgent needs for the health assessment and
sustainable development of the urban lake ecosystem in China.
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