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Abstract: As a transboundary river with rich and unique wetland types, the Irtysh River faces various
challenges and threats from human activities and climate change, which affect area, type, and function
of wetland. To accurately obtain information on the spatial and temporal distribution of wetlands
in this basin, this study compares and evaluates the consistency and accuracy of a total of eleven
remote sensing (RS) based land use/land cover (LULC), and wetland products. The information
extraction effect of each RS product was examined through methods such as wetland area and type
description, thematic map comparison, and similarity coefficient and Kappa coefficient calculations,
which can reflect the wetland distribution characteristics and differences among the RS products
in the Irtysh River Basin. The results show that although there is a consensus among the products
in the major wetland distribution areas, there are still obvious deviations in detail depiction due to
differences in factors such as data sources and methods. The products of Global 30 m Wetland Fine
Classification Data (GWL_FCS30) and Global 30 m Land Cover Data (GLC_FCS30-2020) released by
the Institute of Space and Astronautical Information Innovation (ISAI) of the Chinese Academy of
Sciences (CAS) have a clear advantage in extracting spatial morphology features of wetlands due to
the use of multi-source data, while the Esri Global 10 m Land Cover Data (ESRI_Global-LULC_10m)
and products such as the global 10 m land cover data (FROM_GLC10_2017) from Tsinghua University
have higher classification consistency. Moreover, data resolution, classification scheme design, and
validation methods are key factors affecting the quality of wetland information extraction in the
Irtysh River Basin. In practical terms, the findings of this study hold significant implications for
informed decision-making in wetland conservation and management within the Irtysh River Basin.
By advancing wetland monitoring technologies and addressing critical considerations in information
extraction, this research effectively bridges the gap between remote sensing technology and practical
applications, offering valuable insights for regional wetland protection efforts.

Keywords: wetland; remote sensing; spatial and temporal distribution; consistency analysis; Irtysh
River Basin

1. Introduction

Wetlands are crucial ecosystems providing sustenance, water resources, and ecological
services. They face imminent threats from human activities and climate change, making
them the fastest shrinking ecosystems globally [1–6]. According to the findings by Nick C.
Davidson, as documented in a comprehensive study on global wetland area changes, the
long-term loss of natural wetlands is estimated to be within the range of 54–57% [7]. This
meta-analysis, encompassing an examination of 189 reports detailing wetland alterations,
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further discerns a notably accelerated rate of wetland loss during the 20th and early 21st
centuries, accounting for a discernible loss of 64–71% of wetlands since 1900 AD. These
outcomes underscore significant challenges prevalent across diverse geographic regions,
encompassing urban, coastal, inland, and plateau areas. These challenges materialize as
observable reductions in wetland area, functional decline, habitat loss, biodiversity degra-
dation, and heightened vulnerability of ecosystems [8–11]. Notably, wetland conservation
and management exhibit pronounced disparities between developed and developing coun-
tries, influenced by policy, regulatory, and technical variations [12,13]. Additionally, diverse
climate zones (e.g., temperate, tropical, boreal, etc.) contribute to significant differences in
wetland response and adaptive capacity to climate change [14–16]. Wetlands are dynamic
and complex ecosystems that vary significantly across different regions and climates. To
effectively assess and monitor their status and trends, it is essential to obtain timely and ac-
curate information on their spatial and temporal characteristics. RS technology has emerged
as a powerful tool for this purpose, as it can provide large-scale and high-resolution data
on wetland distribution and types. However, existing wetland RS products, predominantly
global or continental scale, struggle to capture local variations and dynamics with high
spatial and temporal resolutions. To address this limitation, accurate analysis of wetland
characteristics in specific regions necessitates the application of RS methods for spatial and
temporal distribution mapping.

In recent years, RS for wetland research has become a focal point, with numerous schol-
ars and institutions worldwide conducting studies across various regions and scales [17–19].
These investigations, to varying degrees, reflect the diversity and complexity of wetlands.
Notable examples include Julie Betbeder et al., who meticulously mapped the land cover
of forested wetlands in the expansive “central depression” of Central Africa, constituting
32% of the region’s total land area. Their study unraveled four distinct forested wetland
types, shedding light on the intricate interplay between wetland types, flood extent, and
phenology [20]. Turning attention to the globally significant Ramsar wetland along the
coast of Turkey, Kuleli et al., conducted a comprehensive examination of shoreline change
rates, revealing significant retreat and erosion in specific areas. Their findings underscore
the need for robust conservation and management strategies for this internationally impor-
tant wetland [21]. Following international wetland studies such as the coastal wetlands of
Turkey, Wang et al., shifted their focus to the arid regions of China to investigate changes
in wetland area in the Heihe River Basin. They found a subtle pattern of a decrease in
wetland area from 2000 to 2014, followed by an increase. Nonetheless, the wetlands are
still in a degraded state, which is the result of complex interactions between climate change
and human activities [22]. Exploring the transformation of natural and artificial wetlands
at the Yangtze River estuary, a vital hub for biodiversity and ecosystem services, Chen
et al., [17] detected substantial changes. Over the period from 1960 to 2015, they noted
a remarkable reduction of natural wetland area of 574.3 km2, counterbalanced by a cor-
responding expansion of artificial wetland area by 553.6 km2. The study highlighted the
primary drivers behind this shift, primarily attributable to reclamation activities and sea
level rise [23]. Collectively, these studies underscore the global importance of wetlands and
demonstrate the utility of RS techniques in unraveling their dynamics and complexities.

The Irtysh River, a vital transboundary river integral to the Belt and Road Initiative,
spans diverse countries and regions, significantly influencing both regional and global
development [24,25]. Given its complex and variable climate, the Irtysh River Basin
plays a crucial role in shaping hydrological cycles, ecosystem functions, and land use
patterns [26]. The basin hosts various wetland types that provide essential ecological
services, including food, water resources, and biodiversity. Meanwhile, these wetlands
contribute to hydrological services such as water regulation, flood mitigation, and soil
erosion control [27]. Despite their pivotal roles, the wetlands in this basin face an array of
threats, including agricultural expansion, industrialization, urbanization, droughts, water
resource development, and glacier melting [28]. The scarcity of RS studies on these wetlands
underscores the pressing need for comprehensive RS research in the Irtysh River Basin.
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Technological advancements of RS have yielded a plethora of global land cover and
wetland products, each with varying spatial resolutions ranging from 30 m to 1◦ [29–31]. How-
ever, the existence of disparities in classification criteria and accuracy among these products
necessitates a meticulous evaluation of their consistency. Focusing on the Irtysh River
Basin, our study leverages eleven RS-based LULC and wetland products, each designed to
reflect the spatiotemporal distribution characteristics of wetlands. The primary goal is to
meticulously compare and assess the relative consistency and accuracy, focusing on relative
metrics rather than absolute accuracy, of these products in describing wetlands. In doing
so, we aim to explore their potential and limitations in the context of wetland conservation
and management. To accommodate differences in classification systems, we implemented
conversions and correspondences to ensure an accurate analysis of wetland characteristics.

This research not only provides a valuable reference for mapping wetland distribution
in the Irtysh River Basin, but also aims to scrutinize the strengths and weaknesses of
each RS product. Through a comprehensive assessment, we seek to understand their
potential and limitations in wetland conservation and management from both accuracy and
spatiotemporal perspectives. Additionally, we delve into the sources of errors and factors
influencing RS product quality, proposing improvement measures and outlining future
research directions. These findings not only offer crucial scientific support but also establish
a solid decision-making basis for wetland conservation and management, aligning with
the pursuit of sustainable development goals. It is worth mentioning that the list of all
acronyms used in this paper is shown in Table 1.

Table 1. List of acronyms.

Acronyms Definition

RS Remote sensing

LULC Land use/land cover

ISAI Institute of Space and Astronautical Information Innovation

CAS Chinese Academy of Sciences

GWL_FCS30 Global 30 m Wetland Fine Classification Data released by the
ISAI of the CAS

GLC_FCS30-2020 Global 30 m Land Cover Data released by the ISAI of the CAS

ESRI_Global-LULC_10m Esri Global 10 m Land Cover Data

FROM_GLC10_2017 The global 10 m land cover data from Tsinghua University

LCCS Land Cover Classification System

UN-FAO United Nations Food and Agriculture Organization

ESA European Space Agency

JRC European Union Joint Research Centre

OA Overall Accuracy

EA Expected Accuracy

GEE Google Earth Engine

2. Materials and Methods
2.1. Study Area

Situated in the Northern Hemisphere and spanning approximately 165 × 104 km2,
the Irtysh River Basin (Figure 1) accommodates a population of approximately 15 million
people, distributed across Mongolia (<1%), China (2.9%), Kazakhstan (53.1%), and Russia
(44%) [32]. Originating from the southwest slope of the Altai Mountains in China, the
Irtysh River is a transboundary watercourse that traverses Kazakhstan and Russia before
discharging into the Arctic Ocean, covering a distance of 4248 km. The basin’s geographical
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features significantly influence its wetlands and ecosystems, particularly in the upper
reaches located in Xinjiang, China. The headwater part of the basin is characterized by
high mountainous areas with permafrost and glaciers, as well as forest and grassland
ecosystems. The long-term precipitation trend in the upper reach is relatively stable,
ranging from 300–320 mm/year, which is considered the primary runoff generating area
for the middle reach located in Kazakhstan [33]. The annual precipitation in the Irtysh
River Basin is unevenly distributed, ranging from 400–650 mm/year in the mountainous
and foothill areas of the northeastern part of the basin to less than 200 mm/year in the
low-lying areas of the intermountainous terrain. The climate in the Irtysh River Basin
varies from mountainous areas in the southeast to flat plains in the northwest, with average
temperatures ranging from −12 ◦C to −19 ◦C in January and 20–22 ◦C in July [32].
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Figure 1. Map of the Irtysh River Basin. The elevations are represented relative to mean sea level,
where negative values indicate heights below sea level. The legend’s −178 m denotes areas with
elevations lower than the reference sea level.

Amidst this diverse landscape, the Irtysh River Basin unveils its geological founda-
tions, shaping its distinct features. Originating from the Altai mountain range, the upper
reaches showcase a geological tapestry of crystalline Paleozoic complex meta-morphic
rocks with magmatic intrusions. These formations not only shape the scenic terrain but
serve as the primary source of both surface and groundwater for the entire catchment. As
the river courses downstream, the terrain transforms into the flat expanse of the southern
tip of the Siberian sedimentary basin. In the lower basin section, geological features shift,
forming terraces closely hydraulically connected with the river. The Altai mountain range’s
Paleozoic volcanic and metamorphic rocks gradually yield to the immense sedimentary
complex of the Siberian Basin, creating a smooth relief in the lower flat section—a stark
contrast to the rugged upper reaches. Understanding these geological nuances is crucial as
they delineate two distinctive sections within the Irtysh catchment. The upper mountain-
ous part, characterized by crystalline rocks, serves as the wellspring of both surface and
groundwater, shaping the hydrological dynamics of the entire basin. Conversely, the lower
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flat section, composed of sediments from the Siberian Basin, lacks significant tributaries,
rendering it a relatively deficient environment from a water management perspective [34].

Wetlands within the Irtysh River Basin play crucial roles as integral components of
the ecosystem, where they function as natural filters, providing habitats for biodiversity,
sustaining ecological balance, and safeguarding water resources. Also, wetlands offer
essential ecological services, including replenishing groundwater, regulating water quantity,
mitigating floods, and controlling soil erosion. Their contributions extend to hydrological
regulation and disaster prevention at the basin scale. Despite their ecological significance,
these wetlands encounter formidable challenges and threats arising from human activities
such as agriculture, industry, and urbanization, as well as the impacts of climate change.
These pressures contribute to wetland degradation and destruction, leading to reductions
in both wetland area and type, with adverse effects on wetland functions and biodiversity.
The resultant degradation poses a significant threat to ecosystem health and may also
precipitate economic and social challenges.

The imperative to comprehend wetland distribution and change within the Irtysh
River Basin underscores the significance and value of this study. Evaluating the consistency
and accuracy of wetland products is essential in this context. Precise acquisition of wetland
information and analysis of wetland change trends provide insights into the current state
and evolutionary processes of wetlands. Furthermore, this study establishes a scientific
foundation for wetland conservation and management. Additionally, by promoting the
application of RS technology in wetland monitoring and management, it contributes to
enhancing the accuracy and reliability of wetland RS products. Ultimately, this research
aligns with the pursuit of sustainable development goals.

2.2. Data Sources
2.2.1. GlobeLand30 V2020 Dataset

The GlobeLand30 V2020 dataset, developed by the National Geomatics Center of
China, is a global land cover dataset with a 30 m resolution for the year 2020. This dataset
incorporates multi-source RS images, including Landsat, HJ-1, and GF-1. Through image
interpretation and classification algorithms, it encompasses 10 primary land cover types,
including wetlands. The dataset boasts an overall accuracy of 85.72%, with a Kappa
coefficient of 0.82 [35].

2.2.2. CGLS-LC100 Dataset

The CGLS-LC100 dataset, a global land cover change map with a 100 m resolution for
2019, is the product of the Copernicus Land Monitoring Service Global Team. Utilizing
mainly PROBA-V satellite data and innovative algorithms, this dataset provides accurate
and detailed information on land cover and use. Following the Land Cover Classification
System (LCCS) of the United Nations Food and Agriculture Organization (UN-FAO), it
encompasses 23 classification types, including wetland categories. The overall accuracy of
the dataset is reported at 75% [36].

2.2.3. ESRI_Global-LULC_10m Dataset

Developed by Esri, the ESRI_Global-LULC_10m dataset is a global land use/land
cover dataset with a 10 m resolution for 2020. Leveraging Sentinel-2 satellite data and deep
learning models, the dataset comprises 10 primary classification types, including wetland
categories. It offers detailed information on land use and cover for various applications such
as conservation planning, food security, and hydrological models. The overall accuracy of
the dataset is reported at 85% [37].

2.2.4. ESA WorldCover 10 m v100 Dataset

The ESA WorldCover 10 m v100 dataset, crafted by the European Space Agency (ESA),
is a global land surface cover dataset with a 10 m resolution for 2020. Integrating Sentinel-1
and Sentinel-2 satellite data along with machine learning algorithms, the dataset includes
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11 land surface cover categories, incorporating wetland categories. Consistent with the
land surface cover classification system of the UN-FAO, it facilitates land use/land cover
analysis on a global scale The overall accuracy of the dataset is reported at 75% [38].

2.2.5. GWL_FCS30 Dataset

The GWL_FCS30 dataset, developed by the Aerospace Information Innovation Insti-
tute of the Chinese Academy of Sciences, is a global wetland fine classification dataset
with a 30 m resolution for 2020. Utilizing multi-source data and hierarchical adaptive
models, this dataset covers nine wetland types in the Irtysh River Basin, providing detailed
information on their spatial patterns and sub-class diversity. Notably, it excels in capturing
the complexity and variability of wetlands The overall accuracy of the dataset is reported
at 86% [39].

2.2.6. FROM_GLC10_2017 Dataset

The FROM_GLC10_2017 dataset, created by Tsinghua University, is a global land cover
dataset with a 10-m resolution for 2017. Developed using Sentinel-2 satellite data and a
random forest classifier, the dataset introduces the concept of stable classification, ensuring
consistency in land cover types over time and space. With 10 land cover categories, it
demonstrates an overall accuracy of 72.76%, offering increased spatial details and class
separability compared to the 30 m Landsat-8 land cover map from the same team [40].

2.2.7. GLC_FCS30-2020 Dataset

Crafted by the Aerospace Information Innovation Institute of the Chinese Academy of
Sciences, the GLC_FCS30-2020 dataset is a global land cover dataset with a 30 m resolution
for 2020. Developed using Landsat time series images and an adaptive random forest
model, this dataset encompasses 30 land cover types. Validated with 44,043 multi-source
samples, it achieves an overall accuracy ranging from 68.7% to 82.5%, providing rich spatial
and thematic details for regional or global analysis [41].

2.2.8. ESA CCI-LC Dataset

Developed by the European Space Agency, the ESA CCI-LC dataset is a global land
cover dataset with a 300 m resolution for 2020. Based on multi-sensor satellite data, it offers
consistent and comparable global land cover products from 1992 to 2020. Following the
standardized classification system of the United Nations Food and Agriculture Organiza-
tion, it encompasses 22 land cover types, with an average mapping accuracy of 71%. This
dataset is valuable for analyzing regional-scale land use changes and supporting climate
and ecological modeling for global change studies [42].

2.2.9. MCD12Q1 v061 Dataset

The MCD12Q1 dataset, developed by NASA, is a global land cover dataset with a
500 m resolution for 2021. Utilizing MODIS satellite data and employing data mining and
machine learning algorithms, it distinguishes 17 land cover types. With an average accuracy
of over 75%, the dataset is suitable for large-scale land use/cover change monitoring.
Notably, it differentiates non-forest wetlands, such as swamps and river floodplains, from
other land cover types, facilitating the analysis of spatiotemporal distribution and dynamics
of wetlands and their interactions with other land uses [43].

2.2.10. GLC2000 Dataset

The GLC2000 dataset, developed by the European Union Joint Research Centre, is
a global land cover dataset with a 1000 m resolution for the year 2000. Utilizing SPOT-4
satellite VEGETATION sensor images, the dataset adheres to the land cover classification
system of the United Nations Food and Agriculture Organization, comprising 22 land
cover types. Integrating other regional-scale land cover datasets, it applies standardized
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image classification methods to produce global land cover products, facilitating analysis of
environmental issues such as land use change, biodiversity loss, and the carbon cycle [44].

2.2.11. AGLC-2015 Dataset

The AGLC-2015 dataset, developed by Sun Yat-sen University, is a land cover dataset
with a 30 m resolution for 2015. Based on three global land cover products and data fusion
methods, the dataset encompasses 10 types, including wetlands, with an overall accuracy of
76.10% and a Kappa coefficient of 0.72. Building upon AGLC-2015, the team also produced
the global annual land cover dataset AGLC-2000-2015, providing data support for global
change research and applications [45].

2.3. Data Pre-Processing

In order to facilitate a comprehensive comparison and analysis of wetland distribution
across the eleven RS products and assess their accuracy, we executed the following pre-
processing steps. Firstly, we extracted raster data corresponding to each RS product within
the Irtysh River Basin, aligning with the vector boundary of the basin. Subsequently, we
projected these raster datasets onto the WGS-84 coordinate system while preserving their
original spatial resolution. Finally, thematic maps were generated for each RS product,
retaining their specific wetland classification categories. Table 2 provides an overview of
the key parameters associated with the eleven RS products.

The pre-processing steps were crucial to establish a standardized and consistent basis
for comparison, enabling an accurate assessment of wetland distribution and RS product
performance. Ensuring alignment to a common coordinate system and preserving the origi-
nal spatial resolution were pivotal considerations for maintaining data integrity throughout
subsequent analyses. The thematic mapping of raster data, with a specific focus on wetland
classification categories, laid the foundation for a detailed and meaningful comparative
evaluation. Table 2 provides essential parameters characterizing each RS product, offering
readers a succinct reference to comprehend key attributes influencing subsequent analyses.
This systematic approach to data pre-processing enhances the reliability and robustness of
the comparative assessment, thereby contributing to the scientific rigor of our study.

2.4. Research Method
2.4.1. Descriptive Analysis of Wetland Areas and Types

(1) Wetland Category Selection

The objective of this study is to comprehensively assess the consistency and accuracy
of eleven RS products in characterizing wetland features within the Irtysh River Basin,
and the flowchart is shown in Figure 2. Additionally, we aim to discuss the potential and
limitations of these RS products for effective wetland conservation and management. In
pursuit of these goals, we identified wetland categories from the eleven RS products as the
focal points of our analysis. These selected categories serve as representative indicators
of the products’ capabilities and characteristics in delineating wetland landscapes. Our
primary research questions include: (1) How do different RS products exhibit variations in
depicting the distribution and types of wetlands in the Irtysh River Basin? (2) What are the
specific strengths and weaknesses associated with each RS product in describing wetlands?
To address these questions, we initially curated a list of wetland categories for analysis,
computed their respective areas within the study region, generated corresponding charts,
and ultimately characterized the pattern of wetland distribution.
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Table 2. Key information on the eleven RS-based LULC and wetland products.

Data Name Primary Data
Sources

Research and
Development
Organisations

Spatial Res-
olution/m Vintages

Number of
Classifica-
tions/pc

Data Sources

GlobeLand30
V2020

Landsat
TM5/ETM+/OLI,

HJ-1, GF-1

China National
Centre for Basic

Geographic
Information

30 2020 10

http://www.
globallandcover.

com/ (accessed on
9 July 2023)

CGLS-LC100
External datasets
such as PROBA-V,

GeoWIKI, etc.

Copernicus Land
Monitoring Service

Global Team
100 2019 23

https:
//land.copernicus.

eu/global/
products/lc

(accessed on 10 July
2023)

ESRI_Global-
LULC_10m

Deep Learning
Models and

Training Datasets
for ESA Sentinel-2,

Impact
Observatory

ESRI Corporation 10 2020 10

https://esri.maps.
arcgis.com/

(accessed on 18 July
2023)

ESA
WorldCover

10m v100
Sentinel-1/2 data,
GeoWIKI samples

European Space
Agency (ESA) 10 2020 11

https://viewer.esa-
worldcover.org/

worldcover/
(accessed on 10 July

2023)

GWL_FCS30
Landsat

TM5/ETM+/OLI,
Sentinel-1 SAR,
ASTER GDEM

Institute of Space
and Astronautical

Information
Innovation,

Chinese Academy
of Sciences

30 2020 9

https:
//zenodo.org/
record/7340516

(accessed on 17 July
2023)

FROM_GLC10_2017 2015 30 m
Landsat-8 data

Gong Peng Team,
Tsinghua

University
10 2017 10

http://data.
starcloud.pcl.ac.cn/

(accessed on 16
August 2023)

GLC_FCS30-
2020

Landsat time series
imagery, CCI-LC
products, MODIS

NBAR data,
2014–2016

Institute of Space
and Astronautical

Information
Innovation,

Chinese Academy
of Sciences

30 2020 30

https://data.
casearth.cn/

thematic/glc_fcs30
(accessed on 11
August 2023)

ESA CCI-LC
SPOT-

VEGETATION
images

European Space
Agency (ESA) 300 2020 22

http://maps.elie.
ucl.ac.be/CCI

(accessed on 21
August 2023)

MCD12Q1 v061
MODIS data and

other ground-based
observations

NASA 500 2021 17

https:
//lpdaac.usgs.
gov/products/
mcd12q1v061/
(accessed on 17
August 2023)

GLC2000
SPOT-4

VEGETATION
image

European Union
Joint Research
Centre (JRC)

1000 2000 28

https:
//forobs.jrc.ec.

europa.eu/glc2000
(accessed on 21
August 2023)

AGLC-2015
Globeland30,

FROM-GLC, and
GLC-FCS30

products

Sun Yat-sen
University 30 2015 10

https://doi.org/10
.11834/jrs.20211261

(accessed on 18
August 2023)

http://www.globallandcover.com/
http://www.globallandcover.com/
http://www.globallandcover.com/
https://land.copernicus.eu/global/products/lc
https://land.copernicus.eu/global/products/lc
https://land.copernicus.eu/global/products/lc
https://land.copernicus.eu/global/products/lc
https://esri.maps.arcgis.com/
https://esri.maps.arcgis.com/
https://viewer.esa-worldcover.org/worldcover/
https://viewer.esa-worldcover.org/worldcover/
https://viewer.esa-worldcover.org/worldcover/
https://zenodo.org/record/7340516
https://zenodo.org/record/7340516
https://zenodo.org/record/7340516
http://data.starcloud.pcl.ac.cn/
http://data.starcloud.pcl.ac.cn/
https://data.casearth.cn/thematic/glc_fcs30
https://data.casearth.cn/thematic/glc_fcs30
https://data.casearth.cn/thematic/glc_fcs30
http://maps.elie.ucl.ac.be/CCI
http://maps.elie.ucl.ac.be/CCI
https://lpdaac.usgs.gov/products/mcd12q1v061/
https://lpdaac.usgs.gov/products/mcd12q1v061/
https://lpdaac.usgs.gov/products/mcd12q1v061/
https://lpdaac.usgs.gov/products/mcd12q1v061/
https://forobs.jrc.ec.europa.eu/glc2000
https://forobs.jrc.ec.europa.eu/glc2000
https://forobs.jrc.ec.europa.eu/glc2000
https://doi.org/10.11834/jrs.20211261
https://doi.org/10.11834/jrs.20211261
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(2) Wetland Area Calculation

The area of each wetland category in the study area was determined using the follow-
ing formula:

Ai =
Ni × Ri

2

106 (1)

where Ai is the wetland area of the i-th RS product (km2), Ni is the number of pixels of
the wetland category in the i-th product (pixel), and Ri is the spatial resolution of the i-th
product (m).

The count of wetland pixels for each RS product was conducted using ArcGIS software.
Subsequently, we multiplied this count by the square of the spatial resolution to obtain
the area of each wetland category. The resulting data were organized into Table 3, and
the percentage of each wetland category in the study area was calculated for further
comparative analysis.

While this approach yields a reasonably precise estimation, it is not exempt from
inherent limitations [46]. One notable constraint is the assumption that each pixel uniformly
represents the same area. In reality, factors such as earth curvature and projection distortion
can introduce variability in the area represented by each pixel, leading to potential errors
in wetland area calculations. To remedy this limitation, future research could incorporate
terrain correction models or pixel area normalization approaches to minimize variability
introduced by earth curvature and projection distortion when calculating wetland areas.
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Table 3. Area of each wetland category in the study area in eleven RS products.

Remote Sensing
Product Wetland Category Wetland Area (km2)

Percentage of
Wetland Area (%)

GlobeLand30 V2020 Wetlands 139,809.699 7.756

CGLS-LC100 Wetlands 224,334.400 9.305

ESRI_Global-
LULC_10m Wetlands 81,814.511 2.783

ESA WorldCover 10
m v100 Wetlands 197,501.892 6.717

GWL_FCS30 Inland swamp, inland
marsh, flooded flat 230,053.628 10.353

FROM_GLC10_2017 Wetlands 31,980.692 3.996

GLC_FCS30-2020 Wetlands 242,745.659 8.256

ESA CCI-LC Flooded tree canopy,
flooded shrub 164,252.070 5.935

MCD12Q1 v061 Permanent wetlands 43,993.000 2.207

GLC2000 Palsa bogs, salt-marsh 122,859.000 4.128

AGLC-2015 Wetland 64,281.615 2.186

(3) Wetland Distribution Description

Thematic maps of the eleven products within the study area were generated using
ArcGIS software to facilitate the comparison and analysis of wetland distribution. Wetland-
related categories were extracted from the raster data to focus specifically on wetland
characteristics. Figure 3 illustrates the thematic maps of the eleven products in the Irtysh
River Basin, where consistent colors denote identical land cover types, providing a visually
accessible representation of their land cover distribution. These thematic maps serve as a
means to observe the wetland classification outcomes of each RS product and discern the
spatiotemporal distribution variations of wetlands among different RS products.

2.4.2. Spatial and Temporal Variability Analysis of Wetlands

To assess disparities in the spatial and temporal distribution of wetlands within the
Irtysh River Basin across the eleven RS products, we employed two distinct methods.

(1) Jaccard Similarity Coefficient

The Jaccard similarity coefficient, a statistical metric quantifying the resemblance
between two data sets, was utilized in this study [47]. It is defined as the proportion of the
intersection over the union of two data sets:

J(A, B) =
| A ∩ B |
| A ∪ B | (2)

where A and B are two data sets, | A∩ B | denotes the count of elements in their intersection,
and | A ∪ B | indicates the count of elements in their union. The Jaccard coefficient ranges
from 0 to 1, where 0 signifies no similarity whatsoever, and 1 denotes complete identity
A higher value indicates a greater degree of similarity, whereas a lower value suggests
less similarity.
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(2) Kappa Coefficient Analysis

The Kappa coefficient, a classification metric quantifying the agreement between two
classification results [48], was employed in this study to compare the classification accuracy
of each wetland category across the eleven RS products in the Irtysh River Basin. The
methodology involves the following steps:

Firstly, the Overall Accuracy (OA), representing the ratio of matching pixels to the
total number of pixels, was calculated from the confusion matrix using the formula:

OA =
∑n

i=1 Xii

∑n
i=1 ∑n

j=1 Xij
(3)

where n denotes the number of wetland categories, and Xii represents the element in row i
and column i of the confusion matrix, indicating the number of matching pixels between
category i in the reference data and category i in the comparison data. Xij represents the
element in row i and column j of the confusion matrix, indicating the number of matching
pixels between class i in the reference data and class j in the comparison data. The order
is determined by the rank order of the confusion matrix, not by the order of the reference
and comparison data. The overall accuracy reflects the proportion of pixels of the same
category in the two classification results, with a higher value indicating greater consistency.

Secondly, the Expected Accuracy (EA), representing the expected proportion of the
number of pixels of the same category to the total number of pixels under the assumption
of independence between the two categorization results, was computed based on the
confusion matrix using the formula:

EA =
∑n

i=1(∑
n
j=1 Xij)(∑n

j=1 Xji)

(∑n
i=1 ∑n

j=1 Xij)
2 (4)

where ∑n
j=1 Xij denotes the sum of elements in row i of the confusion matrix, i.e., the

count of pixels of class i in the reference data. ∑n
j=1 Xji denotes the count of elements in

column i of the confusion matrix, i.e., the count of pixels of class i in the comparison data.
Expectation here refers to the theoretical value calculated according to the probabilities of
random assignment, not the actual observed value.

Where (∑n
j=1 Xij)(∑n

j=1 Xji) denotes the product of the counts of pixels in each class i
in both reference and comparison data, i.e., the count of pixels that are identical in both
according to the probability of random assignment. Summing such probabilities for all
categories gives the expected accuracy. The expected accuracy reflects the proportion of
pixels of the same category that two categorized results would have in a random situation,
with smaller values indicating that they are less correlated.

Finally, the Kappa coefficient, the normalized difference between the overall accuracy
and the expected accuracy, was derived from both values:

K =
OA − EA

1 − EA
(5)

The Kappa coefficient ranges from −1 to 1, with −1 indicating complete disagreement,
0 indicating complete randomness, and 1 indicating complete agreement. It serves as a
widely used measure of the level of agreement between two categorical outcomes after re-
moving the random factor. Using this approach, Kappa coefficients were obtained between
wetland categories in the eleven RS-based LULC and wetland products, quantifying their
level of consistency in classifying wetlands in the Irtysh River Basin.

3. Results
3.1. Overview of Wetland Areas and Types

This section provides a comprehensive analysis and comparison of wetland area
descriptions in the Irtysh River Basin across the eleven RS products. Table 3 presents data
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revealing substantial variations in the total wetland area, ranging from 64,281.615 km2 to
230,053.628 km2. These differences arise from distinct classification schemes, data sources,
and production methods employed by the RS products. A visual representation of these
disparities is illustrated in Figure 4a, depicted as a bar chart for enhanced clarity.
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Furthermore, a detailed examination of different wetland types is presented in Figure 4b,
showcasing the area and percentage covered by each wetland type among the eleven RS
products. Notably, some products, such as GlobeLand30 V2020, CGLS-LC100, ESRI_Global-
LULC_10m, ESA WorldCover 10 m v100, FROM_GLC10_2017, GLC_FCS30-2020, MCD12Q1
v061, and AGLC-2015, exclusively describe one wetland type, encompassing wetlands,
or permanent wetlands. Additionally, datasets like GWL_FCS30 describe three wetland
types—inland swamp, swamp marsh, and flooded flat. The ESA CCI-LC dataset encom-
passes two wetland types—tree canopy flooding and shrub flooding. The GLC2000 dataset
classifies wetlands into three categories—bogs and marshes, palsa bogs, and salt pans.
These discrepancies can be attributed to variations in wetland definitions, classification
accuracy, and data quality employed by the diverse RS products.

The systematic presentation of these findings establishes a robust foundation for under-
standing the diversity in wetland areas and types, laying the groundwork for subsequent
detailed analyses and discussions in the following sections.

3.2. Assessment of Consistency and Accuracy of Wetland Products

This section undertakes a comprehensive comparison and evaluation of the spa-
tiotemporal distribution of wetlands in the Irtysh River Basin using eleven RS products.
Quantitative indicators are employed to assess the performance of these RS products in
wetland description and classification, aiming to identify similarities, differences, and
potential areas for improvement.

To begin, we computed the Jaccard similarity coefficient matrix for wetland categories
among the different RS products (Figure 5). Key observations from this matrix include:
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• ESRI_Global-LULC_10m and FROM_GLC10_2017 exhibit the highest agreement in
wetland identification, with a Jaccard coefficient of 0.971. This alignment is attributed
to the shared utilization of 10-m-resolution Sentinel-2 data and the application of deep
learning models such as random forest model and Impact Observatory’s deep learning
AI land classification model in their classification processes;

• GlobeLand30 V2020 and MCD12Q1 v061 demonstrate the lowest agreement in wetland
identification, featuring a Jaccard coefficient of only 0.051. This discrepancy is likely
due to variations in data sources and classification schemes. GlobeLand30 V2020
utilizes multi-source data with 10 land cover classes, while MCD12Q1 v061 relies on
MODIS data with 17 land cover classes and a resolution of 500 m;

• AGLC-2015 showcases a high degree of consistency, with a mean Jaccard coefficient
of 0.595 across all products. This robust agreement is attributed to the data fusion
strategy of AGLC-2015, integrating information from GlobeLand30, FROM-GLC,
and GLC-FCS30,

• MCD12Q1 v061 exhibits lower agreement, with a mean Jaccard coefficient of 0.102.
This could be due to its utilization of MODIS data at a resolution of 500 m and the
application of data mining and machine learning algorithms for classification.
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The consistency of wetland RS products is influenced by factors such as data resolu-
tion, classification schemes, and methods [49–51]. These factors determine the applicability
and accuracy of different products in defining, identifying, and describing wetlands. Select-
ing appropriate data sources and resolutions, along with designing rational classification
schemes and methods, is crucial for improving the quality of wetland RS products. Consid-
erations such as optical data susceptibility to clouds and fog, SAR data’s ability to penetrate
clouds, and the difficulty of terrain data in distinguishing vegetation types highlight the
need for a balanced approach when choosing data sources and resolutions. Furthermore,
the integration of multi-source data can enhance wetland identification results. Rational
classification schemes and methods are pivotal for improving wetland description accuracy,
necessitating a comprehensive evaluation of research scale and wetland types to strike a
balance between detail and scope.

The use of the Jaccard similarity coefficient facilitates visual comparisons of the consis-
tency in wetland identification among different RS products. This analysis, considering
data resolution and methodology, serves as a valuable reference for the subsequent selection
and enhancement of wetland RS products.

To further assess the consistency in wetland classification, Kappa coefficients between
RS products were calculated (Figure 6). The Kappa coefficient, a key indicator measuring
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the level of agreement between classification results, provides insights into differences and
reasons in wetland description.
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• Notably, the Kappa coefficient between GWL_FCS30 and GLC_FCS30-2020 is the
highest at 0.815, indicating a robust consistency in wetland classification. This can be
attributed to their detailed wetland classification system and hierarchical classification
strategy, enabling the distinction of more wetland types and subtypes and capturing
spatial details and changes,

• Conversely, the Kappa coefficients between FROM_GLC10_2017 and MCD12Q1 v061,
FROM_GLC10_2017 and GLC2000, and FROM_GLC10_2017 and GlobeLand30 V2020
are the lowest, reaching only −0.001. This suggests a low consistency in wetland
classification, potentially stemming from differences in data sources, resolutions,
classification schemes, and methods, leading to deviations in wetland delineation and
characterization.

Quantitative analysis of Kappa coefficients facilitates the evaluation of consistency
among RS products in wetland classification, aiding in the identification of sources and
factors contributing to errors. This analysis provides valuable guidance for the enhancement
of wetland classification products, assisting both scientific and application fields in the
selection and optimal use of RS products.

3.3. Spatial and Temporal Distribution Comparison of Wetlands

In this section, we rigorously assess the accuracy and consistency of various RS prod-
ucts in depicting wetlands within the Irtysh River Basin. Utilizing 3000 randomly generated
points via the randomPoints function on the Google Earth Engine (GEE) platform, we con-
ducted a representative and randomized assessment. Subsequently, we employed Google
Earth high-resolution images to visually interpret each product’s target year, following
a common manual verification method. It is important to note that while effective, this
approach may introduce subjective errors or uncertainties.

Upon conducting a comparative analysis of wetland distribution and types across
the eleven RS products, we preliminarily assessed the degree of consistency between each
product and the author’s verification accuracy at the time of production. The observed
distribution of each land cover closely aligned with the thematic map. Our comparative
evaluation encompasses three aspects: overall, local, and detailed, offering methodolog-
ical insights for subsequent wetland RS monitoring product selection, verification, and
optimization.

(1) Overall Comparison
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A comprehensive analysis of wetland area and type descriptions among the eleven RS
products reveals significant diversity and discrepancies. Table 3 presents a range of total
wetland area values, spanning from 64,281.615 km2 to 230,053.628 km2. These variations can
be attributed to differences in data sources, classification schemes, and processing methods.
Thematic maps in Figure 3 visually depict the concentration of wetlands extracted by
different products in the middle and lower reaches of the Irtysh River Basin, with dense
distribution along rivers and lakes.

Notably, the GWL_FCS30 product stands out for its proficiency in identifying small-
scale wetlands, accurately delineating expansive wetland areas in the middle-eastern part,
and successfully identifying scattered wetlands in the upstream mountainous area and
southwestern part. This highlights the product’s capability to capture diverse wetland
features across different landscapes.

These findings underscore the importance of considering the specific strengths and
limitations of each RS product in wetland analysis, as their performance can vary based on
regional characteristics and the intended application. Figure 3 provides a visual representa-
tion of the spatial distribution, offering valuable insights for researchers and practitioners
involved in wetland monitoring and management.

(2) Local Comparison

This refined comparative analysis, presented in Figure 7, aims to intricately evaluate
wetland identification among six prominent remote sensing products (denoted as A to G),
tailored for the year 2020 in the Irtysh River Basin, across three typical areas. The year 2020
is specifically emphasized because it is the most recent and comprehensive year for which
data from multiple remote sensing products are available, and because it has important
implications for wetland monitoring and conservation in the context of the United Nations
Decades on Biodiversity and Ecosystem Restoration.

Among these products, the Sentinel-2 RGB Imagery (A) serves as a reference standard,
providing high-resolution visual cues for wetland delineation. The remaining products,
namely GlobeLand30 V2020 (B), ESRI_Global-LULC_10m (C), ESA WorldCover 10 m v100
(D), GWL_FCS30 (E), GLC_FCS30-2020 (F), and ESA CCI-LC (G), undergo a rigorous local
comparison to discern their respective strengths and limitations within each of the three
typical areas.

The comparative analysis of wetland localization in three typical areas of the Irtysh
River Basin can effectively reveal subtle differences in wetland identification details between
RS products. Through the analysis we can draw the following conclusions:

• GWL_FCS30 and GLC_FCS30-2020 products exhibit excellence in identifying small-
scale and complex wetlands, showcasing their capability to capture spatial morpho-
logical details such as band or network distribution in swamp wetlands. However,
GLC_FCS30-2020 may encounter instances of misclassification;

• The ESA WorldCover 10 m product excels in delineating wetland extension contours
with higher accuracy;

• GlobeLand30 V2020 may exhibit misclassifications for certain land features,
• ESRI_Global-LULC_10m and ESA CCI-LC products may have difficulty identifying or

misclassifying some fine wetland areas.

This localized comparative analysis, centered around the specifics of the Irtysh River
Basin in 2020 and spanning three typical areas, refines our understanding of wetland
dynamics. Furthermore, it offers valuable insights for the selection and optimization of
remote sensing products in wetland monitoring applications, ensuring a more nuanced
interpretation of wetland distribution and characteristics.
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Figure 7. Comparative assessment of wetland identification in three typical areas of the Irtysh River
Basin for the year 2020.
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(3) Detailed Comparison

Upon meticulous examination of small wetland sample plots, distinct characteristics
come to light. Wetland patches identified by the GWL_FCS30 and GLC_FCS30-2020
products exhibit smaller areas, greater numbers, and well-defined, continuous, and smooth
boundaries. In contrast, wetland patches extracted by the ESRI-Global-LULC-10m and
AGLC-2015 products feature relatively simplified boundaries, occasionally displaying
omissions and misjudgments. These distinctions primarily arise from variations in wetland
information classification and extraction algorithms between the two products.

The systematic assessment of spatial and temporal wetland distribution across the
Irtysh River Basin contributes to a nuanced understanding of the strengths and weaknesses
inherent in various RS products. This in-depth analysis serves as a foundation for informed
decision-making in the selection and optimization of wetland RS monitoring products. The
insights gained from this evaluation are invaluable for both scientific research and practical
applications, providing a comprehensive perspective on the capabilities and limitations of
different RS products in the context of wetland monitoring.

3.4. Factors Influencing Variances in Wetland Information Extraction

This section critically examines the principal factors contributing to disparities in
wetland information extraction among the eleven RS products. The identified factors
include data sources, spatial resolution, classification schemes, classification algorithms,
and validation methods. These factors introduce variability in RS products’ wetland
descriptions, necessitating a thoughtful selection process aligned with research objectives
while acknowledging inherent product characteristics and limitations. Simultaneously,
enhancing the quality of RS products is crucial to support effective wetland conservation
and management.

(1) Characteristics of Data Sources

The distinctiveness of land cover types is determined by the characteristics of data
sources. Optical data susceptibility to clouds and fog, SAR data vulnerability to terrain in-
fluences, and terrain data sensitivity to source accuracy and processing methods underscore
the need for preprocessing and correction measures.

(2) Spatial Resolution

Spatial resolution plays a pivotal role in delineating the level of detail and spatial
variability in RS products. Higher-resolution data afford the capacity to distinguish more
wetland subtypes and spatial patterns, while lower-resolution data can only capture broader
wetland categories and large-scale changes. Selecting an appropriate spatial scale is there-
fore imperative.

(3) Classification Schemes and Algorithms

The core technologies underpinning RS product generation are classification schemes
and algorithms, shaping the expression and granularity of land cover information. Vari-
ations in these components may lead to differences in naming, division, and attribution
of identical land feature types. Intelligent classification methods such as deep learning,
and optimization steps introduce further complexity. When utilizing RS products employ-
ing diverse classification schemes and algorithms, careful consideration is warranted to
understand their impact on wetland type identification and differentiation, necessitating
conversion and comparison procedures.

(4) Validation Methods

Validation methods represent a critical step in evaluating the quality and accuracy of
RS products. Divergent validation methods can yield disparate accuracy assessment results
for the same RS product. Considerations such as sample distribution, rigor, and cross-
validation with other products or datasets are pivotal. When working with RS products
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employing distinct validation methods, it is essential to account for their influence on
wetland accuracy assessment results, prompting calibration and adjustment efforts.

(5) Strengths and Weaknesses of Considered RS Products

Distinct RS products exhibit varying strengths and weaknesses in wetland description
based on factors like data sources, spatial resolution, classification schemes, algorithms,
and validation methods. Tailoring their usage to specific scenarios and wetland monitoring
objectives is paramount. For instance, GlobeLand30 V2020, with its high resolution (30
m) and updated time range (2020), provides wetland extent and location in the Irtysh
River Basin but lacks detailed wetland characteristics. Conversely, GWL_FCS30, boasting
high resolution (30 m) and multiple wetland types, captures intricate wetland details and
ecological features but may not be optimal for long-term changes and global comparisons.
ESA CCI-LC, with lower resolution (300 m) and a broader temporal scope, facilitates
long-term changes and global comparisons but sacrifices detail in wetland characteristics
and ecological features. Understanding these nuances enables judicious selection and
application of RS products in diverse wetland monitoring and management scenarios.

4. Discussion

This study meticulously assessed the accuracy and consistency of eleven RS wetland
products in extracting wetland information within the Irtysh River Basin. Our findings
elucidate substantial differences in both wetland area and type among the various products,
primarily attributed to factors such as data sources, spatial resolution, classification schemes,
and production processes.

For instance, the GWL_FCS30 product, leveraging multi-source data, markedly en-
hances the identification of small-area wetlands, resulting in a wetland area almost 3.5 times
larger than that identified by the AGLC-2015 product. Noteworthy is GWL_FCS30’s adop-
tion of a detailed wetland subtype division, revealing richer internal differences within
wetlands. Furthermore, spatial patterns and morphological characteristics exhibited hetero-
geneity across different products, influenced by factors such as data sources, classification
methods, and processing techniques. The GWL_FCS30 product excels in depicting intricate
internal morphological features, presenting clearer and continuous boundary information.

The examination of indicators such as the similarity coefficient and Kappa coefficient
revealed consistency in the primary wetland distribution areas across different products.
However, the presence of significant “false differences” highlighted the impact of classifica-
tion errors, possibly intensified by data uncertainty during the classification process.

Our research carries significant implications. Firstly, we propose a comprehensive
framework and method for selecting and validating wetland products, applicable beyond
wetlands to other land surface elements. This contribution provides valuable support for RS
data evaluation and application. Secondly, our study illuminates the profound influence of
data sources and methods on the quality of wetland information extraction. This insight not
only guides the technical trajectory and research focus of relevant production institutions
but also serves as a reference for the ongoing innovation and development of RS technology.
Lastly, our comparative results offer practical guidance for government departments and
research institutions, aiding in the selection of suitable wetland products for monitoring
regional changes. This, in turn, provides crucial information and data for informed scientific
decision-making, wetland protection, and management.

Nevertheless, our study is not without limitations. Primarily, our comparative analyses
were confined to a specific watershed region, potentially limiting the generalizability of our
results to different geographic environments. Additionally, the use of a limited validation
sample hinders a comprehensive assessment of absolute classification accuracy. Further,
the examination of products for a single year limits insights into their performance across
temporal changes. Future research avenues involve expanding samples across diverse
topographic regions, establishing a standardized large-sample validation database for
comprehensive accuracy assessment, and introducing time-series products for a more
nuanced understanding of wetland change dynamics. These expansions aim to deepen
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our understanding and exploration within this field, addressing identified limitations and
bolstering the robustness of our findings.

5. Conclusions

This study undertook a comprehensive comparison and evaluation of RS wetland
products within the Irtysh River Basin, with the overarching goal of furnishing a scientific
basis for wetland protection and management. Meanwhile, it aims to offer valuable insights
for the ongoing development of wetland RS monitoring technology. The analysis incorpo-
rated eleven global-scale land cover or wetland RS products, dissecting their disparities,
advantages, and drawbacks in delineating wetland area, type, distribution, and consistency
in the Irtysh River Basin. The ensuing conclusions are as follows:

1. Significant Disparities in Wetland Description: Considerable differences were ob-
served in the depiction of wetlands within the Irtysh River Basin among various RS
products, attributed to factors such as data sources, spatial resolution, classification
schemes, algorithms, and validation methods. Notably, the GWL_FCS30 product
exhibited the highest wetland area extraction, while the AGLC-2015 product yielded
the lowest. GWL_FCS30 demonstrated an enhanced capacity to portray internal mor-
phological features, presenting clearer and more continuous boundary information.
The ESRI_Global-LULC_10m and FROM_GLC10_2017 products exhibited superior
classification consistency;

2. Key Influencing Factors on Information Quality: Central to the precision of wetland
information extraction in the Irtysh River Basin are the influencing factors of data
sources, classification methods, and validation schemes. Achieving high-quality
wetland products necessitates obtaining raw data with elevated spatial and tempo-
ral resolution through the fusion of multiple sources. It is imperative to establish
a detailed and scientifically grounded local wetland classification system, employ
effective methods to unlock the full value of the data, and adhere to standardized and
scientifically rigorous validation schemes to ensure result reliability,

3. Guidance for Future Endeavors: This study serves as a pivotal guide and reference
for the selection and optimization of subsequent wetland products. It contributes
valuable insights for the ongoing innovation and development of RS technology,
providing a robust data foundation for informed wetland protection and manage-
ment decisions. Nonetheless, certain limitations, including a restricted sample area,
inadequate validation samples, and the absence of time-series products, underscore
the necessity for future expansion and refinement in subsequent studies.

In summary, this research advances wetland monitoring technologies and underscores
the critical considerations pivotal for accurate wetland information extraction. While ac-
knowledging the limitations, the study’s significance lies in its potential to inform strategic
decision-making for wetland conservation and management, thus bridging the gap be-
tween RS technology and practical applications. To fortify the study’s impact, future efforts
should focus on addressing the identified limitations, expanding the scope of analysis, and
incorporating temporal dimensions through the inclusion of time-series products. This
would further amplify the relevance and applicability of the study’s findings.
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