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Abstract
High-precision remote sensing monitoring of dynamic changes in wetlands holds
significant practical importance for wetland conservation and restoration. Tak-
ing the Bosten Lake wetland in Xinjiang as the study area, this study employs
the Multiple Endmember Spectral Mixture Analysis (MESMA) model to extract
vegetation, water body, and bare land areas from Landsat imagery. Following
accuracy validation using UAV imagery and combining trend analysis meth-
ods, the spatiotemporal variation characteristics and trends of the Bosten Lake
wetland from 2000 to 2022 were investigated. The results indicate: (1) In the
MESMA classification results validated through resampling accuracy assessment
using UAV imagery, the coefficient of determination (R2) for vegetation pixels
is 0.75, and for water body pixels is 0.84, demonstrating that the classification
results align with actual ground features. (2) From 2000 to 2022, the vegetation
area in the Bosten Lake wetland increased by a total of 536.65 km2, representing
an increase of 183.14%; the water area decreased by 595.76 km2, representing a
decrease of 37.07%; and the bare land area increased by 99.12 km2, representing
an increase of 25.42%. (3) Areas showing an increasing trend in vegetation cov-
erage account for 30.6% of the total wetland area, located in the northwestern
part of the main lake region and the northern part of the small lake region; con-
versely, areas showing a decreasing trend in water coverage account for 34.6%
of the total area, located along the northern and eastern shores of the main lake
and in the small lake wetlands. Accurately understanding the spatiotemporal
changes and trends of the Bosten Lake wetland can provide a reference basis
for monitoring and protecting inland wetlands in arid regions.
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Abstract

High-precision remote sensing monitoring of dynamic wetland changes is of great
practical significance for wetland conservation and restoration. This study fo-
cuses on the Bosten Lake wetland in Xinjiang, employing the Multiple Endmem-
ber Spectral Mixture Analysis (MESMA) model to extract vegetation, water
body, and bare land areas from Landsat imagery. After validating the accuracy
with UAV imagery and combining trend analysis methods, we investigated the
spatiotemporal variation characteristics and trends of Bosten Lake wetland from
2000 to 2022. The results demonstrate that: (1) The MESMA classification re-
sults, verified through resampling of UAV imagery, showed a goodness-of-fit
(R2) of 0.75 for vegetation pixels and 0.84 for water body pixels, indicating
that the classification results align well with actual ground features. (2) From
2000 to 2022, the vegetation area in Bosten Lake wetland increased by 536.65
km2 (183.14%), the water area decreased by 595.76 km2 (37.07%), and the bare
land area increased by 99.12 km2 (25.42%). (3) Areas with increasing vegeta-
tion trends accounted for 30.6% of the total wetland area, primarily located
in the northwestern part of the Great Lake region and the northern part of
the Small Lake region. Conversely, areas with decreasing water area trends ac-
counted for 34.6% of the total area, mainly distributed along the northern and
eastern shores of the Great Lake and in the Small Lake wetlands. Accurately
understanding the spatiotemporal changes and trends of Bosten Lake wetland
provides a valuable reference for monitoring and protecting inland wetlands in
arid regions.

Keywords: MESMA; mixed pixel; wetland; spatiotemporal variation; Bosten
Lake

Introduction

Wetlands serve as natural gene banks for species and play crucial roles in wa-
ter purification, flow regulation, nutrient retention, climate stabilization, and
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tourism. According to the definition in the Ramsar Convention, wetlands refer
to natural or artificial, permanent or temporary, static or flowing, fresh, brack-
ish, or saltwater areas, including marshes, wet meadows, peatlands, or water
bodies, with depths not exceeding six meters at low tide. Bosten Lake, located
in the lowest part of the Yanqi Basin in Xinjiang, has been designated as a Na-
tional Wetland Park and currently represents China’s largest national wetland
park by area.

Remote sensing observation of wetland changes requires precise identification
of wetland feature types. Due to the spatial resolution limitations of remote
sensing imagery, a single pixel often contains multiple ground feature types,
creating what is known as a “mixed pixel.” Classifying mixed pixels as any
single feature type is inherently erroneous because they do not belong exclusively
to one category. The presence of mixed pixels affects the accuracy of remote
sensing-based feature classification. Wetlands exhibit complex biodiversity and
high landscape fragmentation, making mixed pixels ubiquitous in remote sensing
imagery and severely interfering with wetland feature classification accuracy.

Numerous experts have conducted extensive research on mixed pixel decompo-
sition of remote sensing data. Wu et al. improved the linear spectral unmix-
ing model for agricultural-pastoral ecotones in arid regions, extracting more
accurate grassland vegetation spectral information while reducing interference
from soil endmembers, thereby improving classification accuracy for meadow
types in arid zones. Li et al. applied fully constrained least squares mixed pixel
technology to pixel-based classification of coastal wetlands in China, provid-
ing theoretical support for coastal wetland classification. Li et al. combined
object-oriented methods with multiple endmember unmixing models to invert
vegetation coverage in Zhalong Wetland, achieving favorable results. These
studies have improved feature information extraction accuracy through mixed
pixel decomposition methods, but they have primarily focused on coastal wet-
lands, natural swamp areas, and river delta regions, with very limited research
on arid zone wetlands, particularly Bosten Lake.

Bosten Lake has evolved from a freshwater lake to a brackish lake, with shrink-
ing water area and large-scale disappearance of surrounding wetlands. In recent
years, the local government has actively promoted comprehensive ecological envi-
ronment management in the Bosten Lake basin, resulting in significant improve-
ments in wetland ecological functions and water body restoration. Conducting
long-term, high-precision wetland change observation is crucial for further pro-
tection and restoration of Bosten Lake wetland. Zeng et al. analyzed the evo-
lution patterns and development trends of Bosten Lake wetland using remote
sensing data, providing a theoretical basis for formulating reasonable and effec-
tive wetland protection measures. Wang et al. studied the spatial variation of
vegetation coverage in the Bosten Lake basin, providing references for assessing
future hydrological and water resource changes. However, most scholars have
conducted classification only at the traditional pixel scale, ignoring the impact
of mixed pixels on feature extraction accuracy.
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MESMA (Multiple Endmember Spectral Mixture Analysis) is an improved
mixed pixel decomposition method based on the Linear Spectral Mixture Anal-
ysis (LSMA) model. By employing various endmember spectral combinations
for decomposition, MESMA extracts the percentage of each feature within a
pixel, effectively reducing the salt-and-pepper effect. This study addresses the
current characteristics of Bosten Lake wetland, using Landsat TM/ETM+/OLI
imagery as data sources. Through MESMA mixed pixel decomposition, we
obtain abundance values of typical feature types in Bosten Lake wetland,
construct an unmixing model with vegetation, water body, and bare land
as components, invert feature classification results, and validate them using
UAV imagery captured in the study area. This approach enables sub-pixel
level information extraction, dynamic monitoring of wetland evolution, and
clarification of spatiotemporal variation patterns. The objective is to explore a
method for improving feature type information extraction in arid zone wetlands
while providing effective theoretical basis and data support for Bosten Lake
wetland monitoring and protection.

1. Study Area Overview

Bosten Lake is located in the lowest part of the Yanqi Basin in Xinjiang, with
terrain sloping from high in the northwest to low in the southeast. It serves
as the terminal lake of the Kaidu River and the source of the Kongque River
(Figure 1). The wetland vegetation is dominated by Phragmites australis (com-
mon reed), supplemented by Typha angustata and Typha angustifolia, forming
China’s fourth largest reed wetland area. The study area features an arid cli-
mate with scarce rainfall and strong evaporation, characterized as a temperate
continental desert climate with hot, dry summers and cold, snowy winters. An-
nual precipitation is 68.2 mm, while annual evaporation reaches 2200 mm.

In recent decades, rapid socioeconomic development around Bosten Lake has
led to continuous population growth and expanding farmland area. The vege-
tation, bare land, and water body are interspersed, increasing landscape frag-
mentation and causing various features to mix within single pixels, resulting in
severe mixed pixel phenomena. Traditional pixel-scale classification algorithms
struggle to effectively address the mixed pixel problem in wetland feature in-
terpretation. MESMA, an improved mixed pixel decomposition method based
on linear spectral mixing, employs multiple endmember spectral combinations
to decompose mixed pixels. This study focuses on the main water bodies of
the Great Lake and Small Lake regions of Bosten Lake, using the Baolangsumu
water diversion hub station on the Kaidu River (elevation approximately 1050
m) as a benchmark to determine the study area boundary and distinguish be-
tween Great and Small Lake regions using the middle line between the east and
west branches of the Kaidu River. Bosten Lake covers a total area of 2450.65
km2, with the Great Lake area measuring 1777.43 km2 and the Small Lake area
673.22 km2.
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2.1 Data Sources

Landsat Series Data: We selected Collection 2 Level 2 Tier 1 Landsat
TM/ETM+/OLI surface reflectance products, which offer excellent geometric
and radiometric calibration accuracy and high consistency across sensors.
Considering the phenological characteristics of vegetation in Bosten Lake
wetland, we chose images from July to September each year with cloud cover
less than 10%.

UAV Aerial Photography Data: Field surveys were conducted on July 20,
2021, with clear skies and high visibility. A DJI UAV was used with a flight
altitude of 100 m, side overlap of 70%, forward overlap of 80%, shooting angle
of -90°, covering an area of 41,400 m2 with a spatial resolution of 2.73 cm. After
the flight mission, Argisoft PhotoScan software was used to process the aerial
images and obtain orthophotos.

Digital Elevation Model (DEM): The DEM data were obtained from the
Geospatial Data Cloud website with a spatial resolution of 30 m.

2.2 Research Methods

MESMA is a mixed pixel decomposition method that improves feature classifica-
tion accuracy by extracting abundance values of various features within mixed
pixels. The specific steps include: First, preprocessing multi-spectral imagery;
then creating random sampling points based on NDVI results; extracting spec-
tral values from vegetation, bare land, and water body sampling points; using
MESMA in Python to decompose mixed pixels and extract typical feature in-
formation; calculating areas of three feature types based on pixel abundance;
conducting object-oriented classification of higher-resolution UAV imagery; re-
sampling and co-registering with Landsat pixels; using UAV classification results
as reference “true” pixel abundance values; calculating goodness-of-fit between
MESMA-derived vegetation and water abundance values and actual area pro-
portions to validate the model; and finally performing unary linear regression
trend analysis to determine change trends of typical features in Bosten Lake
wetland.

2.2.1 Multiple Endmember Spectral Mixture Analysis (MESMA)
Model

The MESMA model selects endmember combinations with the smallest least
squares error to extract the percentage of different endmembers within pixels.
This study selected three endmember combinations. Mixed pixel decomposition
consists of two main steps: endmember determination and extraction, followed
by mixed pixel unmixing.

Endmember Spectral Determination and Extraction: Endmember se-
lection involves identifying feature types and quantities contained in mixed
pixels as characteristic components, which directly influences component data
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accuracy in mixed pixel decomposition. When applying the MESMA model to
Landsat imagery, selecting three endmember components is reasonable based
on feature categories in the study area. According to NDVI results from Bosten
Lake wetland remote sensing data and following the three-endmember modeling
principle, we created random sampling points using the multi-value extraction
method, obtaining 150 vegetation endmember points, 100 water body endmem-
ber points, and 100 bare soil endmember points.

The NDVI calculation formula is:

𝑁𝐷𝑉 𝐼 = 𝑅𝑁𝐼𝑅 − 𝑅𝑅𝑒𝑑
𝑅𝑁𝐼𝑅 + 𝑅𝑅𝑒𝑑

where 𝑅𝑁𝐼𝑅 and 𝑅𝑅𝑒𝑑 represent reflectance in the near-infrared and red bands
of Landsat imagery, respectively.

Mixed Pixel Decomposition: This process analyzes spectral characteristics
of mixed pixels to determine the percentage of each endmember (i.e., endmem-
ber abundance). MESMA employs multiple endmember spectra to decompose
mixed pixels for each feature type. The most widely used method was proposed
by Roberts et al. Model fitting quality is typically evaluated using Root Mean
Square Error (RMSE):

𝑅𝑀𝑆𝐸 = √∑𝑆
𝜆=1 𝜀2

𝜆
𝑆

where 𝑆 is the number of remote sensing image bands, 𝜆 is the band, and 𝜀𝜆 is
the residual for band 𝜆.

2.2.2 Unary Linear Regression Trend Analysis

This study employed unary linear regression trend analysis to examine vegeta-
tion coverage changes temporally and spatially. The method combines vegeta-
tion coverage values derived from pixel decomposition with temporal changes
to determine overall regional trends:

𝑠𝑙𝑜𝑝𝑒 = 𝑛 × ∑𝑛
𝑖=1 𝑖 × 𝑓𝑣𝑐𝑖 − ∑𝑛

𝑖=1 𝑖 ∑𝑛
𝑖=1 𝑓𝑣𝑐𝑖

𝑛 × ∑𝑛
𝑖=1 𝑖2 − (∑𝑛

𝑖=1 𝑖)2

where 𝑠𝑙𝑜𝑝𝑒 represents the linear fitting slope of multi-year vegetation coverage,
𝑛 is the monitoring period, and 𝑓𝑣𝑐𝑖 is the vegetation coverage in year 𝑖.
The linear fitting slope reflects vegetation coverage change trends and magni-
tudes in Bosten Lake wetland from 2000 to 2022. A positive slope indicates in-
creasing coverage, while a negative slope indicates decreasing coverage. Larger
absolute slope values represent more significant changes. Based on slope val-
ues, trends are categorized as: significant decrease (−0.040 to −0.003), slight
decrease (−0.003 to 0.005), no change (0.005 to 0.014), slight increase (0.014 to
0.024), and significant increase (0.024 to 0.055).
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2.2.3 Object-Oriented Classification Method

UAV imagery employs object-oriented classification methods, which are widely
used in wetland classification. In this study, eCognition software was used for
UAV image classification. The process involves fusing visible light imagery
with DEM features, segmenting the imagery, selecting characteristic samples
for classification, and performing supervised classification based on feature space
distances and established classification rules.

2.2.4 Accuracy Evaluation

UAV Image Accuracy Evaluation: Before using UAV classification results
to validate the mixed pixel decomposition model, we evaluated the accuracy
of UAV object-oriented classification results. Key metrics include producer’s
accuracy, user’s accuracy, overall accuracy, and Kappa coefficient:

Producer’s Accuracy = 𝑃𝑖𝑖
𝑃𝑖

× 100%

User’s Accuracy = 𝑃𝑖𝑖
𝑃𝑗

× 100%

Overall Accuracy = ∑𝑛
𝑖=1 𝑃𝑖𝑖
𝑁 × 100%

𝐾𝑎𝑝𝑝𝑎 = 𝑁 ∑𝑛
𝑖=1 𝑃𝑖𝑖 − ∑𝑛

𝑖=1(𝑃𝑖 × 𝑃𝑗)
𝑁2 − ∑𝑛

𝑖=1(𝑃𝑖 × 𝑃𝑗)
× 100%

where 𝑃𝑖𝑖 is the number of correctly classified samples in row 𝑖 column 𝑖, 𝑃𝑖
is the total number of verification samples for a certain class, 𝑃𝑗 is the total
number of verification samples for a certain class, 𝑛 is the number of types, and
𝑁 is the total number of verification samples.

Mixed Pixel Decomposition Accuracy Evaluation: UAV classification
results were resampled and co-registered with Landsat imagery to obtain veg-
etation and water area proportions corresponding to Landsat pixels. These
served as references to validate the accuracy of vegetation and water features
extracted by the MESMA model.

3.1.1 UAV Classification Accuracy

After classifying UAV imagery, we quantitatively evaluated the accuracy of
wetland feature information extraction. Based on visual interpretation, 1000
random sample points were selected for accuracy assessment (Table 1). The
overall accuracy reached 97.09% with a Kappa coefficient of 0.95, demonstrat-
ing that UAV imagery classification results are reliable for validating mixed
pixel decomposition accuracy.
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3.1.2 Mixed Pixel Decomposition Accuracy

Based on MESMA-derived abundance values for vegetation, water body, and
bare land components (ranging from 0 to 1, where higher values indicate greater
feature proportion within the pixel), comparison with true-color imagery shows
that vegetation, bare land, and water body types are more distinctly classi-
fied and reflect actual ground feature distributions. Using high-precision UAV
classification results resampled as reference data, we evaluated the extraction
accuracy of features after MESMA decomposition. The goodness-of-fit between
MESMA classification results and UAV classification results was high, with R2

of 0.84 for water pixels and 0.75 for vegetation pixels. This analysis confirms
that the MESMA model meets accuracy requirements and can effectively classify
different features in the study area, representing an ideal feature classification
method.

3.2 Spatiotemporal Variation Characteristics of Typical Features in
Bosten Lake Wetland

From 2000 to 2022, vegetation area in Bosten Lake wetland increased from
453.58 km2 to 990.23 km2, water area decreased from 1607.2 km2 to 1011.44
km2, and bare land area increased from 389.87 km2 to 448.99 km2. The variation
characteristics differ across periods, with changes divided into three stages using
2007 and 2016 as boundaries.

Stage 1 (2000-2007): Vegetation area showed a significant increasing trend,
growing from 453.58 km2 to 854.12 km2 (an increase of 400.54 km2). Water
area continuously decreased from 1607.20 km2 to 1113.14 km2 (a reduction of
494.06 km2). Vegetation increased substantially in the northwestern lakeshore
wetlands of the Great Lake region and northern part of the Small Lake region,
while water area decreased significantly in the northwestern lakeshore wetlands
of the Great Lake region, the southern narrow water zone of Bosten Lake, and
the eastern edge.

Stage 2 (2007-2016): Wetland vegetation area dropped sharply from 854.12
km2 to 489.93 km2 (a decrease of 364.19 km2). Water area surged from 1113.14
km2 to 1419.86 km2 (an increase of 306.72 km2). Vegetation decreased sub-
stantially in the northwestern lakeshore wetlands of the Great Lake region and
throughout the Small Lake region, with corresponding water area increases.

Stage 3 (2016-2022): Wetland vegetation area showed a significant increasing
trend, growing from 489.93 km2 to 990.23 km2 (an increase of 500.3 km2). Bare
land area increased from 389.87 km2 to 448.99 km2 (an increase of 59.12 km2).
Water area continued to decrease from 1419.86 km2 to 1011.44 km2 (a reduction
of 408.42 km2). Vegetation increased significantly in the northwestern lakeshore
wetlands of the Great Lake region and northern part of the Small Lake region,
while water area decreased mainly in the northwestern lakeshore wetlands of the
Great Lake region, southern Bosten Lake, and eastern shore, though showing
an increasing trend in the northern part of the Great Lake.
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3.3 Vegetation Abundance Change Trends in Bosten Lake Wetland

Trend analysis of vegetation abundance in Bosten Lake wetland reveals that
areas with significant vegetation decrease (−0.040 to −0.003) account for 5.7%
of the total area, mainly in the central part of the Small Lake region and the
southern Aibila reed area at the water inlet. Areas with slight decrease (−0.003
to 0.005) account for 29.5%, including lakeshore wetlands along the northern
and eastern shores of the Great Lake region. Areas with slight increase (0.014
to 0.024) and significant increase (0.024 to 0.055) account for 23.4% and 34.8%
respectively, including the northwestern part of Bosten Lake wetland and the
northern part of the Small Lake region. Areas with essentially no change account
for 6.6%, primarily farmland and desert areas in the southern Great Lake region.

4 Discussion

Wetlands are crucial components of terrestrial ecosystems and indicators of cli-
mate change. Scientifically and accurately obtaining water body and vegeta-
tion information and understanding wetland change patterns are essential for
ecological environmental protection. This study, based on the MESMA model,
investigated the extraction accuracy of typical features in Bosten Lake wetland
and analyzed their spatiotemporal variation characteristics. The results show
that from 2000 to 2022, vegetation area in Bosten Lake wetland increased by
536.65 km2 (183.14%), water area decreased by 595.76 km2 (37.07%), and bare
land area increased by 99.12 km2 (25.42%). The spatiotemporal change trends
of water bodies in Bosten Lake wetland exhibited alternating expansion and
contraction patterns, while vegetation and bare land areas showed inverse rela-
tionships.

This study addresses the low classification accuracy caused by traditional
methods ignoring mixed pixels. By introducing the MESMA model based
on vegetation-water-bare land three-component models and extracting pixel
abundance values, we resolved mixed pixel issues in medium spatial resolution
remote sensing imagery classification. Validation against UAV imagery clas-
sification results showed high goodness-of-fit: R2 of 0.84 for water pixels and
0.75 for vegetation pixels. The MESMA model employs different endmember
combinations for different pixel types, improving classification accuracy.
However, feature abundance extracted from mixed pixels cannot achieve precise
boundary segmentation between features. Using extensive measured data to
obtain dynamic water body information could further improve classification
accuracy.

Overall increasing vegetation areas are located in the northwestern Huang-
shugou lakeshore wetlands and northern Small Lake region, while decreasing
areas are mainly in the junction zone between Great and Small Lakes, cen-
tral Small Lake wetlands, and the southern water inlet area of the Aibila reed
region in northwestern lakeshore wetlands. First, local government ecological
restoration projects have promoted wetland recovery. The National Develop-
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ment and Reform Commission approved the Bosten Lake water environment
protection and management project in 2000. In 2011, the “Research and En-
gineering Demonstration on Comprehensive Water Environment Management
and Ecological Restoration Technology in Arid and Semi-arid Regions” project
was implemented, with Bosten Lake as the demonstration area. In 2013, Bosten
Lake was listed among the first batch of 12 “ecological environment protection
pilot” lakes in China. Through multi-level, multi-channel industrial structure
adjustment and engineering/non-engineering measures to reduce pollution load
and restore lakeshore wetlands, the lake’s salinization trend has been effectively
curbed, particularly in Huangshugou lakeshore wetlands.

However, the construction of the Great Lake-Small Lake separation dike and
sluice gate, along with water transfer to the Tarim River, reduced water volume
in the Small Lake region, causing reed wetland decline. Changes in reed wetland
and water area in Bosten Lake show opposite trends, as reeds grow in shallow
water where excessively high water levels restrict growth, consistent with find-
ings by Chen and Maimaitihan. Human activities and climate change have
both positive and negative impacts on Bosten Lake wetland. The Great Lake
water area reached its maximum in 2005 due to catastrophic flooding in 2002.
The Tarim River ecological water conveyance project in 2000 increased outflow
from Bosten Lake, while decreased regional precipitation intensified drought fre-
quency, and increasing agricultural irrigation area led to subsequent water area
reduction, mainly along the Great Lake shores. In 2016, increased inflow from
the Kaidu River combined with controlled outflow enabled rapid water area
recovery. In summary, climate change and human activities jointly influence
Bosten Lake wetland changes, with both positive and negative effects. Targeted
effective measures based on specific spatiotemporal distribution characteristics
and dominant influencing factors are crucial.

5 Conclusions

(1) The MESMA model employs different endmember models for different pix-
els, decomposing mixed pixels in remote sensing imagery and improving
feature classification accuracy. Compared with UAV object-oriented clas-
sification results (overall accuracy 97.09%, Kappa coefficient 0.95), the
goodness-of-fit for vegetation pixels is 0.75 and for water pixels is 0.84.
Applying MESMA to Landsat series imagery is suitable for scattered arid
zone wetlands, improving classification accuracy.

(2) From 2000 to 2022, Bosten Lake wetland vegetation area increased by
536.65 km2 (183.14%), mainly in the northwestern Great Lake wetlands
and northern Small Lake region. Water area decreased by 595.76 km2

(37.07%), with significant reductions in northwestern lakeshore zones,
southern Bosten Lake, and eastern shores, though showing an increasing
trend in the northern Great Lake. Bare land area increased by 99.12 km2

(25.42%), mainly in the northern Great Lake region.
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(3) Vegetation trends show 30.6% of the area increasing (mainly in north-
western wetlands and northern Small Lake region) and 34.6% decreasing
(mainly in Small Lake region, northern Great Lake Huangshugou inlet,
and eastern shore zones).
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