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Abstract 
Wetlands are essential ecosystems that provide critical environmental services, 
including nutrient retention, water purification, biodiversity conservation, and 
climate regulation. However, anthropogenic activities such as urban expan-
sion, agricultural runoff, and industrial pollution have severely degraded these 
ecosystems, necessitating targeted restoration efforts. This study assesses the 
effectiveness of restoration interventions in the Shibalianwei Wetland, a key 
component of the Chaohu Lake basin, by analyzing land use changes, biomass 
recovery, and water quality improvements. Restoration strategies included veg-
etation re-establishment, hydrological modifications, and adaptive seasonal 
management over multiple years. Key findings indicate substantial improve-
ments in water quality, with Total Nitrogen (TN) and Total Phosphorus (TP) 
concentrations in the wetland outflow reduced by up to 52% and 50%, respec-
tively, during peak vegetation productivity. Dissolved Oxygen (DO) levels con-
sistently remained above 6.2 mg/L, while Chemical Oxygen Demand (COD) 
declined by 38% during the summer months. These enhancements were strongly 
correlated with increased aboveground biomass (AGB), particularly in areas of 
restored vegetation, which peaked at 10,211 tons in 2021. However, subsequent 
declines in vegetation cover emphasized the challenges in sustaining long-term 
ecological gains due to seasonal variability and external pressures. This study 
highlights the importance of integrated ecological restoration strategies and 
positions the Shibalianwei Wetland as a significant buffer against eutrophica-
tion, contributing to the overall water quality improvement of Chaohu Lake. 
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The results offer a scalable framework for restoring degraded wetland ecosys-
tems and underscore the necessity for long-term monitoring, adaptive man-
agement strategies, and policy interventions to ensure sustainable restoration 
outcomes. By integrating land use, biomass recovery, and water quality assess-
ments, this research provides valuable insights for future wetland conservation 
initiatives worldwide. 
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1. Introduction 

In this ecosystem, wetlands are considered an important part of the ecology in 
terms of biodiversity conservation, water pollutant filtration, carbon sink, and 
some other areas including social benefits and economic entertainment (García et 
al., 2020; Ramachandra et al., 2024). Wetlands alleviate the impact of greenhouse 
gases by providing complex habitat provision to the different species, acting as a 
natural filtration system for climate change, and although the largest species sup-
porting essential ecosystem services (ESSs) in millions (Zedler & Kercher, 2005). 
Despite their international significance, wetlands are gradually inclined by an-
thropogenetic activities, such as urban development, agricultural escalation, and 
industrial effluence (Xiong et al., 2023). Afterward the 1970s, more than 35% of 
the wetlands around the world have degraded, with emerging countries experi-
encing predominantly alarming rates of deprivation (Ramsar Convention Secre-
tariat et al., 2018; van Dam et al., 2023). In China, rapid economic advances since 
the 1950s have led to the destruction of natural coastal wetlands approximately 
60%, significantly affecting freshwater structures and biodiversity (Guo et al., 
2022; Zhang et al., 2022). Chaohu Lake is positioned in China’s major freshwater 
lakes and a vibrant ecological county supporting different species and providing 
indispensable capital to millions of inhabitants (Fang et al., 2019). Nevertheless, 
land use and land cover changes (LULCC) have harshly altered the county’s 
wetlands, plummeting their dimensions to deliver perilous ESSs such as water de-
contamination, habitat providing, and reduction of flood risk (Chen, Chi, & Li, 
2019). 

Development and agrarian runoff have intensified these challenges by signif-
icantly enhancing nutrient levels in wetland ecologies, triggering toward eu-
trophication, algal blooms, and deterioration of water quality (Wurtsbaugh et 
al., 2019; Lu et al., 2020). Degraded water quality intensely influences above-
ground biomass (AGB) by shifting nutrient availability, introducing contami-
nated substances, and agitating plant physiological processes (Rao et al., 2024). 
The high levels of nutrients, like nitrogen and phosphorus, frequently support the 
gigantism of certain species, declining biodiversity, and weakening flora structure 
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(Hu et al., 2024). Contaminants, including heavy metals and insecticides more 
constrain plant growth by instigating physiological pressure and weakening 
photosynthesis (Souri et al., 2019). Additionally, hypoxic environments began 
by deficiency of dissolved oxygen (DO) and preeminent Chemical Oxygen De-
mand (COD) deter root oxygen uptake, restraining biomass accumulation (Su-
riyakaew & Jampeetong, 2021). These interrelated challenges highlight the pre-
requisite for potent water management to tolerate AGB and sustain wetland 
functionality. 

Reestablishing the degraded wetlands grants a cost-effective prospect to im-
prove ESSs and boost human well-being by enhancing water quality and nour-
ishment security, flood protection, and climate change adaptation (Gann et al., 
2019). Nevertheless, wetland restoration frequently prioritizes a small range of 
amenities, including water flow regulation, by expanding the ecological pro-
cesses, with biodiversity protection and nutrient cycling (Hambäck et al., 2023). 
Although the struggles to reestablish wetlands are prevalent, providing recom-
mendations for recovered ESSs remnants is challenging because of the dearth of 
globally consistent methods for evaluating restoration achievement (Ruiz-Jaen, 
2005; Tomscha et al., 2021). Traditional methods emphasize species diversity, 
plant structure, and hydrological parameters, but they are unsuccessful in inte-
grating dynamic relationships among LULCC, WQ, and biomass (Falk & 
Palmer, 2006). Recent progress in Remote Sensing (RS) and geospatial studies 
improved the techniques for monitoring the wetlands assessment across large 
spatial and temporal scales. The techniques of UAV-based systems, satellite im-
agery, and hyperspectral imaging systems imply accurate measurements of ter-
restrial coverages, plant health, and ecosystem fluctuations, accompanying tra-
ditional field-based approaches (Adão et al., 2017; Mu et al., 2022). These tech-
niques offer a scalable strategy for assessing wetland restoration improvement 
while addressing the limitations of labor-intensive and resource-demanding 
field surveys (Dronova et al., 2021). 

In the study area, previous studies have shown the different impact of the res-
toration projects on minimal analyses that indicates some improvements and 
challenges. During these studies, it showed numerous metrics of better quality be-
tween 2001-2017, remarkably greater progress as comparison to other large fresh-
water bodies in China (Zhang et al., 2021), the water bodies overall water quality 
not improved. Total nitrogen (TN) and total phosphorus (TP) were found as ma-
jor contaminants, with the worst environments found in the lake’s western section 
(Wang et al., 2023). Despite significant progresses has been seen in chemical oxy-
gen demand (COD) and ammonium nitrogen (NH3) levels during 2016-2020 (Xie 
et al., 2022), cyanobacterial blooms raised intensely in 2018, particularly in the 
central part and eastern zones (Min et al., 2020). In 2017, assessment, the water 
quality of Chaohu Lake had been degraded to level of Class IV-V under China’s 
water quality standards. This degradation of the WQ in the region highlights the 
urgent need for restoration of the ecosystem (Xie et al., 2022). To improve this, 
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the government implemented a series of restoration projects in three phases from 
2018-2022. The objective of this study is to evaluate the restoration projects un-
dertaken for the Shibalianwei Wetland within the Chaohu Lake basin. It integrates 
multiple parameters to assess the restoration progress of the wetland based on the 
projects’ objectives. The specific objectives are: 1) Investigate land use and land 
cover changes across pre and post restoration; 2) Evaluate the fluctuations in 
aboveground biomass and its impact on nutrient retention; 3) Assess water quality 
changes in relative to the land use and vegetation variations. By implementing an 
integrative technique, this study provides insights into the effectiveness of wetland 
restoration efforts, contributing to the growing body of research on ecosystem 
restoration. Additionally, the findings offer evidence-based recommendations for 
sustainable wetland management and conservation policies. 

2. Study Area and Methodology 

This study employed an integrative approach to evaluate the effectiveness of 
restoration efforts in the Shibalianwei Wetland within the Chaohu Lake basin. 
Before-after-Control-Impact (BACI) model was implemented with multiple 
methods mixing to extricate the effects of restoration projects from natural er-
raticism and external influences. The BACI model compared data from 2017-
2024 (pre- and post-restoration), directing on environmental indices including 
land use and land cover changes (LULCC), aboveground biomass (AGB), and 
water quality parameters. Multi-year datasets were examined using remote sens-
ing, field measurements, statistical modeling, and spatial analysis tools to pro-
vide a holistic assessment of wetland restoration improvement (Lu et al., 2020; 
Ruiz-Jaen, 2005). 

2.1. Study Area 

The Shibalianwei is an important wetland around Chaohu Lake located in Changlinhe 
Town, Feidong County mentioned in Figure 1. Changlinhe Town is located in the 
southeastern part of Feizi, on the edge of Chaohu Lake. The town borders 
Cuozhen and Qiaoji in the northeast, and is connected with Huanglu and Zhong-
miao in the southeast. Its southwest is Chaohu Lake, and its northwest faces Hefei 
Binhu New District across the Nanfei River. The town has 20 villages (communi-
ties), a population of 51,000, and a total area of 157 square kilometers. Changlinhe 
Town is 24 kilometers away from the center of Hefei, the provincial capital. 
Whether it is highway, high-speed rail or water transportation, it is extremely con-
venient. The county has experienced extreme ecological deprivation due to an-
thropogenic activities, including urbanization, farming, and nutrient load, which 
have caused eutrophication and losses of habitat (Chen, 2019). Restoration pro-
jects conducted between 2018-2022, included hydrological engineering, replanta-
tion of vegetation, and pollution control. These efforts aimed to improve biodi-
versity, water quality, and wetland functionality, following global best practices in 
ecosystem restoration (Davidson, 2014; Davidson et al., 2022). 
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Figure 1. The study area: Geographical position of Shibalianwei Wetland within the Chaohu 
Lake basin (Sources: Tianditu and the National Catalogue Service for Geographic 
Information Resources). 

2.2. Restoration Phases 

Three phases of field surveys were carried out from 2018 to 2022 within the ter-
restrial area to provide support for classification and accuracy verification. 

Phase 1 (2018): Focused on hydrological modifications, including water reten-
tion systems and initial vegetation planting. Water quality monitoring systems 
were also established during this phase. 

Phase 2 (2019-2020): Introduced inlet and outlet systems to improve water 
circulation, increase biodiversity through native species planting, and strengthen 
water purification capabilities. 

Phase 3 (2021-2022): Addressed pollution control, ecosystem restoration, pub-
lic education, and landscape improvements, ensuring long-term ecological func-
tionality. 

2.3. Data Collection 

The data were collected from several sources straddling a period from 2017-2024. 
These sources comprise remote sensing imagery, water quality monitoring, and 
climate data. The data collection process is described below. 
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2.3.1. Remote Sensing Data 
The classification of land use and land cover change (LULCC) in the Shibalianwei 
Wetland was conducted using Sentinel-2 imagery accessed through the Google 
Earth Engine (GEE) platform. Sentinel-2, developed under the European Space 
Agency’s Copernicus Programme, provides multispectral optical imagery with 
spatial resolutions of 10 m, 20 m, and 60 m, allowing detailed monitoring of wet-
land landscape variations. 

In this study, Sentinel-2 Level-2A surface reflectance data were selected as the 
primary remote sensing data source. Spectral bands including Red, Green, Blue, 
and Near-Infrared (NIR) were used for image interpretation and vegetation index 
calculation. The Normalized Difference Vegetation Index (NDVI), derived from 
the Red and NIR bands, served as an important indicator for evaluating vegetation 
conditions and supporting above-ground biomass (AGB) assessment. 

Initial preprocessing was conducted in GEE, including cloud and cloud-shadow 
masking, temporal filtering, cloud coverage screening, and cloud-free composite 
generation. The preprocessed imagery was subsequently exported to ArcGIS Pro 
for further spatial processing, LULCC classification, and accuracy assessment. 

2.3.2. Water Quality Data 
In the second stage of accessing restoration effectiveness, we gathered the required 
water quality data from the wetland’s water quality monitoring stations. These 
stations provided consistent data on key indicators such as DO, COD, TN, and 
TP. The water quality samples were analyzed in certified laboratories according to 
standard protocols. We collected required parameters (DO, COD, TN, and TP) of 
the water quality according to the objective of the restoration by comparing the 
inflow and outflow from pre- and post-restoration and compared it with China 
Freshwater Standards (GB3838-2002). 

2.4. Methodology 

This section outlines the analytical methods employed to process the data and as-
sess the impacts of restoration on land use/cover changes, biomass, and water 
quality in the Shibalianwei Wetland. 

2.4.1. Land Use and Land Cover Change (LULCC) Analysis 
The classification process utilized a supervised Decision Tree (DT) model within 
ArcGIS Pro, which was selected for its ability to handle complex spectral variations 
and classify land cover types with high accuracy. Training samples were identified 
using a combination of ground-truth data and high-resolution Google Earth im-
agery. The major land cover categories included cultivated areas, vegetation, barren 
land, built-up areas, and water bodies. Each training sample was manually digitized 
using ArcGIS Pro’s Training Sample Manager to enhance classification precision. 
Following the training phase, the Decision Tree model was applied using NDVI, 
NIR reflectance, and additional spectral indices as classification parameters. The 
model systematically segmented the data based on spectral reflectance properties, 
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ensuring reliable classification of different land cover types. To evaluate classifica-
tion performance, a confusion matrix was generated, yielding an overall accuracy 
of 91% and a Kappa coefficient of 0.88, indicating a high level of agreement be-
tween the classification results and actual land cover distributions. Post-classifica-
tion refinements, including majority filtering, were employed to minimize classifi-
cation errors and enhance spatial coherence. Additionally, independent validation 
points were utilized to further assess classification reliability. The application of 
Decision Tree classification provided valuable insights into LULCC dynamics and 
vegetation recovery following restoration efforts. The results illustrated how vege-
tation regrowth contributed to biomass recovery and improvements in water qual-
ity, reinforcing the effectiveness of remote sensing and machine learning tech-
niques in wetland monitoring. This method proved instrumental in facilitating de-
tailed ecological assessments, supporting evidence-based conservation strategies, 
and guiding long-term sustainable wetland management efforts. 

2.4.2. Aboveground Biomass (AGB) Estimation 
After classification of LULCC next step was to estimate the fluctuation in the veg-
etation bodies in the term of AGB, and it was processed by NDVI derived from 
the Sentinel-2 imagery. NDVI is a reliable indicator of vegetation health and den-
sity. It was calculated using the following formula: 

 
NIR RED NDVI
NIR RED

−
=

+
 (1) 

where NIR refers to the Near-Infrared band and Red refers to the red band from 
the Sentinel-2 imagery. We assessed the changes in AGB over time, using NDVI-
based biomass estimates from 2017, 2019, 2021 and 2024. Temporal trends in 
AGB were analyzed to evaluate the effectiveness of restoration efforts in promot-
ing vegetation recovery. 

2.4.3. Water Quality Analysis 
The data were collected by the concern monitoring department, and we started to 
analyze it by observing the impacts of restoration on key water quality parameters 
such as DO, COD, TN, and TP. We applied Descriptive Statistics to summarize 
the water quality data. T-tests were performed to test for significant differences in 
water quality parameters between pre-restoration (2017) and post-restoration 
(2024) periods. Water quality results were compared against China’s Class III wa-
ter quality standards for surface waters to determine whether restoration efforts 
brought the wetland closer to meeting the national water quality benchmarks. 

2.4.4. Data Integration and Visualization 
For effective visualization and integration of the results, we used ArcGIS Pro for 
spatial analysis. Time-series plots were created to show changes in biomass and 
water quality over time. Additionally, scatter plots and Heatmap were used to ex-
plore the relationships between biomass recovery and improvements in water 
quality. 
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2.4.5. Statistical Correlation Analysis 
The correlation analysis between LULCC, AGB, and Water Quality was con-
ducted through a systematic approach to quantify the relationships and under-
stand the impacts of restoration efforts in the Shibalianwei Wetland. To evaluate 
the correlation between LULCC and AGB, high-resolution satellite imagery from 
2017 to 2024 was processed using supervised classification techniques, as recom-
mended for land cover monitoring in wetland restoration studies (Foody, 2002; 
Guo et al., 2011). Vegetation cover, barren land, and built-up areas were extracted 
and quantified. Simultaneously, AGB was estimated using vegetation indices such 
as NDVI and EVI derived from Sentinel-2 imagery, which have proven effective 
in estimating biomass across diverse ecosystems (Xie et al., 2022). The AGB esti-
mations were validated with field-collected biomass data using allometric equa-
tions tailored to local vegetation types (Xie et al., 2022). Spatial overlays of vege-
tation cover and AGB maps were created to identify patterns of biomass recovery, 
and a Pearson correlation coefficient was calculated to measure the relationship 
between vegetation cover percentage and AGB. Linear regression models further 
quantified this relationship, using vegetation cover as the independent variable to 
predict AGB. Scatter plots with regression lines were generated to visualize these 
correlations, highlighting regions with significant vegetation regrowth and corre-
sponding biomass recovery (Lee & Chow, 2015). 

The relationship between AGB and water quality was analyzed by integrating bi-
omass data with water quality parameters, including DO, TN, TP and COD. AGB 
data for 2018 and 2024 were aggregated to seasonal and annual scales to align with 
water quality datasets collected from wetland inlet and outlet locations. Pearson cor-
relation coefficients were calculated to determine the association between AGB and 
the retention of nutrients (TN, TP) and reduction of organic pollutants (COD). 
Multiple regression models were applied to quantify the contribution of AGB to 
water quality improvements, with AGB as the independent variable and water qual-
ity changes as the dependent variable. Reduction efficiencies for TN, TP, and COD 
were calculated to assess nutrient retention capabilities, using the formula: 

 ( ) ( )Inlet Value Outlet ValueReduction Efficiency % 100
Inlet Value

−
= ×  (2) 

Scatter plots and line charts were used to depict these relationships, demon-
strating how biomass recovery mitigated nutrient enrichment and reduced pollu-
tant loads (García et al., 2020; Zhang et al., 2021). 

To understand the impact of LULCC on water quality, spatial overlays were 
created to examine the interplay between land use changes and water quality in-
dicators. LULCC maps were overlaid with TN, TP, and COD hotspot maps to 
identify areas where land use changes, such as urbanization and vegetation loss, 
influenced nutrient and pollutant levels. Correlation coefficients were calculated 
to quantify the relationships between land use categories (e.g., percentages of bar-
ren land or built-up areas) and water quality parameters. Regression models were 
employed to predict water quality changes based on land use dynamics, with land 
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use change percentages as independent variables. The spatial analysis revealed 
zones where anthropogenic pressures, such as urban runoff, contributed to ele-
vated nutrient levels and organic pollution (Liu et al., 2016). 

Finally, the results from all three correlations were integrated using multivariate 
analysis techniques. Principal Component Analysis (PCA) was conducted to iden-
tify the primary drivers of water quality improvements by combining LULCC, 
AGB, and water quality data. The regression coefficients, R2 values, and visual 
overlays collectively highlighted the interconnectedness of these factors. This 
comprehensive approach underscored the significance of managing land use and 
biomass recovery to achieve sustainable water quality improvements in wetland 
ecosystems (Falk & Palmer, 2006). 

3. Results 

This section presents the outcomes of the analysis on the LULCC, AGB dynamics, 
and water quality improvements in the Shibalianwei Wetland between 2017 and 
2024. The findings are based on multi-year data collected through remote sensing, 
field measurements, and water quality assessments. The temporal shifts in land 
cover, biomass fluctuations, and water quality parameters provide valuable in-
sights into the effectiveness of the restoration efforts implemented in the wetland. 
These results underscore the complex relationships between land use changes, bi-
omass recovery, and water quality, revealing both the successes and challenges 
encountered throughout the restoration process. Detailed trends and correlations 
are presented to highlight the dynamic interplay between ecological restoration 
measures and their impact on the wetland’s ecological health and functionality. 

3.1. Land Use and Land Cover Changes (LULCC) 

This study analyzed the temporal dynamics of land use and land cover from 2017 
to 2024, assessing area study area prior to restoration and following the comple-
tion of the third phase of restoration initiatives. The observed landscape pattern 
elucidates the restoration efforts and their impact on the effectiveness of the res-
toration project. The analysis of the current state of the targeted area enabled ex-
amination of the restoration efficiency and its rate of success.2024, assessing area 
study area prior to restoration and following the completion of the third phase of 
restoration initiatives. 

The observed landscape pattern elucidates the restoration efforts and their im-
pact on the effectiveness of the restoration project. The analysis of Figure 2, the 
current state of the targeted area enabled examination of the restoration efficiency 
and its rate of success. 

3.2. Land Use Dynamics and Wetland Restoration 

The wetland’s ecological functionality was significantly impacted by land use 
changes, reflecting the complex interplay of restoration efforts, human intervention, 
and natural processes. Vegetation cover expanded from 14.3 hectares in 2017 to  
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Figure 2. Land classification of Shibalianwei wetland during pre-post restoration. a) 2017, b) 2019, c) 2021 and d) 2024 (Sources: 
Data processing based on Sentinel-2 from Google Earth Engine). 

 
17.5 hectares in 2019 due to restoration measures, as shown in Figure 2, but then 
declined to 15.1 hectares by 2024, driven by the encroachment of barren land and 
build-up areas. This loss diminished the wetland’s capacity for nutrient retention 
and ecological balance. Barren land initially reduced from 3.9 hectares in 2017 to 2.5 
hectares in 2021 through stabilization efforts, subsequently expanded to 5.2 hectares 
by 2024 exacerbating soil erosion and nutrient runoff. Similarly, build-up areas de-
creased from 2.3 hectares in 2017 to 1.8 hectares in 2019 but then grew to 1.9 
hectares by 2024 due to urban pressures, complicating conservation goals. Water 
bodies increased from 3.2 hectares in 2017 to 5.3 hectares in 2021, aided by hy-
drological intervention, but declined to 3.8 hectares by 2024, likely due to sedi-
mentation and seasonal variations. Cultivated land decreased consistently from 
3.6 in 2017 to 1.2 hectares in 2024, reflecting urban expansion and land degrada-
tion. 

3.3. Visualization of LULCC Trends 

The analysis of land use and land cover changes in the Shibalianwei Wetland 
from 2017 to 2024, as depicted in Figure 3, reveals significant spatial and tem-
poral dynamics influenced by restoration efforts and anthropogenic influences. 
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This trend offers critical insights into the interrelationships between various 
land use categories and their ecological implication. Initial increases in vegeta-
tion coverage, from 14.3 hectares in 2017 to 17.5 hectares in 2019, reflect the 
early successes of restoration initiatives such as reforestation. However, this 
positive trend was subsequently reversed, with vegetation cover declining to 
15.1 hectares by 2024, due to the encroachment of barren land build-up areas, 
particularly in the northern and central regions of the wetland. This decline in 
vegetation cover was inversely correlated with the expansion of barren land, 
which decreases from 3.9 hectares in 2017 to 2.5 hectares in 2021 before increas-
ing significantly to 5.2 hectares in 2024, likely driven by insufficient vegetation 
restoration and increased soil erosion. Similarly, the build-up areas within the 
wetland fluctuated over time, initially decreasing from 2.3 hectares in 2017 to 
1.8 hectares in 2019. Possibly due to land management intervention, but subse-
quently rising again to 1.9 hectares in 2024, reflecting the persistent pressure of 
urban development.  

These pressures exacerbated the obstacles associated with vegetation loss and 
water bodies retention, demonstrating the cascading impacts of urban expansion 
on the wetland ecosystem. Water bodies reached a peak of 5.3 hectares in 2021, 
supported by hydrological intervention, before declining to 3.8 hectares in 2024 
due to sedimentation and rainfall variability. Cultivated land steadily decreased 
throughout the period, from 3.6 hectares in 2017 to 1.2 hectares in 2024, signifying 
a shift away from agricultural use toward urbanization and degraded landscapes. 
These visualizations provide a comprehensive understanding of the LULCC dy-
namics in the Shibalianwei Wetland.  

The results showcase both the accomplishments of the initial restoration initi-
atives and the ongoing difficulties in maintaining long-term ecological improve-
ment in the face of persistent human-induced pressures. By analyzing the inter-
connected patterns across the various land use categories, including vegetation, 
 

 
Figure 3. Land use and land cover changes (LULCC) in the Shibalianwei Wetland from 2017 to 2024. 
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barren land, build-up areas, water bodies, and cultivated land, this study under-
scores the critical necessity of implementing adaptive management strategies that 
can address the evolving dynamics of land use to ensure the wetlands ecological 
functionality. 

In contrast, the data revealed a significant expansion of baren land, which in-
creased by 33% over the study period. This pronounced increase after 2021 was 
likely attributed to soil degradation and insufficient vegetation recovery in certain 
areas of the wetland. The expansion of barren land underscores the need for targeted 
soil stabilization and reforestation strategies to mitigate further degradation. Re-
garding buildup-up areas, the analysis showed fluctuations, with an initial decline 
from 2.3 hectares in 2017 to 1.8 hectares in 2019, suggesting temporary successes in 
limiting urban development. However, by 2024, built-up areas stabilized at 1.9 hec-
tares, reflecting the persistent challenges of urban encroachment despite manage-
ment efforts. The water bodies within the study area exhibited significant variability 
in their spatial extent, reaching a peak of 5.3 hectares in 2021 before declining by 
28% to 3.5 hectares by 2024. The initial increase was likely facilitated by hydrological 
improvements, including enhanced water retention and circulation. However, sed-
imentation reduction in water bodies size may be attributed to sedimentation pro-
cesses and seasonal fluctuations, necessitating further hydrological management 
strategies to sustain stable water levels. Lastly, the cultivated land area showed a con-
sistent decline of 66% between 2017 and 2024. This decrease in cultivated land was 
caused by the conversion of agricultural areas into barren land or other land cover 
types, driven by urbanization and soil degradation. While this trend reduced agri-
culture runoff, it highlights the need for sustainable land management to balance 
ecological restoration and socioeconomic considerations.  

3.4. Aboveground Biomass Dynamics 

The analysis of AGB from 2017 to 2024 unveiled substantial fluctuations across 
vegetation types, reflection the combined effects of restoration initiatives and land 
use alterations depicted in Figure 4 as accordingly a) 2017, b) 2019, c) 2021 and d) 
2024 Changes in vegetated and non-vegetated areas in 2017, 2019, 2021 and 2024. 

These trends offer valuable insights into the wetland’s productivity, resilience, 
and ecological functioning. The analysis of AGB across diverse vegetation types 
underscore the dynamic changes driven by restoration efforts and environmental 
factors. The water vegetation biomass experienced that showed during AGB trend 
analysis in Figure 5 shows a substantial increase from 1688 tons in 2017 to 3,227 
tons in 2019, indicating successful early restoration efforts to recover aquatic bio-
mass. However, this trend was interrupted by a sharp decline to 1338 tons in 2021, 
which was likely caused by hydrological disruptions or nutrient loading. This drop 
was followed by a modest recovery, reaching 1968 tons in 2024. Similarly, the land 
vegetation biomass nearly doubled, rising from 4088 tons in 2017 to 7616 tons in 
2019, driven by reforestation initiatives. Nevertheless, land vegetation biomass de-
clined to 5199 tons in 2024, suggesting ongoing strain from land use changes. In 
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contrast, shrub biomass demonstrated resilience, rising from 6521 tons in 2017 to 
9366 tons in 2019, before dropping to 6612 tons in 2021 and then recovering 
slightly to 7250 tons in 2024, reflecting their adaptability and stabilizing role in 
the degraded wetland environment.  

 

 
Figure 4. Changes in vegetated and non-vegetated areas in 2017, 2019, 2021 and 2024 (Sources: Data processing based on Sentinel-
2 from Google Earth Engine). 

 
The low-biomass vegetation exhibited relatively stable dynamics, fluctuating 

between 9567 tons in 2017 and 7501 tons in 2019 before recovering to 9262 tons 
in 2024. This pattern suggests a complex interplay between vegetation and envi-
ronmental factors, without significant long-term degradation. In contrast, the 
high-biomass vegetation experienced more pronounced fluctuation, declining 
sharply from 8949 tons in 2017 to 3103 tons in 2019 due to land use changes. 
Restoration efforts enabled a recovery, reaching a peak of 10,211 tons in 2021, but 
this was followed by a decrease to 7133 tons in 2024, highlighting the vulnerability 
of the high-biomass vegetation to both restoration challenges and land use pres-
sures. These trends emphasize the need for sustained restoration efforts and adap-
tive management to address the ongoing issues of land use pressure and ecological 
variability within the wetland ecosystem. 
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Figure 5. Above-ground biomass (AGB) trends by vegetation type (2017-2024). 

3.5. Water Quality Responses  

The scatter plot analysis presented in Table 1 offers a comprehensive comparative 
assessment of water quality parameters before and after the restoration initiative, 
and their alignment with the Chinese Class III water quality standards. Dissolved 
oxygen exhibited a noteworthy improvement, increasing from an average concen-
tration of 5.35 mg/L into 7.6 mg/L in 2024. This exceeded the Class III standard 
(≥5.0 mg/L) and approached Class I level, reflecting enhanced oxygenation and 
ecological recovery, attributable to the hydrological interventions and improved 
vegetation cover implementation during the restoration process. Similarly, Chem-
ical Oxygen demand decreased from 22.0 mg/L in 2018, which slightly exceeded 
the class threshold, to a substantially lower value of 3.7 mg/L in 2024, well below 
the standard. This reduction underscores the effectiveness of the restoration ef-
forts in terms of pollutant filtration and organic matter control.  

Total phosphorus levels showed moderate improvements, decreasing from 0.09 
mg/L in 2018 to 0.079 mg/L in 2024, thereby achieving Class II standards. This 
indicates the wetlands enhanced capacity to retain phosphorus and mitigates nu-
trient enrichment. However, total Nitrogen remained a challenge, as it improved 
from 2.4 mg/L in 2018 to 3.8 mg/L in 2024, yet still exceeded the class threshold 
of ≤1.0 mg/L suggesting the persistence of nutrient pollution from upstream ag-
ricultural and urban sources.  

The variability in measurement represented by the error bars on the plot was 
higher in the 2018 data, indicating less stable ecological conditions prior to the 
restoration as shown in Figure 6. In contrast, the reduced variability observed in 
2024 demonstrated more consistent and controlled ecological functionality after 
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the restoration. The distinct colored lines corresponding to the Class III standards 
provide clear visual indicators of compliance, emphasizing significant achieve-
ments in dissolved oxygen, chemical oxygen demand, and total phosphorus as 
shown in Table 1, while also highlighting the need for continued focus on nitro-
gen management strategies. These findings underscore the success of the restora-
tion efforts, although the elevated total nitrogen levels point to areas requiring 
sustained attention to achieve comprehensive wetland recovery. 

3.6. Observed Trends and Their Link to Restoration Measures 

The restoration measures in the Shibalianwei Wetland have substantially enhanced 
water quality and ecological function. Decreases in nutrient and organic matter 
loads, coupled with increased dissolved oxygen levels, underscore the effectiveness 
of interventions like vegetation re-establishment and hydrological adjustments. 
Nutrient concentrations exhibited market declines, with total nitrogen diminishing 
from nitrogen concentrations declined from 6.89 mg/L in the February inflow to 
2.08 mg/L in the August outflow, while total phosphorus dropped from 0.204 mg/L 
in the July inflow to 0.101 mg/L in the outflow. The restored vegetation’s peak 
productivity coincided with the observed reduction, understanding its pivotal role 
in nutrient uptake. The wetland’s capacity for nutrient retention was further high-
lighted by the recovery of healthy vegetation biomass, which reached a maximum 
of 10,211 tons in 2021. Furthermore, hydrological interventions resulted in a sig-
nificant decrease in chemical oxygen demand, an indicator of organic pollution. 
Improved water circulation minimized stagnant zones, reducing COD levels from 
5.8 mg/L to 3.6 mg/L. This highlights the effectiveness of the restored hydrological 
pathways in filtering out organic pollutants. Furthermore, the dissolved oxygen 
levels in the outflow consistently exceeded those in the inflow, maintaining values 
above 6.2 mg/L throughout 2024. This improvement reflects the synergistic impact 
of vegetation regrowth and enhanced water circulation, which have fostered con-
ditions that support aquatic biodiversity and ecological stability. 

 
Table 1. The concentration of DO, COD, TP, and TN before and after restoration. 

Parameters 

Years (2018-2024)   

2018 
(Before  

Restoration) 

2024 
(After  

Restoration) 

Class III 
Standard 

Meets 
Standard 

(2024) 
Improvement 

Dissolved  
Oxygen (DO) 

5.35 7.6 5 Yes 
Significant (Exceeds 

Class I levels) 

Chemical  
Oxygen Demand 

(COD) 
22 3.7 20 Yes 

Significant (Far  
below Class III) 

Total Phosphorus 
(TP) 

0.09 0.079 0.2 Yes 
Moderate (Achieves 

Class II) 

Total Nitrogen 
(TN) 

2.4 3.8 1 No 
Minimal (Still  

exceeds Class V) 
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Figure 6. The scatter plot analysis of water quality parameters. 

3.7. Heatmap Correlation Analysis  

The correlation analysis presented in the heatmap of Figure 7, which explores the 
interrelationship between restoration metrics and water quality improvement, 
provides a comprehensive understanding of the dynamics between vegetation 
characteristics and water quality within the Shibalianwei Wetland. By examining 
the associations among vegetation cover, healthy vegetation biomass, and key wa-
ter quality parameters, including TN, TS, COD, and DO, this study elucidate both 
the strengths and limitations of the restoration initiatives. 

3.7.1. Vegetation Cover and Water Quality 
The analysis revealed a weak inverse relationship between vegetation cover and 
decreases in total nitrogen (TN) and total phosphorus (TP) levels (−0.15 each). 
This indicates that vegetation plays a role in nutrient uptake by stabilizing soil and 
filtering pollutants. However, its overall effectiveness is limited by external factors 
such as nutrient-laden runoff from upstream agricultural and urban areas. These 
findings align with previous research highlighting that excessive nutrient inputs 
can overwhelm the nutrient retention capacity of wetlands, reducing their ability 
to mitigate eutrophication and water quality degradation (García et al., 2020; 
Lowrance et al., 1984). Runoff from urban and agricultural areas containing high 
nutrient concentrations could potentially overwhelm the wetland’s capacity to fil-
ter these inputs, reducing the observed impact of vegetation cover on nutrient re-
ductions. In contrast, a slight positive correlation (0.16) was noted between vege-
tation cover and dissolved oxygen improvement, indicating that vegetation may 
indirectly contribute to oxygenation, potentially through enhanced ecosystem 
functioning and reduced organic pollution. 

3.7.2. Healthy Vegetation Biomass and Water Quality 
The finding indicates that the recovery of healthy vegetation biomass exhibits a 
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modest positive correlation with improvement (0.14) in dissolved oxygen levels, 
but its direct influence on reducing total nitrogen, total phosphorus, and chemical 
oxygen demand is negligible. This suggests that while biomass recovery is critical 
for supporting the overall ecological health of the wetland, its capacity to directly 
mitigate nutrients and pollutant levels is limited. However, the slight positive cor-
relation between vegetation biomass and dissolved oxygen improvement implies 
that higher biomass enhances the oxygenation process, creating favorable condi-
tions for the microbial decomposition of organic matter (Dosskey et al., 2010). 
These results underscore the ecological significance of maintaining robust vege-
tation biomass, particularly during the early phases of restoration when biomass 
growth can substantially influence the recovery of water quality. 

3.7.3. Interrelations among Water Quality Parameters 
The analysis result underscores the critical role of dissolved oxygen levels in regu-
lating water quality within the wetland ecosystem. A strong positive correlation 
was observed between DO improvements and reduction in TN, TP, and COD (rang-
ing from 0.86 to 0.88). These relationships reflect the synergistic effects of im-
proved oxygenation on nutrient retention and organic pollutant decomposition.  

 

 
Figure 7. Heat map analysis of vegetation species and water quality parameters. 
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For instance, enhanced DO levels facilitate aerobic microbial activity, which ac-
celerates the breakdown of organic pollutants and supports nitrogen cycling pro-
cesses (Kaushal et al., 2023). The seasonal peak in DO levels and corresponding 
reduction in COD further highlight the role of hydrological intervention, such as 
water system combing, in promoting water circulation and mitigating organic 
pollution. These findings align with previous studies emphasizing the critical role 
of oxygenation in wetland water quality improvements (Cheng et al., 2022). 

3.8. Implications and Future Directions 

The weak negative correlations between vegetation cover and nutrient reductions 
underscore the need for adaptive management strategies. This may include tar-
geted planting of high-productivity vegetation species capable of rapid nutrient 
uptake and stricter controls on external nutrient inflows, particularly from up-
stream agricultural and urban sources (Min et al., 2020). Additionally, the strong 
interdependence between DO improvements and reductions in TN, TP, and COD 
indicates that sustaining hydrological interventions will be critical for long-term 
water quality improvements. Continued monitoring of vegetation dynamics and 
water quality parameters is essential to ensure the persistence of these ecological 
benefits and to refine restoration strategies over time. 

4. Discussion 
4.1. Ecological Impacts of Land Use and Land Cover Changes  

(LULCC) 

The Shibalianwei Wetland experienced significant land use and land cover 
(LULCC) transformations from 2017 to 2024, demonstrating the complex inter-
play between ecological restoration initiatives and ongoing human-induced pres-
sures. The vegetation area initially expanded from 14.3 hectares in 2017 to 17.5 
hectares in 2019, indicating the success of early tree planting and soil conservation 
efforts. This outcome aligns with the research of Zedler & Kercher (2005), which 
emphasized the quick initial advantages of targeted wetland restoration activities. 
However, the subsequent reduction to 15.1 hectares by 2024 illustrates the diffi-
culties in maintaining ecological progress amid urban growth, particularly in the 
wetland’s northern and central areas. Comparable patterns have been observed in 
wetlands near urban centers, where land development frequently surpasses con-
servation endeavors (Adão et al., 2017; Mu et al., 2022). 

The relationship between barren land and vegetation cover showed an inverse 
pattern. Initially, barren land decreased from 3.9 hectares in 2017 to 2.5 hectares 
in 2021, attributed to stabilization efforts. However, it subsequently expanded to 
5.2 hectares by 2024, corresponding to areas with insufficient vegetation recovery, 
which intensified soil erosion and nutrient runoff. This trend aligns with research 
by Huang et al. (2021), who noted that inadequate vegetation cover results in in-
creased land degradation in restored wetlands. The steady growth of built-up ar-
eas, from 1.8 hectares in 2019 to 1.9 hectares in 2024, further challenges conser-
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vation efforts, reflecting the combined pressures of urbanization and resource de-
mands (Simpson et al., 2021). 

Water bodies experienced notable fluctuations, expanding from 3.2 hectares in 
2017 to 5.3 hectares in 2021 due to hydrological interventions, such as enhanced 
water circulation and retention strategies. However, sedimentation and seasonal 
changes led to a decrease to 3.8 hectares by 2024. These observations are con-
sistent with Mitsch (2012), who emphasized the necessity of ongoing hydrological 
management for maintaining water retention in restored wetland ecosystems. The 
ongoing reduction in cultivated land, from 3.6 hectares in 2017 to 1.2 hectares in 
2024, indicates a shift from agricultural use towards urbanization and degraded 
areas. While this trend reduces agricultural runoff, it also raises concerns about 
soil degradation and the socio-economic consequences of land conversion. 

4.2. Aboveground Biomass (AGB) Dynamics and Ecosystem  
Functionality 

The examination of AGB across various vegetation types highlights the wetland’s 
dynamic response to restoration efforts and environmental stressors. Water veg-
etation biomass grew from 1688 tons in 2017 to 3227 tons in 2019, driven by 
aquatic restoration measures. However, a sharp decline to 1338 tons in 2021 sug-
gests susceptibility to hydrological disruptions and nutrient loading. A modest re-
covery to 1968 tons in 2024 indicates partial success in stabilizing aquatic ecosys-
tems. These findings are similar to studies by Teixeira et al. (2024), which ob-
served comparable patterns in aquatic vegetation exposed to nutrient imbalances. 

Land vegetation biomass almost doubled between 2017 (4088 tons) and 2019 
(7616 tons), reflecting successful reforestation efforts. However, the subsequent 
decrease to 5199 tons by 2024 underscores the persistent challenges of land use 
pressures and soil degradation. Shrub biomass demonstrated resilience, rebound-
ing to 7250 tons in 2024 after a decline in 2021, emphasizing the stabilizing role 
of low-maintenance vegetation in degraded wetlands (Simpson et al., 2021). In 
contrast, high-biomass vegetation experienced significant fluctuations, reaching a 
peak of 10,211 tons in 2021 before dropping to 7133 tons in 2024. This highlights 
the vulnerability of high-productivity vegetation to restoration challenges and nu-
trient stress. 

4.3. Enhancements in Water Quality and Restoration Efficacy 

The implemented restoration measures led to substantial improvements in water 
quality, as demonstrated by decreased nutrient loads and organic contaminants. 
The concentration of total nitrogen (TN) reduced from 6.89 mg/L in February 
inflow to 2.08 mg/L in August outflow, while total phosphorus (TP) levels de-
clined from 0.204 mg/L in July inflow to 0.101 mg/L in outflow. These reductions 
showcase the ability of restored plant life to absorb nutrients, corroborating re-
search by Simpson (2021) that highlights vegetation’s role in mitigating nutrient 
excess in wetland ecosystems (Simpson et al., 2021). Nevertheless, the ongoing 
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issue of high TN levels surpassing acceptable limits underlines the impact of up-
stream nutrient influxes, aligning with findings from Teixeira et al. (2024). 

Hydrological interventions, including water system integration and enhanced 
inflow/outflow regulation, played a crucial role in lowering chemical oxygen de-
mand (COD) levels from 5.8 mg/L in inflow to 3.6 mg/L in outflow. Improved 
water circulation reduced stagnant areas, promoting microbial breakdown of or-
ganic pollutants (García et al., 2020). The noted rise in dissolved oxygen (DO) 
levels, consistently above 6.2 mg/L in 2024, emphasizes the combined effect of 
vegetation regrowth and aeration, supporting aquatic biodiversity and ecosystem 
stability. 

4.4. Relationship between LULCC, AGB, and Water Quality 

The minimal correlation between vegetation cover and nutrient reductions (−0.15 
for both TN and TP) reveals the constraints of wetland filtration capacity under 
high nutrient loads, a pattern observed in nutrient-saturated systems (Xie et al., 
2022). However, the slight positive correlation (0.16) between vegetation cover 
and DO levels indicates indirect benefits, such as enhanced oxygenation through 
improved ecosystem functioning. Healthy vegetation biomass showed limited di-
rect impact on nutrient reductions but exhibited a weak positive correlation (0.14) 
with DO improvements, highlighting its role in supporting microbial activity and 
organic matter decomposition (Guo et al., 2022; Zhang et al., 2022). 

4.5. Wetland Management Implications 

The results emphasize the necessity of incorporating adaptive management strat-
egies to tackle persistent ecological and human-induced challenges. Focusing on 
high-productivity plant species, enhancing hydrological interventions, and imple-
menting more stringent controls on upstream nutrient inflows can maximize res-
toration benefits (García et al., 2020). Decision-makers should consider synchro-
nizing restoration activities with seasonal nutrient peaks and investing in long-
term monitoring systems to track ecological changes and refine interventions. 

4.6. Constraints and Future Research Directions 

This study provides valuable insights into the restoration of the Shibalianwei Wet-
land, but several limitations should be acknowledged to offer a more comprehen-
sive understanding of the restoration efforts, their long-term effectiveness, and 
their broader applicability to other regions and wetland types. These limitations, 
particularly regarding the study duration, lack of detail on hydrological interven-
tions, and insufficient data on water flow dynamics, pose challenges for general-
izing the findings to other ecosystems. 

A key limitation of this study is the relatively short duration of the monitoring 
period, from 2017 to 2024. Wetland restoration is a complex and slow process that 
typically requires many years, if not decades, to manifest its full ecological bene-
fits. Although improvements were observed in vegetation biomass, water quality 
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parameters such as dissolved oxygen (DO), and chemical oxygen demand (COD), 
the complete impact of the restoration measures may not yet be fully realized. 
Wetland systems, especially those undergoing restoration, often demonstrate de-
layed responses in ecosystem recovery due to the intricacies of nutrient cycling, 
hydrological stabilization, and vegetation regrowth. The persistence of high total 
nitrogen (TN) levels in the wetland outflow, despite improvements in other water 
quality parameters, highlights the need for continued monitoring to understand 
the long-term effects of restoration measures. Nitrogen pollution remains a chal-
lenge, particularly from external sources such as agricultural runoff and urban 
effluents. The study’s short duration does not capture the long-term stability of 
the interventions and the potential seasonal or annual variations in water quality. 
Extending the monitoring period well beyond 2024 is essential to assess the sus-
tainability of the observed improvements and determine whether the wetland’s 
ecological health will stabilize or improve further over time. Future research 
should focus on establishing long-term monitoring programs that continue to 
track the progress of restoration efforts over decades, providing deeper insights 
into the restoration dynamics and the wetland’s long-term resilience to external 
pressures. 

The restoration of the Shibalianwei Wetland involved several hydrological in-
terventions aimed at enhancing water retention, improving water quality, and re-
ducing sedimentation. However, the specific nature and impact of these hydro-
logical changes are not adequately detailed in the study. While the study notes the 
expansion of water bodies from 3.2 hectares in 2017 to 5.3 hectares in 2021, the 
exact interventions (e.g., flow regulation, sedimentation control, or structural 
modifications like weirs, levees, or floodplain restoration) were not sufficiently 
described. Understanding the nature of these interventions is essential for as-
sessing their effectiveness and for comparing them to similar restoration projects 
globally. Hydrological interventions are a crucial component of wetland restora-
tion, influencing water circulation, sediment transport, and nutrient retention. 
Detailed descriptions of these interventions, including the methods used for flow 
regulation, the design of water retention structures, and the impact of sedimenta-
tion management practices, would enable more accurate comparisons with other 
wetland restoration projects. Furthermore, understanding which hydrological 
measures were most effective will be critical for optimizing future restoration 
strategies. Future research should focus on providing a comprehensive account of 
the hydrological interventions implemented, including their design, methodol-
ogy, and impacts on water quality. By doing so, this research would allow for more 
effective comparisons with other ecosystems and contribute valuable knowledge 
for enhancing hydrological management practices in wetland restoration. 

Another critical limitation is the lack of data on water flow dynamics and resi-
dence time, which are essential for understanding nutrient retention and water 
quality improvement in wetlands. Water flow dynamics directly affect nutrient 
cycling, pollutant filtration, and overall ecosystem functioning. The Shibalianwei 
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Wetland exhibited fluctuations in its water bodies, with a reduction in the wet-
land’s water area between 2021 and 2024, likely due to sedimentation and seasonal 
fluctuations. These changes in water body size suggest that the wetland’s water 
retention capacity may have been compromised, but the study does not provide 
sufficient information on how these fluctuations relate to hydrological processes 
or the wetland’s ability to retain nutrients. Residence time the amount of time 
water remains in the wetland plays a vital role in nutrient retention. Longer resi-
dence times allow vegetation and microbial communities to absorb more nutri-
ents, thus improving water quality. However, this study did not measure or report 
on residence time or water flow patterns, which are critical to evaluating the ef-
fectiveness of hydrological interventions. Future research should focus on the in-
corporation of flow meters, velocity sensors, and hydrological models (e.g., HEC-
RAS or SWAT) to measure water flow and residence times more precisely. Addi-
tionally, monitoring sedimentation rates and their effects on water retention and 
nutrient cycling will provide a clearer understanding of the challenges faced in 
restoring water bodies. Understanding the dynamics of water flow and sedimen-
tation will be vital for developing strategies that optimize water retention and nu-
trient removal, ensuring the long-term effectiveness of wetland restoration efforts. 

The study also falls short in fully addressing the role of external nutrient pollu-
tion, which continues to impede the wetland’s water quality despite the internal 
restoration measures. While internal efforts, such as vegetation restoration and 
hydrological improvements, have led to some improvements in water quality, the 
persistence of high TN levels suggests that external nutrient sources, particularly 
agricultural runoff and urban effluents, continue to exert significant pressure on 
the wetland. External nutrient pollution is one of the most challenging factors in 
wetland restoration, especially in areas surrounded by agricultural or urbanized 
landscapes. Nutrient-laden runoff from upstream sources can overwhelm the wet-
land’s natural ability to filter and retain nutrients, undermining the impact of res-
toration measures. The study should have incorporated a more detailed analysis 
of the sources and impacts of external nutrient pollution on water quality. Alt-
hough it is clear that agricultural and urban activities contribute to nutrient load-
ing, the study does not assess the specific contributions of these sources or quan-
tify their impact on water quality. Future research should integrate nutrient flux 
modeling to better understand the role of external nutrient inputs in water quality 
degradation. Additionally, comprehensive watershed management strategies, in-
cluding the establishment of riparian buffer zones, improved agricultural prac-
tices, and better control of urban effluents, will be necessary to reduce nutrient 
pollution in the long term. By integrating these strategies with the ongoing hydro-
logical and ecological restoration efforts, the wetland’s ability to manage nutrient 
pollution can be greatly enhanced, ensuring more sustainable restoration out-
comes. 

To address the limitations identified above and further improve the success of 
wetland restoration efforts, future research should focus on long-term monitor-
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ing, more detailed hydrological assessments, and strategies to address external nu-
trient pollution. Future studies should focus on measuring water flow and resi-
dence times within the wetland, providing a clearer understanding of hydrological 
processes, and integrating strategies to reduce external nutrient inputs from agri-
culture and urban runoff. These strategies could include riparian buffer zones, 
land-use management, and enhanced wastewater treatment. By integrating these 
strategies with hydrological interventions, wetland restoration efforts can be more 
effective and sustainable in the long term. Extending the monitoring period will 
help assess whether the initial improvements observed are sustainable or whether 
additional interventions are required to achieve full recovery. Addressing these 
research gaps will improve our understanding of wetland restoration dynamics 
and contribute to developing more effective and sustainable restoration practices 
globally. 

In conclusion, while the restoration of the Shibalianwei Wetland has yielded 
significant improvements in vegetation cover, water quality, and ecosystem func-
tioning, the findings of this study are not fully generalizable to other wetland types 
or regions. The limitations of the study, such as its short duration, insufficient 
detail on the hydrological interventions implemented, limited data on water flow 
dynamics, and the continued challenge of external nutrient pollution, underscore 
the complexity of wetland restoration. Future research should focus on long-term 
monitoring, more detailed hydrological assessments, and strategies to address ex-
ternal nutrient pollution to ensure the long-term success and transferability of 
wetland restoration efforts globally. By addressing these gaps, restoration prac-
tices can be better tailored to local contexts and contribute to the broader goal of 
wetland conservation and ecological restoration worldwide. 

5. Conclusion and Recommendations 

This investigation explores the restoration trajectory of the Shibalianwei Wetland 
from 2017 to 2024, illuminating the intricate interplay between land utilization, 
biomass development, and water quality. Initial achievements in expanding vege-
tation cover and enhancing water conditions were observed; however, the endur-
ing efficacy of restoration initiatives is constrained by persistent urbanization, nu-
trient influxes, and seasonal hydrological variations. Notable fluctuations in veg-
etation biomass, particularly in aquatic and terrestrial plant communities, indicate 
the ecosystem’s susceptibility to external pressures. Although hydrological inter-
ventions have yielded positive outcomes for water quality, the continued presence 
of elevated nutrient levels in incoming water suggests that external factors con-
tinue to significantly impede restoration potential. 

These observations underscore the necessity for a more holistic, adaptable ap-
proach to wetland management that reconciles ecological restoration with the 
pragmatic realities of urban expansion and agricultural demands. The Shibali-
anwei Wetland case, while demonstrating improvements in certain areas, empha-
sizes the critical importance of addressing anthropogenic impacts alongside eco-
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logical recovery efforts. This research offers valuable insights into the challenges 
and strategies associated with wetland restoration, which can be applied on a 
global scale to enhance the resilience of these vital ecosystems. 

Recommendations 

1) Optimize Hydrological Regulation: Emphasize the improvement of water 
flow management and address seasonal nutrient fluctuations to sustain water 
quality and ecosystem functionality. 

2) Emphasize Vegetation Rehabilitation: Promote the establishment of high-
productivity, low-maintenance plant species to stabilize soils and enhance bio-
mass recovery. 

3) Mitigate Urban Expansion: Enforce more stringent zoning policies and de-
velop green infrastructure to minimize urban impacts on wetland ecosystems. 

4) Curtail Nutrient Pollution: Implement comprehensive watershed manage-
ment practices to reduce agricultural runoff and upstream nutrient inflows. 

5) Assess Ecosystem Health: Establish long-term monitoring protocols for eco-
logical and microbial parameters to refine adaptive management strategies. 

6) Foster Community Engagement: Involve local stakeholders in restoration in-
itiatives to ensure sustainability and public support. 

These recommendations aim to enhance the overall effectiveness of wetland 
restoration efforts and promote long-term ecological resilience, both for the Shi-
balianwei Wetland and similar ecosystems facing comparable challenges world-
wide. By adopting an integrated and adaptive approach, wetland restoration ini-
tiatives can contribute to reversing ecosystem degradation and fostering biodiver-
sity conservation in the face of ongoing environmental and anthropogenic pres-
sures. 

Acknowledgements 

The author thanks God Almighty for His guidance, the Government of China, 
and Shanghai Government Scholarship for their support and the scholarship op-
portunity. Gratitude is extended to Professor Changming Yang and his assistant 
of Tongji University for their invaluable contributions and to my parent’s prayers 
and encouragement. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this paper. 

References 
Adão, T., Hruška, J., Pádua, L., Bessa, J., Peres, E., Morais, R. et al. (2017). Hyperspectral 

Imaging: A Review on UAV-Based Sensors, Data Processing and Applications for Agri-
culture and Forestry. Remote Sensing, 9, Article 1110. https://doi.org/10.3390/rs9111110 

Chen, S. M. (2019). Distribution and Pollution Assessment of Nutrients and Heavy Metals 
in Surface Sediments from Shibalianwei Wetland in Hefei, Anhui Province, China. En-
vironmental Science, 40, 4932-4943. 

https://doi.org/10.4236/gep.2025.134020
https://doi.org/10.3390/rs9111110


Sajida et al. 
 

 

DOI: 10.4236/gep.2025.134020 390 Journal of Geoscience and Environment Protection 
 

Chen, W., Chi, G., & Li, J. (2019). The Spatial Association of Ecosystem Services with Land 
Use and Land Cover Change at the County Level in China, 1995–2015. Science of The 
Total Environment, 669, 459-470. https://doi.org/10.1016/j.scitotenv.2019.03.139  

Cheng, C., Zhang, F., Shi, J., & Kung, H. (2022). What Is the Relationship between Land 
Use and Surface Water Quality? A Review and Prospects from Remote Sensing Perspec-
tive. Environmental Science and Pollution Research, 29, 56887-56907.  
https://doi.org/10.1007/s11356-022-21348-x 

Davidson, N. C. (2014). How Much Wetland Has the World Lost? Long-Term and Recent 
Trends in Global Wetland Area. Marine and Freshwater Research, 65, 934-941.  
https://doi.org/10.1071/mf14173 

Davidson, S. J., Dazé, E., Byun, E., Hiler, D., Kangur, M., Talbot, J. et al. (2022). The Un-
recognized Importance of Carbon Stocks and Fluxes from Swamps in Canada and the 
Usa. Environmental Research Letters, 17, Article 053003.  
https://doi.org/10.1088/1748-9326/ac63d5 

Dosskey, M. G., Vidon, P., Gurwick, N. P., Allan, C. J., Duval, T. P., & Lowrance, R. (2010). 
The Role of Riparian Vegetation in Protecting and Improving Chemical Water Quality 
in Streams1. JAWRA Journal of the American Water Resources Association, 46, 261-277.  
https://doi.org/10.1111/j.1752-1688.2010.00419.x 

Dronova, I., Kislik, C., Dinh, Z., & Kelly, M. (2021). A Review of Unoccupied Aerial Vehicle 
Use in Wetland Applications: Emerging Opportunities in Approach, Technology, and 
Data. Drones, 5, Article 45. https://doi.org/10.3390/drones5020045 

Falk, D. A., & Palmer, M. (2006). Foundations of Restoration Ecology.  
https://www.researchgate.net/publication/40777417  

Fang, T., Lu, W., Cui, K., Li, J., Yang, K., Zhao, X. et al. (2019). Distribution, Bioaccumu-
lation and Trophic Transfer of Trace Metals in the Food Web of Chaohu Lake, Anhui, 
China. Chemosphere, 218, 1122-1130.  
https://doi.org/10.1016/j.chemosphere.2018.10.107 

Foody, G. M. (2002). Status of Land Cover Classification Accuracy Assessment. Remote 
Sensing of Environment, 80, 185-201. https://doi.org/10.1016/s0034-4257(01)00295-4 

Gann, G. D., McDonald, T., Walder, B., Aronson, J., Nelson, C. R., Jonson, J. et al. (2019). 
International Principles and Standards for the Practice of Ecological Restoration. Second 
Edition. Restoration Ecology, 27, S1-S46. https://doi.org/10.1111/rec.13035 

García, J., Solimeno, A., Zhang, L., Marois, D., & Mitsch, W. J. (2020). Constructed Wet-
lands to Solve Agricultural Drainage Pollution in South Florida: Development of an Ad-
vanced Simulation Tool for Design Optimization. Journal of Cleaner Production, 258, 
Article 120868. https://doi.org/10.1016/j.jclepro.2020.120868 

Guo, T., Zhang, X., & Cheng, T. (2011). Evaluation of Wetland Ecological Restoration Pro-
ject Based on SD: A Case Study on Qilihai Wetland in Tianjin. Procedia Environmental 
Sciences, 10, 2587–2593. https://doi.org/10.1016/j.proenv.2011.09.402  

Guo, Z., Sharma, H., Jadav, M., & Zhang, W. (2022). Mapping above Ground Carbon Stor-
age and Sequestration in Thoria Watershed, India: A Spatially Explicit Ecosystem Service 
Assessment Using Invest Model. In 2022 10th International Conference on Agro-Geoin-
formatics (Agro-Geoinformatics) (pp. 1-5). IEEE.  
https://doi.org/10.1109/agro-geoinformatics55649.2022.9858976 

Hambäck, P. A., Dawson, L., Geranmayeh, P., Jarsjö, J., Kačergytė, I., Peacock, M. et al. 
(2023). Tradeoffs and Synergies in Wetland Multifunctionality: A Scaling Issue. Science 
of The Total Environment, 862, Article 160746.  
https://doi.org/10.1016/j.scitotenv.2022.160746 

https://doi.org/10.4236/gep.2025.134020
https://doi.org/10.1016/j.scitotenv.2019.03.139
https://doi.org/10.1007/s11356-022-21348-x
https://doi.org/10.1071/mf14173
https://doi.org/10.1088/1748-9326/ac63d5
https://doi.org/10.1111/j.1752-1688.2010.00419.x
https://doi.org/10.3390/drones5020045
https://www.researchgate.net/publication/40777417
https://doi.org/10.1016/j.chemosphere.2018.10.107
https://doi.org/10.1016/s0034-4257(01)00295-4
https://doi.org/10.1111/rec.13035
https://doi.org/10.1016/j.jclepro.2020.120868
https://doi.org/10.1016/j.proenv.2011.09.402
https://doi.org/10.1109/agro-geoinformatics55649.2022.9858976
https://doi.org/10.1016/j.scitotenv.2022.160746


Sajida et al. 
 

 

DOI: 10.4236/gep.2025.134020 391 Journal of Geoscience and Environment Protection 
 

Hu, Z., Delgado-Baquerizo, M., Fanin, N., Chen, X., Zhou, Y., Du, G. et al. (2024). Nutri-
ent-induced Acidification Modulates Soil Biodiversity-Function Relationships. Nature 
Communications, 15, Article No. 2858. https://doi.org/10.1038/s41467-024-47323-3 

Huang, S., Tang, L., Hupy, J. P., Wang, Y., & Shao, G. (2021). A Commentary Review on 
the Use of Normalized Difference Vegetation Index (NDVI) in the Era of Popular Re-
mote Sensing. Journal of Forestry Research, 32, 1-6.  
https://doi.org/10.1007/s11676-020-01155-1 

Kaushal, S. S., Fork, M. L., Hawley, R. J., Hopkins, K. G., Ríos-Touma, B., & Roy, A. H. 
(2023). Stream Restoration Milestones: Monitoring Scales Determine Successes and Fail-
ures. Urban Ecosystems, 26, 1131-1142. https://doi.org/10.1007/s11252-023-01370-8 

Lee, R. J., & Chow, T. E. (2015). Post-wildfire Assessment of Vegetation Regeneration in 
Bastrop, Texas, Using Landsat Imagery. GIScience & Remote Sensing, 52, 609-626.  
https://doi.org/10.1080/15481603.2015.1055451 

Liu, G., Tian, K., Sun, J., Xiao, D., & Yuan, X. (2016). Evaluating the Effects of Wetland 
Restoration at the Watershed Scale in Northwest Yunnan Plateau, China. Wetlands, 36, 
169-183. https://doi.org/10.1007/s13157-015-0727-2 

Lowrance, R., Todd, R., Fail, J., Hendrickson, O., Leonard, R., & Asmussen, L. (1984). Ri-
parian Forests as Nutrient Filters in Agricultural Watersheds. BioScience, 34, 374-377.  
https://doi.org/10.2307/1309729 

Lu, Q., Bai, J., Zhang, G., & Wu, J. (2020). Effects of Coastal Reclamation History on Heavy 
Metals in Different Types of Wetland Soils in the Pearl River Delta: Levels, Sources and 
Ecological Risks. Journal of Cleaner Production, 272, Article 122668.  
https://doi.org/10.1016/j.jclepro.2020.122668 

Min, Z., Xiaoli, S., Zhen, Y., & Kaining, C. (2020). The Variation of Water Quality from 
2012 to 2018 in Lake Chaohu and the Mitigating Strategy on Cyanobacterial Blooms. 
Journal of Lake Sciences, 32, 11-20. https://doi.org/10.18307/2020.0102 

Mitsch, W. J. (2012). What Is Ecological Engineering? Ecological Engineering, 45, 5-12.  
https://doi.org/10.1016/j.ecoleng.2012.04.013 

Mu, Y., Guo, Y., Li, X., Li, P., Bai, J., Linke, S. et al. (2022). Cost-Effective Integrated Con-
servation and Restoration Priorities by Trading off Multiple Ecosystem Services. Journal 
of Environmental Management, 320, Article 115915.  
https://doi.org/10.1016/j.jenvman.2022.115915 

Ramachandra, T. V., Asulabha, K. S., & Jaishanker, R. (2024). Editorial Wetlands for Hu-
man Well-being. Journal of Environmental Biology, 45, 1-4.  
https://doi.org/10.22438/jeb/45/2/editorial 

Ramsar Convention Secretariat, G. C., Finlayson, C. M., Davidson, N., Fennessy, S., Coates, 
D., van Damm, A., Baker, C., Kumar, R., Stroud, D., Gardner, R. C., & Finlayson, C. M. 
(2018). Global Wetland Outlook: State of the World’s Wetlands and Their Services to 
People in Ramsar Convention on Wetlands.  
https://www.ramsar.org/resources/publications/global-wetland-outlook  

Rao, J., Tang, Q., Duan, D., Xu, Y., Wei, J., Bao, Y. et al. (2024). UAV-Based Modelling of 
Vegetation Recovery under Extreme Habitat Stresses in the Water Level Fluctuation 
Zone of the Three Gorges Reservoir, China. Science of the Total Environment, 934, Ar-
ticle 173185. https://doi.org/10.1016/j.scitotenv.2024.173185 

Ruiz-Jaen, M. (2005). Vegetation Structure, Species Diversity, and Ecosystem Processes as 
Measures of Restoration Succession. Forest Ecology and Management, 218, 159-173.  
https://cir.nii.ac.jp/crid/1572261550791290496  

Simpson, L. T., Canty, S. W. J., Cissell, J. R., Steinberg, M. K., Cherry, J. A., & Feller, I. C. 

https://doi.org/10.4236/gep.2025.134020
https://doi.org/10.1038/s41467-024-47323-3
https://doi.org/10.1007/s11676-020-01155-1
https://doi.org/10.1007/s11252-023-01370-8
https://doi.org/10.1080/15481603.2015.1055451
https://doi.org/10.1007/s13157-015-0727-2
https://doi.org/10.2307/1309729
https://doi.org/10.1016/j.jclepro.2020.122668
https://doi.org/10.18307/2020.0102
https://doi.org/10.1016/j.ecoleng.2012.04.013
https://doi.org/10.1016/j.jenvman.2022.115915
https://doi.org/10.22438/jeb/45/2/editorial
https://www.ramsar.org/resources/publications/global-wetland-outlook
https://doi.org/10.1016/j.scitotenv.2024.173185
https://cir.nii.ac.jp/crid/1572261550791290496


Sajida et al. 
 

 

DOI: 10.4236/gep.2025.134020 392 Journal of Geoscience and Environment Protection 
 

(2021). Bird Rookery Nutrient Over-Enrichment as a Potential Accelerant of Mangrove 
Cay Decline in Belize. Oecologia, 197, 771-784.  
https://doi.org/10.1007/s00442-021-05056-w 

Souri, Z., Cardoso, A. A., da-Silva, C. J., de Oliveira, L. M., Dari, B., Sihi, D., & Karimi, N. 
(2019). Heavy Metals and Photosynthesis: Recent Developments. In Photosynthesis, 
Productivity and Environmental Stress (pp. 107-134). Wiley.  
https://doi.org/10.1002/9781119501800.ch7  

Suriyakaew, T., & Jampeetong, A. (2021). Effects of Dissolved O2 and Fe Availability on 
Growth, Morphology, Aerenchyma Formation and Radial Oxygen Loss of Canna Indica 
L. and Heliconia psittacorum L.F. Chiang Mai University Journal of Natural Sciences, 20. 

Teixeira, G. C. M., Gonzalez-Porras, C. V., Messias Ferreira, P., Prado, R. D. M., Silva 
Oliveira, K., Carvalho, L. T. D. S. et al. (2024). Increased Absorption and Use of Nutrients 
Induced by Si Is an Indicator for Tolerance to Water Deficit in a Common Bean Cultivar 
Cultivated in the Field with and without Application of K. Frontiers in Plant Science, 15, 
Article 1421615. https://doi.org/10.3389/fpls.2024.1421615 

Tomscha, S. A., Bentley, S., Platzer, E., Jackson, B., de Roiste, M., Hartley, S. et al. (2021). 
Multiple Methods Confirm Wetland Restoration Improves Ecosystem Services. Ecosys-
tems and People, 17, 25-40. https://doi.org/10.1080/26395916.2020.1863266 

van Dam, A. A., Fennessy, M. S., & Finlayson, C. M. (2023). What’s Driving Wetland Loss 
and Degradation? In Ramsar Wetlands (pp. 259-306). Elsevier.  
https://doi.org/10.1016/b978-0-12-817803-4.00012-7 

Wang, X., Yang, Y., Wan, J., Chen, Z., Wang, N., Guo, Y. et al. (2023). Water Quality Var-
iation and Driving Factors Quantitatively Evaluation of Urban Lakes during Quick So-
cioeconomic Development. Journal of Environmental Management, 344, Article 118615. 
https://doi.org/10.1016/j.jenvman.2023.118615 

Wurtsbaugh, W. A., Paerl, H. W., & Dodds, W. K. (2019). Nutrients, Eutrophication and 
Harmful Algal Blooms along the Freshwater to Marine Continuum. WIREs Water, 6, 
e1373. https://doi.org/10.1002/wat2.1373 

Xie, F., Liu, Z., Luo, K., Li, H., & Li, G. (2022). Long Term Comprehensive Evaluation of 
Temporal and Spatial Variation of Water Quality in Chaohu Lake, China. Polish Journal 
of Environmental Studies, 31, 4383-4397. https://doi.org/10.15244/pjoes/149350 

Xiong, Y., Mo, S., Wu, H., Qu, X., Liu, Y., & Zhou, L. (2023). Influence of Human Activities 
and Climate Change on Wetland Landscape Pattern—A Review. Science of the Total 
Environment, 879, Article 163112. https://doi.org/10.1016/j.scitotenv.2023.163112 

Zedler, J. B., & Kercher, S. (2005). Wetland Resources: Status, Trends, Ecosystem Services, 
and Restorability. Annual Review of Environment and Resources, 30, 39-74.  
https://doi.org/10.1146/annurev.energy.30.050504.144248 

Zhang, L., Fang, Y., Cai, H., & Zhang, S. (2021). Spatio‐Temporal Heterogeneities in Water 
Quality and Their Potential Drivers in Lake Chaohu (China) from 2001 to 2017. Ecohy-
drology, 14, e2333. https://doi.org/10.1002/eco.2333 

Zhang, Z., Malik, M. Z., Khan, A., Ali, N., Malik, S., & Bilal, M. (2022). Environmental 
Impacts of Hazardous Waste, and Management Strategies to Reconcile Circular Econ-
omy and Eco-sustainability. Science of the Total Environment, 807, Article 150856.  
https://doi.org/10.1016/j.scitotenv.2021.150856 

 
 
 
 

https://doi.org/10.4236/gep.2025.134020
https://doi.org/10.1007/s00442-021-05056-w
https://doi.org/10.1002/9781119501800.ch7
https://doi.org/10.3389/fpls.2024.1421615
https://doi.org/10.1080/26395916.2020.1863266
https://doi.org/10.1016/b978-0-12-817803-4.00012-7
https://doi.org/10.1016/j.jenvman.2023.118615
https://doi.org/10.1002/wat2.1373
https://doi.org/10.15244/pjoes/149350
https://doi.org/10.1016/j.scitotenv.2023.163112
https://doi.org/10.1146/annurev.energy.30.050504.144248
https://doi.org/10.1002/eco.2333
https://doi.org/10.1016/j.scitotenv.2021.150856

	Integrating Land Use Changes, Biomass Dynamics, and Water Quality for Wetland Restoration: A Case Study of Chaohu Lake Shibalianwei Wetland, China
	Abstract
	Keywords
	1. Introduction
	2. Study Area and Methodology
	2.1. Study Area
	2.2. Restoration Phases
	2.3. Data Collection
	2.3.1. Remote Sensing Data
	2.3.2. Water Quality Data

	2.4. Methodology
	2.4.1. Land Use and Land Cover Change (LULCC) Analysis
	2.4.2. Aboveground Biomass (AGB) Estimation
	2.4.3. Water Quality Analysis
	2.4.4. Data Integration and Visualization
	2.4.5. Statistical Correlation Analysis


	3. Results
	3.1. Land Use and Land Cover Changes (LULCC)
	3.2. Land Use Dynamics and Wetland Restoration
	3.3. Visualization of LULCC Trends
	3.4. Aboveground Biomass Dynamics
	3.5. Water Quality Responses 
	3.6. Observed Trends and Their Link to Restoration Measures
	3.7. Heatmap Correlation Analysis 
	3.7.1. Vegetation Cover and Water Quality
	3.7.2. Healthy Vegetation Biomass and Water Quality
	3.7.3. Interrelations among Water Quality Parameters

	3.8. Implications and Future Directions

	4. Discussion
	4.1. Ecological Impacts of Land Use and Land Cover Changes (LULCC)
	4.2. Aboveground Biomass (AGB) Dynamics and Ecosystem Functionality
	4.3. Enhancements in Water Quality and Restoration Efficacy
	4.4. Relationship between LULCC, AGB, and Water Quality
	4.5. Wetland Management Implications
	4.6. Constraints and Future Research Directions

	5. Conclusion and Recommendations
	Recommendations
	Acknowledgements
	Conflicts of Interest
	References

