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The degradation of water quality and decline in purification capacity of lakeshore zones due to anthropogenic
activities and climate change is a growing concern in China. The identification of the critical width of the
lakeshore zone remains a challenge due to natural geographic features and pollutant types, that is why a general
identification approach has yet to be developed. To facilitate the planning of lakeshore restoration plans, it
becomes necessary to conduct studies focusing on the development of relationships between water quality and
landscape factors within the lakeshore zone in different regions. In this study, spatio-temporal patterns of water
quality of 49 lakes in Western Jilin Province, China, were determined through field monitoring from 2015 to
2019. Multivariate statistical methods were applied to quantitatively identify the relationships between lakes
water quality and landscape factors within lakeshore zones of different widths. The results indicated that ni-
trogen (N) contributed more to eutrophication, while fluoride concentrations were found to be abnormally high.
Furthermore, the width of the lakeshore zone was found to have a significant impact on water quality, with a
critical width of 150 m having the greatest effect. Cropland and saline land explained almost 50% of the water
quality variability throughout different seasons. The results also revealed that dual control of N and phosphorus
(P) will be required to prevent eutrophication in the study area. Agricultural activities and severe soil salinization
were identified as the main causes of diffuse pollution. The establishment of a width threshold identification
framework for lakeshore zones is not only of great significance for development of scientific and acceptable
restoration plans for lakeshore vegetation filters in ecologically vulnerable areas of western Jilin, but should also
provide an effective and user-friendly tool for implementing diffuse pollution control.

1. Introduction

The rapid development of the global economy has led to varying
degrees of eutrophication in many lakes worldwide (Nguyen et al., 2022;
Tong et al., 2022). High levels of nitrogen (N) and phosphorus (P) in
lakes have been shown to alter benthic community composition (Tas
etal., 2019; Sitati et al., 2021) and cause irreversible damage to aquatic
life, including mortality of some species, thereby negatively affecting
the quality and function of the lake environment (Liu et al., 2021).
Protection of natural landscapes such as wetlands, forests, and grass-
lands has been identified as one approach of reducing disturbances
induced by human activities, such as expansion of farmland and towns

(Jabal et al., 2022). Indeed, according to Foulon et al. (2020) and based
on an in-depth review of a dozen case studies, there exist at least four
categories of approaches to reduce nutrient loadings and harmful algal
blooms (HAB): (i) key regulatory schemes; (ii) incentive-based pro-
grams; (iii) risk mitigation approaches; and (iv) outreach, engagement,
and educational activities. Protection of natural landscapes most often
fall in the category of incentive-based programs accompanied by various
educational activities to inform stakeholders and influence their
decision-making process. Danz et al. (2007) found that nutrient levels in
water were positively correlated with cropland area in the lake basin,
while they were negatively correlated with forest area. Houlahan and
Findlay (2004) emphasized the important role of woodlands in
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controlling N and P concentrations in adjacent water bodies. As a
transition zone between land and water, lakeshore plays a crucial pro-
tective role, but it is strongly impacted by human activities in many
regions, resulting in rapid shrinkage and loss of ecological functions
(Sawatzky and Fahrig, 2019). It has been widely recognized that
restoring the vegetation buffer zone along lakeshores is crucial for
reducing agricultural diffuse pollution. However, due to variations in
natural geographical features and types of pollutants, the optimal width
of the lakeshore buffer zone and the dominant landscape types can vary
greatly in different regions. Developing a universal method that in-
tegrates field monitoring, remote sensing, and multivariate statistical
techniques to identify key parameters for lakeshore restoration plans
would be highly valuable for researchers and management personnel.
This method would greatly assist local government agencies in formu-
lating lakeshore protection plans, improving the cost-effectiveness of
restoration projects, and enhancing the acceptance of such projects by
residents.

Preserving natural landscapes around water bodies in agricultural
watersheds presents numerous challenges, including the delineation of
an appropriate spatial scale for effective conservation projects. Although
many scholars have conducted studies on the critical width of riparian/
lakeshore zones in different areas, they have not reached a unanimous
conclusion. Landscape at different spatial scales, ranging from a 50 m
radius around the water body to an entire watershed, can significantly
impact water quality, with the intensity of influence often fluctuating
depending on geographic features and identification methods (Ou et al.,
2016; Sawatzky and Fahrig, 2019). Generally, larger protected areas
have a better water purification effect, but they can also occupy large
amounts of cropland and incur opportunity costs, causing difficulties for
local administrations in developing and implementing conservation
plans. Landscape patterns and water quality are intrinsically linked,
with many studies revealing interactions between ecological and hy-
drological processes at different scales (cross-scale interactions) (Peters
et al.,, 2007; Emi Fergus et al., 2011; Birk et al., 2020). However, the
relationship between land use and water quality is not always consistent
throughout the landscape, making it challenging to select the types of
natural landscapes to be protected. For example, in watersheds with a
large proportion of agricultural land and intense human activities,
wetlands are often negatively correlated with total phosphorus (TP)
concentrations and act as sinks (Diebel et al., 2009), whereas in areas
with less anthropogenic disturbance, wetlands may cause an increase in
TP, transforming them into a source landscape (Devito et al., 2000; Emi
Fergus et al., 2011; Ury et al., 2023). The inconsistency of the rela-
tionship between landscape and water quality has posed significant
challenges in identifying key factors affecting water quality. One of the
main reasons for this issue is the insufficient sample size and poor
representativeness of the selected river sections or lake samples of
existing studies. Additionally, the short duration of monitoring periods
has resulted in a lack of continuous long-term water quality data. To
enhance the reliability of identifying key influencing factors, it is
necessary to expand the scope of the study area, covering larger water
bodies and a greater variety of natural and human-induced landscape
types. Furthermore, it is important to establish more monitoring stations
and conduct continuous monitoring based on local hydrology to identify
the spatiotemporal variations of water quality. Close collaboration be-
tween researchers and local government agencies remains essential, as it
allows for the utilization of existing monitoring data and field sites,
enabling reliable identification of key landscape factors influencing
water quality at a large scale.

The implementation of buffer zones in the vicinity of water bodies is
a highly effective strategy to mitigate agricultural surface pollution, as
suggested by several scholars (Polyakov et al., 2005; Ou et al., 2021).
Scholars have proposed various buffer widths for riparian zones in
different continents, such as North America, where the maximum width
required for habitat protection is approximately 100-300 m, followed
by 50-100 m for sediment control and bank stabilization, and 10-50 m
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for achieving water quality goals (Huel, 2000; Lee et al., 2004; McElfish
et al., 2008). Similar guidelines for buffer strips are available in Europe,
South America, and Australia (Halse and Massenbauer, 2005; Auditors,
2014; Machado and Anderson, 2016). Nonetheless, the optimal width of
effective buffer zones to safeguard lake water quality in agricultural
watersheds remains unclear, particularly in watersheds with relatively
flat topography where identifying the flow direction of surface runoff
around lakes becomes challenging. While many studies have focused on
the design and evaluation of buffer zone efficiency of rivers or streams,
few studies have been conducted on lakeshores (Emi Fergus et al., 2011;
Sawatzky and Fahrig, 2019). As a result, the optimal width of riparian
buffers vary widely, ranging from 5 to 300 m in different areas (Lee
et al., 2004; Rasmussen et al., 2011). Given the difficulty of quantifying
the critical width of lakeshore buffers, official guidelines for their design
are typically measured in terms of the minimum distance from the water
body to cropland (McElfish et al., 2008). However, differences in
climate, topography, and human activities make it challenging to
generalize buffer strip widths estimated using empirical methods to
large scale areas. The critical width of the lakeshore zone could be
considered an ecological threshold governing the relationship between
landscape features and water quality, but it could be strongly influenced
by physiographical features and water quality indicators (Xu et al.,
2023). Many threshold phenomena in ecosystems have significant im-
pacts on various ecosystem service functions (Groffman et al., 2006;
Mironova et al., 2022). Thus, understanding ecological thresholds and
applying them to policy decisions could enhance the efficiency of
environmental management. However, incorporating ecological
threshold concepts into environmental modelling and management
poses several obstacles due to the lack of a generalized approach for
identifying thresholds for specific regions, as field monitoring is typi-
cally time-consuming and costly (Kelly et al., 2015). Ecological thresh-
olds are critical values or tipping points that can single out a significant
change in an ecosystem when a certain characteristic or component
reaches a cumulative level of change. Currently, the identification of
threshold phenomena in different ecosystems primarily relies on direct
monitoring methods. Examples include the minimum vegetation cover
required for self-recovery in degraded forest systems, or the nutrient
concentration in water bodies that leads to significant changes in
benthic macro-invertebrate and aquatic plant community structure.
These changes in ecosystems can be relatively and easily quantified.
However, quantifying the overall impact of different riparian or lake-
shore landscapes on water quality is more challenging, and this is where
identifying critical width thresholds becomes difficult. To address this
challenge, it is possible to overcome this bottleneck by utilizing gradient
analysis statistical methods to quantitatively estimate the effects of
multiple independent variables on multiple response variables and
combining it with logistic regression growth models. This approach
holds promise for ultimately determining critical widths in lakeshore
landscapes in different study areas.

The western region of Jilin boasts a substantial number of shallow
lakes, which provide habitat for numerous rare animals and exhibit a
high level of biodiversity, thus playing a crucial role in maintaining
ecosystem security in Northeast China (Gu et al., 2022). Unfortunately,
since the 1970s, these lakes have been shrinking due to droughts and
construction of upstream irrigation facilities, leading to a reduction in
the natural water supply. In 2014, wetlands in the region covered an
area of approximately 2441 km?, a mere 43.6% of what they were in the
1950s. Additionally, droughts have caused severe soil salinization in
western Jilin, resulting in a significant amount of land becoming barren,
making it one of the three major saline areas in the world with an
extremely fragile ecosystem (Chang et al., 2022). The safeguard of the
water environment in western Jilin, an important ecological barrier in
the Northeast China, is paramount. However, recent expansion of
cultivated land combined with the adverse effects of climate droughts
have caused severe losses of lakeshore vegetation filter strips which have
increased the threat of agricultural diffuse pollution to the ecological
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safety of lakes. Current research has mainly focused on nutrient trans-
formation mechanisms and their impacts on planktonic organisms
within important lakes of this region (Liu et al., 2021), yet the devel-
opment of scientifically efficient restoration plans for lakeshore zones
remains an urgent issue that needs to be addressed. The shallow water
depth and high salinity of lakes in this region makes it difficult to select
physicochemical indicators that could effectively characterize water
quality changes in this type of lakes. Moreover, the extensive distribu-
tion of saline-alkali land must be considered when identifying landscape
indicators. In quantifying the overall impact of landscape characteristics
on lake water quality within different lakeshore widths, accurately
discerning and integrating the results obtained from various statistical
methods becomes crucial. Therefore, the objective of this study was to
validate the following hypotheses: (i) significant spatiotemporal varia-
tions exist in lake water quality of western Jilin; (ii) landscape features
within lakeshore zones are remarkably related to lake water quality; (iii)
there is a non-linear relationship (threshold) between the width of the
lakeshore zone and the ensuing effect of landscape features on lake
water quality.

The identification of spatio-temporal variations in nutrient concen-
trations in many shallow water bodies of study area will provide
important data for prioritizing the control of N and P pollution in
eutrophic lakes of China. The determination of the critical width of the
lakeshore zone will have major implications for the development of
scientifically and acceptable restoration plans for ecologically vulner-
able areas of western Jilin, as well as provide a quantitative basis for
future assessments of restoration effectiveness of lakeshore vegetation
filter strips. The establishment of a framework for identifying the critical
width threshold will not only provide an effective tool for diffuse
pollution control in different countries and regions, but also further
promote the development of quantitative identification of landscape-
water quality relationships.

2. Material and methods
2.1. Study area

The study area, situated in the western part of the Jilin Province in
Northeastern China, spans an area of approximately 47,011 km? (Fig. 1).
Four national nature reserves, namely those of Xianghai, Momog, Cha-
gan Lake, and Baluo Lake, have been established in the region, with
Xianghai and Momog being designated as internationally important
wetland sites. The lakes in the area are primarily recharged by rainfall-
runoff processes occurring within their catchments, owing to droughts
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and the impact of upstream dams, and are therefore characterized as
isolated hydrological systems. Despite the low hydrological connectivity
of the study area, the ecological degradation has provided a relatively
ideal setting for investigating the relationship between landscape and
water quality. The region experiences a continental climate, with an
average temperature of 4.6 °C, precipitation ranging from 400 to 500
mm, and actual evaporation of 1700-1900 mm (Wang et al., 2009).
Precipitation is unevenly distributed in space and time due to the re-
gion’s geographical location and topography, with the months of June,
July, and August accounting for 71.2% of annual precipitation. The
terrain is flat and low-lying, with elevations ranging from 100 to 600 m.
Soil types are diverse, with black calcareous, meadow, and saline soils
being the most prevalent. The region has a low per capita income, with
over 60% of the population engaged in agriculture, particularly planting
and animal husbandry, with corn and rice being the primary food crops.
Cropland (50.81%) and bare land (17.98%) are the primary land use
types in the study area.

2.2. Lake water quality monitoring data

In the study area, a total of 203 lakes were assessed based on their
surface area, spatial location, and hydrological characteristics, with 49
lakes being selected as monitoring objects (Table 1). Lakes with a surface
area of less than 10 ha or those deemed seasonal were excluded from the
study. Samples were collected at a depth of 0.5 m in the geometric center
of the lakes. In cases where the surface area of the studied lakes
exceeded 500 ha, the sampling sites were increased based on local
conditions. Ultimately, a total of 68 sites were selected and visited be-
tween 2015 and 2019.

The water sampling period was divided into a rainy season (i.e., June
to August) and a dry season (i.e., April to May and September to
October), based on the amount of local rainfall. During the rainy season,

Table 1
The morphometric and anthropogenic characteristics of the studied lakes in
2010-2019 (n = 49).

Surface Average Volume Watershed Population

area depth (m) 10* area (people/

(km?) m®) (km?) km?)
Average 21.6 2.2 2114 71.3 18.8
Median 4.2 1.9 275 24.6 17.1
Minmum 0.1 0.6 3 0.4 1.3
Maxmum  307.5 6.3 42,600 1070.7 37.1

o

3 Saline-alkal

Fig. 1. Sampling sites nearby the 49 lakes of the Western Jilin Province, China, and the six lakeshore buffer scales (example of Dabupao lake).
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water sampling was conducted once every 10 days, while during the dry
season, it was conducted once every half a month. The study area is
characterized by developed agriculture and livestock husbandry, and
long-term climate drought, which informed the selection of five water
quality parameters to represent the status of the lakes: total phosphorus
(TP), total nitrogen (TN), dissolved oxygen (DO), total organic carbon
(TOC), and fluoride (F~). TN/TP is an important parameter for evalu-
ating the eutrophication status of lakes, and was therefore retained as a
crucial water quality parameter (Qin et al., 2020; Tong et al., 2020).
Although fluoride is not regularly monitored, its concentration in the
lake water was high due to the continuous drought in the study area, and
therefore, F- was continuously monitored in this study (Zhang et al.,
2007). DO was measured on-site using HQ30d portable water quality
instruments (HACH, USA), while other parameters were determined in
the laboratory, with water samples being carried in cold storage in
accordance with national standard methods.

2.3. Landscape features

The present study utilized a fusion of Landsat-8 and Sentinel-2 im-
ages to obtain land cover data with high spatial resolution (10 m). Based
on geographical characteristics and research objectives, the image was
classified into seven distinct land cover types, including cropland,
grassland, forest, wetland, water, urban, and saline ground. The accu-
racy of the classification was assessed and found to be 96.2%. Notably,
the presence of bare land in the study area was primarily attributed to
salinization, and thus, to better reflect the natural environmental char-
acteristics, bare ground was replaced by saline ground in subsequent
analyses. The proportions of different land cover types within the
lakeshore zones were used to represent the composition of the land-
scape, while the configuration metrics were used to quantitatively
describe the spatial pattern of the landscape.

Diffuse pollution is an ecological process of pollutant migration from
soil to water bodies, and the relationship between pattern and process is
a crucial topic in landscape ecology (Wu and Lu, 2019). The pollutant
load is determined by the landscape composition, and the spatial dis-
tribution pattern of source and sink landscapes, such as cropland and
wetland, respectively, significantly affects surface runoff and sediment
transport, ultimately impacting the discharge of pollutants to surface
water (Ustaoglu and Tepe, 2019). To explore the relationship between
landscape and water quality, many scholars have proposed introducing
landscape pattern indices (Li et al., 2018; Zhang et al., 2021; Cheng
et al., 2023). However, the complex design of many landscape indices
makes it difficult to reasonably explain their impact on water quality. To
address this issue, this study selected relatively simple patch density
(PD), edge density (ED), and contagion (CONTAG) as representative
variables and calculated them using Fragstat4.0 software. PD and ED
represent the number of landscape patches and the perimeter of all
patches within a unit area, respectively, and mainly reflect the degree of
regional heterogeneity. The estimation of patch and edge densities is as
follows:

N
PD = @
where N is total number of patches in landscape and A is total landscape
area (km?).

ED = N @
where E is total length (m) of edge in landscape and A is the total
landscape area (ha).

CONTAG represents the aggregation degree or extension trend of
different types of patches. The better the connectivity between patches,
the greater the value; otherwise, the higher the degree of fragmentation
of the landscape. The contagion can be calculated as follows:
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where P; is the proportion of the landscape occupied by patch type
(class) i, gix is the number of adjacencies (joints) between pixels of patch
types (classes) i and k based on the double-count method, m is number of
patch types (classes) present in the landscape, including the landscape
border if present.

In this study, polygonal vector buffers with varying widths were
generated using lake water surface edges sourced from the National
Geomatics Center of China. The resultant polygons were subsequently
overlaid onto the land cover, facilitating the extraction of raster land-
scape data (10 m) from each lakeshore zone. The selection of buffer
widths (50 m, 100 m, 150 m, 200 m, 250 m and 300 m) was based on the
pixel size (10 m) of the land cover, as illustrated in Fig. 1.

2.4. Statistical analyses

The present study used statistical methods to analyze the relation-
ship between water quality and landscape characteristics. Initially, the
Kolmogorov-Smirnov (K-S) test was used to assess the distribution of
water quality and landscape data. In cases where the data did not
conform to a normal distribution, a logarithmic transformation was
applied to normalize them. Subsequently, the one-way ANOVA test was
employed to determine whether there were significant differences in
water quality across seasons. To identify correlations between water
quality (response variables) and landscape characteristics (predictive
variables), two methods were considered: Pearson correlation analysis
and multiple linear regression (MLR). The Pearson correlation coeffi-
cient (R) was used to detect statistically significant covariate trends
between a single landscape factor and a single water quality indicator.
However, this method was primarily used for preliminary screening of
landscape variables, as the relationship detected by R may not neces-
sarily exist in the real world. In contrast, MLR does not only characterize
the impact of multiple landscape factors on a single water quality in-
dicator under the constraint of the coefficient of determination (Rz), but
also provides the direction of correlation. Its reliability has been
confirmed by several studies and is widely used in this field. Accord-
ingly, a total of twelve MLR models were conducted in this study,
categorized according to water quality indicators and seasons.

Canonical correspondence analysis (CCA), redundancy analysis
(RDA), and structural equation modeling (SEM) were considered as
potential methods for analysis. CCA and RDA, both belonging to the
direct gradient analysis technique, involve Principal Component Anal-
ysis (PCA) of the fitted value matrix of multivariate MLRs between the
response variable matrix and explanatory variables. While CCA is suit-
able for normal distribution datasets, RDA is applicable to a wider range
of datasets. On the other hand, SEM is a set of statistical methods that
integrate Factor Analysis (FA), ANOVA, and MLR. This technique fo-
cuses on the influence of covariance of explanatory variables on their
ability to explain the response variable. As this study aimed to identify
the differences in explanatory power of each landscape variable, the
effects of covariation had to be excluded. Moreover, the landscape
dataset distribution was not normally distributed, so RDA was chosen to
identify the impacts of landscape variables on multiple water quality
indicators. The sorting axes of RDA are linear combinations of the pre-
dictive variables (landscape factors), and the first two axes with higher
eigenvalues are usually selected to explain the response variables (water
quality indicators). RDA was conducted separately for each lakeshore
width, and Monte Carlo permutation tests reduced the number of model
tests. To identify the significance (p < 0.05) of the first canonical axis
and of all canonical axes together, 499 unrestricted permutations were
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applied. The variation proportion (R?) of overall water quality (response
variables) considering all landscape variables (predictive variables) was
calculated using the equation used in RDA. (Ou et al., 2016):

R — trace(YY) B
B trace(Y., Yeen) -

cent

trace](Yeoy — ¥)Yeew — ¥)]
trace(Y., Yeen)

cent

4

where ¥ = X (X X)"lX Y.ene represents the matrix of predicted values; Y,
the multiple response variables and X, the multiple predictive variables.
Ycent = (I-P)Y represents the matrix Y centered by column means; I, a (n
x n) identity matrix and P, a (n x n) matrix with all elements = 1/n; n is
the number of sample sites.

Before applying MLR and RDA, the variance inflation factors (VIF <
10) for each of the landscape variables were pre-tested. The
Kolmogorov-Smirnov (K-S) test, ANOVA, and MLR were assessed using
SPSS22.0 (IBM Company, USA), while RDA was performed using CAN-
OCO 4.5 (Microcomputer Power, USA). Box plots and line plots were
generated using Origin 2016.

3. Results and discussion
3.1. Spatio-temporal variations of water quality

Between 2015 and 2019, a survey of 49 lakes in Western Jilin, China,
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revealed mean concentrations of TN, TP, DO, F, and TOC of 1.9 mg/L,
0.28 mg/L, 6.4 mg/L, 3.8 mg/L, and 14.1 mg/L, respectively. The Chi-
nese environmental quality standards for surface waters classify TN
concentrations exceeding 1 mg/L as polluted, and 21 of the 49 surveyed
lakes exceeded this limit, while 25 exceeded the Class IV limit of 1.5 mg/
L. TP concentrations in 13 lakes exceeded the Class III limit of 0.05 mg/
L, and 27 lakes exceeded the Class IV limit of 0.1 mg/L. The average TP
concentration (approximately 0.28 mg/L) in the surveyed lakes was
approximately 10 times higher than the national average (0.03 mg/L)
(Tong et al., 2017) and higher than that of Europe and the USA
(approximately 0.02 to 0.04 mg/L) (Stoddard et al., 2016). The TN
concentration was also higher than the national average and that of
Europe and the USA (Stoddard et al., 2016). The TN/TP mass ratio of the
surveyed lakes (17.3) (Fig. 2C) was much lower than the national (31.6)
and European lake levels (31) but like that of the USA (Tong et al.,
2020). Field monitoring and hydrological simulations indicated that
most lakes in Western Jilin were in a moderate to severe eutrophication
state (Liu et al., 2021, and prevention HAB was advocated for envi-
ronmental management. The N:P ratio was identified as a stoichiometric
indicator closely related to algal growth, and identifying its main drivers
can control HABs and support the development of effective nutrient
management goals (Tsegaye et al., 2006).

Multiple studies have examined the factors influencing the spatial
variation of the N:P ratio in different regions. Cropland has been

Elevation (m)
o <50

Lake area (ha)

O 200-1000 [_] Province Boundary

0 s50-100 () 1000-5000

905 20 O 100-2000 > 5000

0 2550 100
T w—— km

Fig. 2. Annual average of TN concentrations (A) and TP concentrations (B), TN/TP mass ratios (C), DO concentrations (D) and F~ concentrations (E), and TOC

concentrations (F) in the surveyed lakes in the Western Jilin Province, China.
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identified as a significant factor in North America and Europe, while the
geometric characteristics of lakes have played a more prominent role in
Central and Southern China (Manning et al., 2020; Tong et al., 2022).
The TN/TP mass ratio has been commonly used to determine the
limiting nutrient for algal growth, where a ratio less than 9 suggests N
limitation, and a ratio greater than 23 indicates P limitation (Tong et al.,
2020). The analysis of 49 surveyed lakes in the study area revealed that
17 had TN/TP mass ratios less than 9, indicating a higher level of TP
enrichment in these lakes. This finding is consistent with a
hydrodynamic-ecological modeling assessment that N has a more sig-
nificant impact on phytoplankton community structure than P in the
region (Liu et al., 2021). The prioritization of N or P control in global
lake eutrophication management strategies is still a subject of significant
debate due to the influence of natural geographical features and varia-
tions in lake geomorphology. Generally, N has a larger effect on growth
and reproduction of phytoplankton, while P is closely associated with
benthic plants and cyanobacteria. Consequently, N limitation is more
likely to occur in shallow lakes, whereas P limitation is more prominent
in others. Indeed, a global study conducted by Qin et al. (2020)
emphasized the prevalence of P limitation in lakes and suggested that N
limitation is more common in shallow lakes. The control strategies for
eutrophication and HABs should be determined by the hydrodynamic
characteristics of the lakes. The findings of this study further validate the
view that eutrophication in shallow lakes is nitrogen-limited, providing
data support for environmental protection of small lakes. It also in-
dicates that a dual control strategy of N and P must be adopted in the
future for Chinese lakes to effectively improve environmental health of
surface waters.

The measurement of DO content in water bodies is an essential in-
dicator of water quality. It provides a direct correlation to the level of
eutrophication in lakes and has a significant influence on the growth of
plankton and benthic invertebrates (Klose et al., 2012; Tas et al., 2019).
However, DO level is not solely dependent on the metabolic rate of the
water ecosystem, but also on various factors such as water temperature,
atmospheric gas exchange, physicochemical reactions, and oxygen-
consuming substances transported by surface water and groundwater
(Hanson et al., 2006). The expansion of agricultural and urban land has
been found to increase flooding frequency, destroy riparian vegetation,
reduce shade, and increase water temperature, as well as discharges of
sediments, nutrients, and organic matter into water bodies (Allan, 2004;
Sawatzky and Fahrig, 2019). Over the past two decades, numerous
studies have identified significant correlations between DO concentra-
tions and multi-scale landscape variables in North America (Boeder and
Chang, 2008), East Asia (Shi et al., 2017; Zhang et al., 2019), and Africa
(Sitati et al., 2021). In this study, DO levels of surveyed lakes were found
to be mostly rich, with only three lakes having levels below the surface
water Class III limit (5 mg/L), as shown in Fig. 2D. The shallow depths of
the surveyed lakes, with the largest of the 49 lakes having an average
depth of no more than 2.5 m, was identified as a significant factor.

Shallow lakes are strongly disturbed by wind and waves, resulting in
a high degree of reoxygenation, ensuring that both the surface and
bottom layers of the lakes have sufficient DO all year round. The
oxidized state of the surveyed lake sediments is attributed to the com-
bination of trivalent iron ions (Fe3*) with P, leading to the formation of
easily depositable iron phosphate (FePO4), which suppresses the release
of P at the soil-water interface and results in the P enrichment in the
lakes. The study further reveals that the F~ concentrations in 42 sur-
veyed lakes exceed the surface water Class III limit (1 mg/L) (Fig. 2E),
with the highest value being 15 times greater than the Class IV limit (1.5
mg/L), indicating serious F~pollution that may be linked to the unique
natural geographic conditions of the study area. The persistent drought
and strong evaporation in the region have led to soil salt concentrations
of more than 0.5%, resulting in severe salinization (Zhang et al., 2007).
This has caused a significant amount of F~ to be adsorbed by soil colloids
and enriched in the soil solution, with an average concentration of sol-
uble fluorine being 2.5 times higher than the national maximum
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allowable value (GB15618-2008). The current study reports that the
national surface water standard for TOC was absent, and only 11 lakes in
the country exhibited TOC concentrations (16.2 mg/L) above the na-
tional mean (Song et al., 2018), as compared to each other. However,
these concentrations were almost twice the global average, as reported
by Chen et al. (2015). This disparity can be attributed to the extensive
soil salinization in the study area, which has resulted in a significant
reduction in soil organic matter content. This, in turn, has led to a
decrease in the organic matter load entering the lake with runoff, ulti-
mately resulting in lower TOC concentrations. Nevertheless, the high
intensity of agricultural and livestock activities in the region has caused
a significant loss of organic matter, leading to significantly higher TOC
concentrations in the surveyed lakes as compared to the global level, as
reported by Larsen et al. (2011).

Based on the findings of the monthly monitoring data from 2015 to
2019 presented in Fig. 3, significant seasonal variations were observed
in the concentrations of TP, DO, F~, and mass ratios of TP/ TN. However,
TN and TOC concentrations did not exhibit significant changes. Specif-
ically, the concentrations of TP in 41 of the 49 lakes increased during the
rainy season by an average of 57.1% compared to that of the dry season,
indicating the occurrence of diffuse pollution linked to rainfall-runoff
events that significantly increased P input to water bodies. Although
no seasonal difference was observed in the concentration of TN, the TN/
TP ratio during the dry season was significantly higher than that of the
rainy season, with an average value greater than 23. Given that P is the
limiting factor for algae growth, it was expected to play a significant role
in promoting eutrophication. However, the decrease in temperature
during the dry season resulted in a negligible influence of P on algae
growth, as the probability of eutrophication was extremely low. More-
over, the decrease in temperature led to an increase in DO concentra-
tions in almost all lakes during the dry season, with an average increase
of 37.6%. Like TP, the concentration of F~ in 36 lakes increased
significantly with the increase in runoff during the rainy season, and the
average concentration increased by 38.6%. The concentration of TN was
greatly affected by seasons, with little variation, mainly due to the
vigorous growth of wetland vegetation in summer and the rapid rise in
temperature, significantly reducing TN loads in lakes by increasing
microbial biomass and activity (Hansen et al., 2018). During the dry
season, although TOC loads in lakes declined with the decrease in
runoff, the concentration of TOC did not significantly decrease. This
could be attributed to the continuous decomposition and release of
organic matter from the substrate induced by the accompanying in-
crease in DO concentration in shallow lakes (Hanson et al., 2006; Maerki
et al.,, 2009), ultimately leading to dynamic equilibrium of the water
column TOC concentration.

3.2. Land use/land cover distribution

Fig. 4 presented an analysis of land cover within various widths of
lakeshore zones, demonstrating that wetland, cropland, and saline-alkali
land constitute most of the land cover, accounting for approximately
80% of the total area. The proportion of wetlands decreased by 12.9% as
the lakeshore zone width increased from 50 m to 300 m, while cropland
increased by 11.64%. However, the proportion of saline-alkali land did
not exhibit significant variation. This indicates that human activities (i.
e., cropland) intensify as distances from water bodies increase, resulting
in a shift from natural to anthropogenic landscapes. Grassland, forest,
and urban areas were not significantly impacted by the width of the
lakeshore zone, with the proportion fluctuating around 1%. Wetland
area decreased rapidly as the lakeshore zone width increased, making
grassland a crucial sink landscape. Forest and urban areas were similar
in size, accounting for only 5% of the lakeshore zone each. Due to the
low proportion of forest within the lakeshore zone, it did not play a
significant role in the statistical analysis as a landscape characteristic
parameter. However, research has shown that urban areas, despite their
low proportion within a watershed or riparian zone, have a high
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negative impact on water bodies, emphasizing the need to include them
in identifying relationships between landscape and water quality (Allan,
2004; Ou et al., 2016; Birk et al., 2020).

The results presented in Fig. 4 indicated that the lakeshore zones of
the study area exhibited a high degree of landscape fragmentation,
which was closely linked to the proportion of wetlands. A significant
decrease in the proportion of wetlands and a sharp increase in cropland
area were observed, resulting in an 82.71% decrease in the PD value
from 50 to 300 m. The findings further suggested that wetlands adjacent
to water were highly impacted by anthropogenic activities and exist in a
fragmented state, which made it challenging for them to act as effective
ecological barriers to intercept and reduce diffuse sources of pollutants.
To address this issue, future wetland restoration efforts at the water-land
interface zone should focus on building concentrated and continuous
large wetland patches, as recommended by Lee et al. (2009). The study
also reveals that the landscape complexity was not sensitive to the width
of the lakeshore zone, with only a 13.5% decrease in the ED value
observed with an increase of 250 m in width. This implies that merely
increasing the lakeshore zone area may not effectively regulate the
complexity of the landscape, and further natural vegetation restoration
measures should be taken to smooth the shape of the patches. The spatial
aggregation trend of landscape patches was not affected by the width,
and the variation of the CONTAG value within the lakeshore zone of
different widths was around 2%. While the CONTAG value of the lake-
shore zone characterized the covariation of source-sink landscape, its
impact on water quality remained unclear.

3.3. Effective riparian/buffer zone width

The present study aimed to investigate the impact of lakeshore

landscapes on water quality using multiple regression coefficients of
determination (R%). The results, as depicted in Fig. 5, indicate that
during the rainy season, the landscapes within the lakeshore zones of all
widths, except for DO and F- variation, were able to effectively predict
the water quality parameters. The study found that the highest pro-
portion of TN/TP variation was explained by the landscapes within the
first 150 m (i.e., 63.4%). However, the relationship between the land-
scapes and F- within the first 250 m width was the weakest, explaining
only 40% of the variation. The study further revealed that the lakeshore
landscapes had a relatively small influence on DO and F-. Only the
150-250 m lakeshore landscapes had a significant correlation with DO,
with R? less than 0.43. Previous research suggests that landscape in-
fluences lake DO concentrations through discharges of oxygen-
consuming organic matter and shading (regulation of water tempera-
ture) (Prairie et al., 2002; Allan, 2004). As illustrated in Fig. 4, wetland
fragmentation and low proportion of cropland in the lakeshore zones
less than 100 m reduced the shading function, but were also less likely to
discharge large pollutants, which may be the main reason for the diffi-
culty of predicting DO changes. We found that as lakeshore width
increased (150-250 m), cropland area also rose rapidly, having a sig-
nificant effect on DO in lake water (Fig. 6). However, as the distance
away from the water body became longer, it also made it possible for
more contaminants to be intercepted, so the correlation between land-
scape and DO weakened when lakeshore width reached 300 m.

The lakeshore landscapes within the first 50 m had little influence on
F- concentration, and the proportion of the variation explained for other
widths was also less than 45%. This was attributed to the fact that saline
soil was the only main source of F- input to lake water, resulting in a
relatively weak correlation between lakeshore landscapes and F-.
However, we found that a certain amount of input (width >50 m) was
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needed to have a significant impact. Furthermore, the relationships
between landscape prediction ability and water quality for each width of
the lakeshore zone were complex and not linearly positive, with a
threshold phenomenon observed around 150-200 m (Fig. 5). This
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finding is consistent with previous research by Guo et al. (2010), who
characterized lakeshore buffers of different widths and found that there
was a certain width of riparian zone with the strongest linkages between
landscape and water quality, but with differences in the effective widths
for different water quality parameters. Similarly, Li et al. (2018)
examined the relationship between landscape and river water quality in
a 100-2000 m wide riparian zone of the Han River basin in central China
and found that the landscape within a 300-m wide riparian buffer zone
had the largest influence. The study concluded that the correlation be-
tween pattern and process had a scale effect and threshold, which is a
common phenomenon in landscape ecology (Birk et al., 2020).

As the lakeshore zone width expanded, the influence of the source
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Fig. 6. The threshold effect of lakeshore width on predictive power of all
landscape variables for overall lake water quality. R is the explained propor-
tion of water quality variation from RDA (see Materials and methods).
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Fig. 5. R? values of multiple linear regressions (MLR) with respect to different lakeshore widths. Only significant models (p < 0.05) are shown. R? is the influence of
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landscape on water quality strengthened and the correlation between
the two became more prominent. However, as the distance from the lake
increased, pollutants experienced greater interception during transport,
leading to a decline in the landscape’s impact on water quality after it
reached its maximum effect. Additionally, a non-linear relationship
between the N:P ratio and landscape type was observed, with a peak in
predictive power observed for a 150-m wide lakeshore zone during the
rainy season (R% = 0.63), which was significantly different from other
widths of lakeshore zones (Fig. 5). This phenomenon could be attributed
to the fact that the source landscape, such as cropland, had multiple
influences on the aquatic ecosystem, including simultaneous inputs of
both N and P, making the N:P ratio more sensitive and responsive to this
stress than a single lake N and P concentration indicator. This suggests
that the N:P ratio is a suitable water quality response indicator for
identifying the threshold width of the lakeshore zone.

During the dry season, the impact of the lakeshore landscape on
water quality decreased rapidly. Among the six parameters studied, only
TOC showed a significant correlation with all widths of the lakeshore
landscape, while TN only responded to the landscape within the 200-m
wide lakeshore. This indicates that runoff played an important role in
pollutant transport within the lakeshore zone, particularly for the dis-
solved form of TN. Consequently, when runoff was low during the dry
season, the input of N-pollutants from the source landscape (cropland
and urban areas) of the lakeshore zone was effectively cut off, making it
difficult to isolate the landscape’s effect. However, seasonal changes had
little effect on the relationship between TOC and the lakeshore land-
scape, which was primarily due to the bidirectional regulation of TOC in
lake water by wetlands. During the rainy season, when crops were in full
growth, wetlands acted as a sink landscape, effectively mitigating
oxygen-consuming organic pollutants transported by surface runoff.
However, during the dry season, as the organic matter level of surface
runoff decreased, wetlands became a source landscape, discharging
organic matter into the lake water. As shown in Fig. 5, during the dry
season, the landscape was significantly correlated with TN, TP, and DO
only when the width of the lakeshore zone exceeded 100 m. This sug-
gests that when surface runoff decreased significantly, the source land-
scape area had to accumulate to a certain amount to have a significant
impact on water quality (Yang et al., 2010).

As shown in Fig. 4, the proportion of cropland increased as the width
of the lakeshore zone expanded, which corroborated our findings.
Furthermore, compared to the rainy season, the landscape within 100-m
lakeshore zone had a greater impact on F- during the dry season. This
was primarily due to the strong evapotranspiration during the dry sea-
son, which led to increased salt accumulation in the surface layer of the
soil. Additionally, the shorter distance to the water body offset the effect
of decreasing surface runoff. Ultimately, these two factors combined to
enhance the predictive ability of the landscape with regards to changes
in F- concentration in the lake water.

Based on the results of the MLR analysis (Fig. 5), the critical range of
lakeshore width was determined to be between 150 and 200 m. To refine
this critical width range, the RDA was used to investigate the impact of
lakeshore landscape on overall water quality. As illustrated in Fig. 6,
during the rainy season, the landscape within a 50-m wide lakeshore
zone explained the lowest proportion of water quality variability
(43.9%), while it was 59.7% within 150 m. During the dry season, the
predictive ability of the landscape within both 50-m and 300-m lake-
shore zones decreased rapidly to 32.7% and 34.8%, respectively. How-
ever, the predictive ability of the landscape within the 150-m wide
lakeshore zone on water quality decreased slightly when compared to
that during the rainy season, but still had the greatest effect. It was
observed that the lakeshore landscape had a greater effect on overall
water quality during the rainy season than during the dry season.
Nonetheless, the 100-m wide lakeshore zone was more specific, and the
landscape had a larger effect during the dry season, mainly due to the
more intense F~ exchange between landscape and lake water within this
length scale during the dry season. By comparing and integrating the
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results of MLR and RDA, the critical lakeshore width in the study area
was determined to be 150 m (Fig. 6). According to research findings, the
variation in critical widths of lake or river riparian zones in different
regions is not significant. For example, in the Miyun Reservoir water-
shed in North China, the critical riparian width was found to be 100 m
(Ou et al., 2016) while it was 300 m in the Han River watershed in
Central China (Li et al., 2018). Similarly, in Eastern Ontario, Canada, the
most influential landscape in terms of N and P concentration in lakes was
found to have a lakeshore width ranging from 150 to 300 m (Sawatzky
et al., 2019). These results indicate that the critical width of lakeshore/
riparian zones as an ecological threshold can be singled out in different
regions. The identification framework established in this study, which
incorporated water quality and landscape characteristics indicators, was
deemed relatively relevant. The combination of MLR and gradient
analysis also ensured the robustness of the framework used to identify
critical widths. This technical framework has the potential for further
application and can be used to conduct related studies in more regions to
validate its reliability and applicability.

3.4. Linkage between landscape and water quality

To establish a more precise understanding of the quantitative re-
lationships between lakeshore landscape features and lake water qual-
ity, we focused on the 150-m wide lakeshore zone.

According to Table 2, during the rainy season, all water quality pa-
rameters could be predicted by landscape features, but the main drivers
varied significantly. DO had the weakest correlation with lakeshore
landscape (R? = 0.43) and was only negatively correlated with PD and
Urban. High-intensity agricultural activities and urban expansion often
lead to increased fragmentation of regional landscapes, followed by the
influx of oxygen-consuming pollutants into adjacent water bodies,
resulting in a decrease in DO levels, which is consistent with the findings
of this study. A higher proportion of impervious surfaces was identified
as a key parameter of rapid urban expansion, leading to an increase in
surface runoff and pollutant export loads (Ou et al., 2016), and a similar
decrease in DO levels. All land cover types had a significant influence on
TP, with wetlands and grasslands acting as sink landscapes and being
negatively associated with TP, while cropland, urban areas, and saline-
alkali land acted as source landscapes and were positively associated
with TP. Wetlands and grasslands within the lakeshore zone of the study
area were effective in reducing P through their ability to trap it through
vegetation and sorption by soils, which is consistent with the findings of
many studies (Walton et al., 2020). Agricultural activities, rural living,
and bare areas were all considered major sources of diffuse pollution,
and the results of this study confirmed this widely accepted viewpoint.

PD had a greater impact on TN than TP, despite fewer landscape
proportion parameters being significantly associated with it. This
finding can be attributed to the fact that N pollutants in the study area
were mostly dissolved and effectively transported by surface runoff. As
the fragmentation of the landscape increased, the transport distance of
runoff was extended, resulting in the discharge of more N pollutants into
the water body. Furthermore, wetlands within the lakeshore zone were
mostly located in the water-land ecotone, leading to a short residence
time for TN in the dissolved form, which hindered denitrification
(Houlahan and Findlay, 2004). In contrast, grasslands within the lake-
shore zone were discrete and could increase the infiltration of TN and
utilize part of the N by intercepting surface runoff and increasing
transport time, leading to a significant negative correlation with TN (Ou
et al., 2016). The study area was characterized by the co-occurrence of
heavy precipitation and high temperatures, which served as key climatic
features. Consequently, it is highly probable that the lakeshore zone
experienced a larger inundated area (low DO) and a rapid proliferation
of wetland vegetation during the rainy season.

Numerous studies have demonstrated that environmental conditions
conducive to efficient denitrification resulted in less impact on TN level
in lakes from source landscapes, such as cropland and urban areas
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Table 2
Multiple linear regression (MLR) models for each season and water quality parameter for the 150-m buffer zone (n = 49).
PD ED CONTAG Wetland Grassland Cropland Urban Saline-alkali R? P

Rainy Season
DO - - 0.43 0.024
TP - - + + + 0.56 0.001
N + - + 0.50 0.005
TOC + - - + + 0.54 0.002
F- + 0.43 0.022
TN/TP + + 0.63 0.001
Dry Season
DO - - 0.40 0.041
TOC + - - + + + 0.56 0.001
F + 0.40 0.041
TN/TP + 0.56 0.001

(+) represents a positive correlation, (—) a negative correlation, no symbol represents no correlation; PD, patch density; ED, edge density; and CONTAG, Contagion.

(Hansen et al., 2018; Walton et al., 2020). In contrast, bare saline-alkali
land was highly prone to erosion and served as a significant source of N
input to lakes, predominantly in sorbed and organic forms, which were
more likely to accumulate. As a result, the impact of saline-alkali land on
TN was significantly greater than that of cropland and urban areas
(Zhang et al., 2007). Similarly, TOC concentrations were also influenced
by various landscape features. However, during the rainy season, the
rain-scouring effect of impervious ground led to a decrease in TOC levels
in surface runoff, indicating that urban areas had little effect on their
concentration in lake water. F~ was only correlated with salinity soil,
resulting in a low determination coefficient of the linear regression (R2
= 0.43). This suggested that the high background levels of elemental
F combined with the erosion-prone bare saline-alkali soils were pri-
marily responsible for severe F~contamination in lake waters of the
study area (Yang et al., 2010).

The TN/TP was found to be most significantly influenced by the
lakeshore landscape R? = 0.63), with positive correlations observed
with both CONTAG and cropland. This could be attributed to the fact
that agricultural land was a major contributor to diffuse pollution,
exporting variety of pollutants such as N and P into the surrounding
environment (Wagner et al., 2011). As a result, cropland has a greater
impact on lake water quality compared to other types of landscapes.
Additionally, higher CONTAG values indicated greater connectivity
between landscape patches, facilitating the formation and transport of
surface runoff and ultimately leading to higher concentrations of N and
P in the lake. However, their retention in the landscape of the study area
was inconsistent, with greater effectiveness observed in the reduction of
P. This explains why CONTAG and the ratio of TN/TP were positively
correlated.

During the dry season, which is characterized by reduced runoff and
lower agricultural activity, the influence of the lakeshore landscape on
lake water quality weakens, explaining only the changes observed in
DO, TOC, F~, and TN/TP. As a result, the main landscape factors
impacting lake water quality underwent slight changes. Furthermore,
the ability of landscape pattern metrics to interpret variations in lake
water quality also decreased, with only patch density (PD) demon-
strating a significant correlation with DO and TOC. Additionally, during
the dry season, the accumulation of dry deposits in rural areas, com-
bined with lower temperatures, created favorable conditions for indoor
activities among rural residents. This, in turn, lead to the large-scale,
unregulated discharge of domestic waste due to the lack of proper
treatment facilities (Ting et al., 2021), thereby resulting in increased
TOC input from rural areas into the lake waters.

The results obtained from MLR (Table 2) indicated that cropland and
saline-alkali land were the dominant landscape factors, with the lake-
shore landscape exerting a significant influence on water quality during
the rainy season. Furthermore, RDA results (Table 3) showed that the
lakeshore landscape explained approximately 60% of the variability in
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Table 3

The results of redundancy analysis (RDA) demonstrated the percentage variation
in overall water quality that could be explained by landscape factors within a
150-meter lakeshore.

Explained variability (%) p Key landscape variables

Axesl Axes2 Al Value (contribution%)
axes
Rainy 53.4 6.0 59.7 0.01 Cropland (30.0) Saline-alkali
Season (20.6)
Dry 51.4 3.8 55.4 0.01 Cropland (31.1) Saline-alkali
Season (14.3)

lake water quality during the rainy season, which was 9% higher than
that observed during the dry season. Cropland was identified as the most
important landscape factor, explaining approximately 30% of the vari-
ability in lake water quality, with little effect of seasonal changes on its
predictive ability. Conversely, the ability of saline-alkali land to explain
changes in lake water quality was significantly affected by the season,
with a 42.86% higher explanatory power observed during the rainy
season compared to the dry season. Additionally, MLR results (Table 2)
revealed that both cropland and saline-alkali land were significantly
associated with most water quality indicators, and both played a nega-
tive role. Therefore, in combination with the RDA results (Table 3), it
could be inferred that intense agricultural activities and soil salinization
within the lakeshore zone are the main factors contributing to the
deterioration of water quality in the studied lakes.

The p values were derived from Monte Carlo permutation tests (499
permutations) of all canonical axes.

4. Conclusions

In this study, a total of 203 lakes situated in the eco-fragile region of
Western Jilin were surveyed, and 49 lakes were selected as representa-
tive study sites to explore the correlation between lakeshore landscapes
and lake water quality. The study relied on statistical methods to
quantitatively identify the relationships between the two types variables
during two seasons. The results indicated that most of the studied lakes
exhibited significant spatio-temporal variations in water quality pa-
rameters, with nutrient pollution being a major concern. Specifically,
the concentration of TP in most lakes was almost ten times higher than
the national average. The TN/TP ratios of the lakes were low, indicating
that N was the limiting factor for phytoplankton growth. Furthermore,
the F- concentrations were abnormally high, and according to the Chi-
nese surface water standards, most of the lakes were heavily polluted.

As the width of the lakeshore zone expanded, human activity
intensified, and large areas of wetlands were converted into cropland.
The impact of lakeshore landscapes on water quality varied between
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seasons and different water quality parameters. However, the results of
MLR and RDA analysis revealed that the influence of the lakeshore
landscape on water quality had a threshold value, peaking at a width of
150 m. At this spatial scale, wetlands and grasslands demonstrated a
certain purifying effect on water quality. Conversely, cropland and
saline-alkali land had the greatest impact on lake water quality,
explaining almost 50% of the water quality variability over two seasons.
This indicated that agricultural activities were the primary cause of se-
vere nutrient pollution in the studied lakes, while excess F~ was due to
severe soil salinisation caused by drought. Therefore, restoration efforts
in this region should focus on converting cropland to wetlands within a
critical width, creating an effective vegetation buffer zone that promotes
denitrification and phosphate deposition. Additionally, green agricul-
ture should be developed to encourage residents to implement saline
land improvement projects that inhibit substantial salt input to the
lakes.

Based on an analysis of long-term spatio-temporal variations in water
quality of 49 typical lakes within a study area of approximately 50,000
km?, this study points towards a dual control approach targeting N and P
as an effective strategy for preventing and managing eutrophication in
shallow lakes. The research findings indicated that the proportions of
cropland and saline-alkali land were the primary landscape factors
affecting water quality. This suggested that, at small spatial scales such
as lakeshores and riparian zones, landscape composition indicators were
more suitable for predicting changes in water quality compared to
configuration indicators. These findings provided a foundation for
selecting appropriate landscape indicators in future studies investigating
the relationship between landscape characteristics and water quality.
The successful identification of the critical lakeshore width highlighted
the feasibility of the threshold identification framework developed in
this study, which integrated water quality analysis, landscape indicator
selection, and multivariate statistical methods. Further research is
warranted to apply and validate this identification framework.
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