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Abstract

Coastal wetlands are among the most ecologically valuable yet vulnerable ecosystems,
particularly in regions experiencing rapid urban expansion. This study provides a four-
decade assessment of land use and land cover (LULC) dynamics and their implications for
ecosystem service value (ESV) in the Beidagang Wetland Nature Reserve (BWNR), located
adjacent to the fast-developing Tianjin region in China. Using an integrated geospatial
framework, combining multi-temporal remote sensing, supervised classification, and a
modified benefit-transfer valuation approach, we analyzed LULC transitions and the associ-
ated variations in ecosystem service values (ESVs) across three critical phases: (i) a period of
minimal anthropogenic pressure and climate influence (1984-1999); (ii) a phase of increased
human activities (2000-2013); and (iii) an active ecological restoration period (2014-2023).
Findings across the three phases show that the LULC changes are not in equilibrium, as
indicated by the decrease in vegetation (—46.43%) and bare ground (—31.34%), while the
water areas (+547.50%) and built-up areas (+14.40%) increased remarkably. This indicates
an intensive human-induced environmental transformation; although some ecosystem
service functions degraded, the total ecosystem service value (ESV) of BWNR continued
to increase due to water area expansion. The variations in ecosystem service value (ESV)
in response to LULC changes resulting from anthropogenic activities and climate change
were estimated, and the results show that the total ESV of BWNR was approximately CNY
10,631.1 million in 1984, CNY 15,078.7 million in 2000, CNY 17,768.3 million in 2013, and
CNY 19,365.4 million in 2023. Findings from this study will contribute to the theoretical
understanding of coastal wetland vulnerability and provide empirical evidence for the
coordinated management of wetland ecological conservation and economic development
in the context of rapid urbanization in Tianjin’s coastal areas.

Keywords: coastal wetland resilience; ecosystem service valuation; spatiotemporal varia-
tion; anthropogenic disturbance; wetland restoration; environmental policy evaluation

1. Introduction

Coastal wetlands deliver a range of valuable ecosystem services (ES), such as water
purification [1,2], biodiversity conservation [3,4], and shoreline protection [5,6]. Coastal
wetlands are also increasingly recognized for their exceptional biomass productivity and
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high carbon sequestration rates, which help mitigate climate change [7,8]. However,
as coastal wetlands are situated at the land—ocean interface, where pronounced spatial
gradients exist in environmental stressors (for instance, salinity), slight changes in those
stressors may lead to fundamental alterations in the structure and function of coastal
wetland ecosystems [9-11]. This vulnerability has led to the global degradation of coastal
wetlands over the past few decades [12-14]. Countries have made numerous attempts
to restore those vital ecosystems, such as re-establishing hydrological connectivity and
reintroducing native vegetation [15,16]; however, the effectiveness of those restoration
measures has not been fully validated [17,18]. Given the critical ES provided by coastal
wetlands, it becomes imperative to assess whether there is an improvement in the ES values
(ESVs) resulting from the restoration efforts [19] or not. This will provide valuable insight
for evaluating restoration effectiveness and guiding future conservation strategies.

Assessing ESVs in coastal wetlands encounters numerous challenges, partly due to the
complex interplay of hydrological, ecological, and biogeochemical processes that can vary
significantly within and across coastal wetlands [20-23]. In particular, coastal wetlands
differ markedly in their key processes and key components (hydrological regime, vege-
tation structure, and habitat characteristics) [24,25], creating pronounced spatiotemporal
variability in the delivery of ES [26,27]. Additionally, the impacts induced by climate
change and human activities further alter coastal wetland structure and function, intro-
ducing uncertainties in ESV assessments [28-30]. These complexities, combined with data
limitations, may result in biased ES valuations for coastal wetlands [31-33], which requires
an adaptive and region-specific framework to accurately quantify ESV [34].

Coastal wetlands face severe habitat loss and functional degradation due to intensive
human disturbances, resulting in water quality deterioration, coastal erosion, and wetland
losses [18,35,36]. Those factors have compromised the capacity of the coastal wetland to
deliver critical ES [37-40]. In particular, land use and land cover (LULC) changes caused by
human activities are a primary driver influencing ESVs in coastal wetlands [41,42], as those
changes can directly affect the ecosystem structure and function [43]. For instance, similar
issues occurred in BWNR during the high-disturbance stage (2000-2013), where wetland
fragmentation was caused by aquaculture pond excavation [17]. Rapid urbanization and
infrastructure developments [44], including land reclamation and shoreline modification,
have further fragmented wetland habitats and resulted in declining biodiversity [45-47].
Furthermore, associated with LULC changes, agricultural and industrial pollution has
fundamentally altered the ecosystem structures of coastal wetlands and reduced their
adaptive resilience [48-50]. As human activities pose major challenges for assessing ESVs
in coastal wetlands [51,52], an assessment of how LULC dynamics affect ESVs is essential
for understanding ecosystem response mechanisms and formulating targeted conservation
policies for coastal wetlands [53,54].

To effectively address the above challenges, a comprehensive strategy is essential
for quantifying ESVs, including standardized evaluation frameworks that can integrate
ecological, social, and economic factors [55]. Thus, the use of the benefit transfer approach
(BTA) is a cost-effective method for estimating ESVs by extrapolating data from existing
primary valuation studies to a targeted site where primary data are unavailable [56-58].
As such, the BTA is valuable in data-scarce regions, where conducting original valuation
investigation (contingent valuation and hedonic pricing) is logistically constrained [59].
This approach can also provide immediate information to decision-makers on the benefits
of various land use options and the best approaches for the sustainable management
of land resources [57,60,61]. Thus, the BTA offers a scientifically robust yet practical
method for evaluating ESVs in coastal wetlands, where the complex natural processes

https://doi.org/10.3390/land 15020258


https://doi.org/10.3390/land15020258

Land 2026, 15, 258

30f21

combined with human disturbances create unique challenges for conventional valuation
approaches [56,61,62].

This study aimed to assess the spatiotemporal changes in the LULC of the Beidagang
Wetland Nature Reserve (BWNR) in northern China between 1984 and 2023 and to evaluate
their consequent impacts on ESVs. Unlike existing studies focusing on single time periods
or single driving factors, this study quantifies the dynamic response of LULC ESV under
the combined driving forces of human activities and climate factors using 39-year long-term
data and policy node division, providing a more systematic methodological reference for
wetland restoration effectiveness assessment.

As an important costal wetland that experienced substantial anthropogenic distur-
bances, the BWNR has undergone extensive restoration efforts to mitigate those distur-
bances, making it suitable for assessing restoration effectiveness through the ESV analysis.
The geographic location and spatial extend of the BWNR are presented in Figure 1.

Based on the BTA, an assessment framework was proposed in this study to (1) assess
the impact of the LULC on ESVs and (2) evaluate the efficacy of the current conservation
policies in mitigating these threats in the BWNR; the overall methodological framework is
illustrated in Figure 2. Using this framework, multi-temporal LULC classification maps
were produced to characterize long-term spatial and temporal changes in land cover
(Figure 3). These LULC dynamics form the basis for quantifying ESVs associated with
different land use types (Figure 4) and for analyzing their temporal variations from 1984
to 2023 (Figure 5). In addition, the ESVs of different ecosystem service functions and
their long-term changes are assessed to reveal functional shifts in ecosystem services
(Figures 6 and 7). Finally, changes in land-intensity, changes in land-use intensity, reflect-
ing the degree of human disturbance and management intervention in the BWNR, are
quantified using a land-use intensity index (Figure 8). Tables were included to provide
key quantitative information for the study. The adjusted monetary coefficients used to
estimate ESVs for different LULC categories are summarized in Table 1. Long-term changes
in LULC area in the BWNR are presented in Table 2, while the intensity are rates of LULC
change are reported in Table 3. The conversion relationships among different LULC types
over the study period are shown in Table 4. Estimated ESVs for different LULC categories
are provided in Table 5, and the ESVs of different LULC ecosystem service functions are
summarized in Table 6. Long-term ESVs of different LULC categories from 1984 to 2023
are further presented in Table 7, while the corresponding annualized ESV change rates are
reported in Table 8. Variations in ESVs among different LULC categories over the study
period are summarized in Table 9, and the sensitivity coefficients of ecosystem service
values for different LULC classes are provided in Table 10. The results of this study provide
a new perspective on coastal wetland management by elucidating the effectiveness of
mitigation strategies to overcome the impact of the LULC on ES provisioning.

2. Methods and Materials
2.1. Study Area

The study area is a part of the BWNR and is located about 6 km inland from the Bohai
Sea in Northern China (Figure 1). Geographically, the BWNR is located in the northern
part of China between 117°20’ E and 117°39" E and 38°45’ N and 38°50" N. Listed as a Ram-
sar wetland of international importance (https:/ /rsis.ramsar.org/ris/2425) (accessed on
2 May 2025), this ecologically important coastal wetland provides diverse ES; for example,
it is a crucial stopover site for migratory water birds along the East Asian—Australasian
Flyway [63]. A monsoonal sub-humid climate is prevalent in the region with hot and
rainy summers and cold and dry winters [64]. From 1984 to 2023, the local mean annual
precipitation (619.7 mm) and air temperature (13.2 °C) were obtained from the long-term
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observation records of Tianjin Meteorological Station (117°12" E, 39°08’ N) [17]. Due to its
proximity to the Bohai Sea, surface water and groundwater in the BWNR display brackish
conditions with a significant spatial gradient along the land—sea direction [47]. Subse-
quently, vegetation in the area is dominated by two functionally distinct species: Phragmites
australis (a perennial common reed with strong flooding endurance but low salinity tol-
erance) [17] and Suaeda salsa (an annual herbaceous halophyte with poor waterlogging
tolerance) [4,24]. Soils in the study area are predominantly silty clay, characterized by low
hydraulic permeability and high water-holding capacity [8].
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Figure 1. Map of the study area.

The most common ecosystem types in the BWNR include lakes, wetlands, rivers, crop
lands, fishery ponds, forests, coastal mudflats, and built-up areas. In the early 2000s, exten-
sive excavations commenced around the BWNR, which converted about 25% of the natural
area to aquaculture ponds [17]. These activities significantly altered the topographic and
hydrological conditions in the area, leading to deteriorated water quality and compromised
ecosystem stability. Partly to protect and restore the BWNR’s ecosystem, a local conser-
vation act (the Tianjin Permanent Ecological Protection Zone Management Regulations)
was instituted in 2014, which prohibited industrial and agricultural activities in nature
reserves and required ecological engineering such as hydrological connectivity restoration.
This legislative action was also complemented by several ecological engineering projects in
the BWNR, such as reconnecting fragmented drainage ditches into an integrated channel
network. Due to recurrent drought in the region, the ecological water replenishments have
been conducted annually as necessary, particularly in growing seasons, to ensure adequate
water supplies for vegetation growth; however, its effectiveness is still under debate [5,17].

Given the substantial efforts invested in restoring the BWNR’s ecosystem, there is an
urgent need to assess whether those efforts led to improved ES. Following [17], the study
period was divided into three stages depending on the intensity of human activities and
the enactment of key conservation policies: a low-disturbance stage (1984-1999), a high-
disturbance stage (2000-2013), and a recovery stage (2014-2023). This temporal division
allowed an evaluation of how long-term LULC changes, which were associated with human
activities and key conservation policies in the BWNR, impacted ESVs, based on the LULC
data from four benchmark years (1984, 2000, 2013, and 2023).

2.2. Methodological Framework

The methodological framework for this study is shown in Figure 2, with the key
steps summarized below. First, the LULC in the BWNR was classified using data from
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Landsat 5 Thematic Mapper, Landsat 7 Enhanced Thematic Mapper Plus, and Landsat
8/9 Operational Land Imager available on the Google Earth Engine (https://developers.
google.com/earth-engine/datasets) (accessed on 10 May 2025), including three visible, one
near-infrared, two shortwave-infrared, and one quality assessment bands [65]. Due to its
robustness in handling high-dimensional data with limited training samples [34,66,67], the
support vector machine (SVM) method was employed to classify the LULC into vegetation,
water bodies, built-up land, and bare land, with input variables including six reflectance
bands and four spectral indices [17,68,69]. To train the SVM model, 545 ground truth data
points were obtained from two field surveys in 2022 and 2023, with an additional 210 data
points derived by interpreting high-resolution images from a DJI M300RTK unmanned
aerial vehicle. Those data were randomly split into 70% and 30% for training and validating
the SVM model, respectively. The model validation showed an overall accuracy of 0.865,
illustrating the reliability of using the SVM model for classifying the LULC in the BWNR.

Landsat and Secondary Data
(1984, 2000, 2013, 2023)

Image pre-processing

l

Classification and Ground Truth Data

l

Accuracy Assessment

|

LULC Maps

l

Ecosystem Service Valuation (BTM) and Coefficient
Values

l

ESV Estimation, Results and Policy Implications

Figure 2. Methodological flow chart of the study.
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Figure 3. LULC classification maps for different years.
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Figure 4. ESVs of different LULC in the BWNR from 1984 to 2023.

The trained SVM model was then used to determine the LULC in the peak growing
seasons (August or September) of 1984, 2000, 2013, and 2023. The transition matrix was
used to quantify the LULC changes (for example, from vegetation to water bodies) between
different disturbance stages with the following equation [70].

Si1 Sz o+ S
Sy1 S+ Sop

Sl] = ’ 1
Snl Sn2 e Snn

where S;; is the areal change in the area of LULC from type i at the beginning to type j at
the end of each period, and # is the total number of LULC types.
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Figure 5. Variations in the ESVs of different LULC types in the BWNR from 1984 to 2023.
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The BTA was then used to quantify the ESVs in the BWNR with the classified LULC.
Following [62,71], standard monetary coefficients (i.e., ESV per unit for each LULC type)
were obtained from primary valuation studies [72,73] and adjusted based on the local con-
ditions: referring to [43]’s ESV coefficient for Chinese ecosystems, the vegetation coefficient
was derived from the weighted average of forest and grassland coefficients (weighted by
area proposition of Phragmites australis and Suaeda salsa [74]. The adjusted coefficients
used in this study are given in Table 1, which were applied to the classified LULC maps for
the peak growing seasons of 1984, 2000, 2013, and 2023.

Table 1. Annual average ecosystem service value per unit area for different LULC categories in China
* (CNY/ha).

Ecosystem Functions Vegetation = Water Bare Land  Built-Up
Food production 341.31 399.7 8.98 0
Raw materials 1500 264.97 17.96 0
Gas regulation 2613.76 1311.37 26.95 0
Climate regulation 2528.44 7010.46 58.38 0
Hydrological regulation 2519.45 14,465.51 31.44 0
Waste treatment 1365.26 13,136.18 116.77 0
Soil retention 2811.36 1077.84 76.35 0
Biodiversity 2865.26 3197.59 179.64 0
Aesthetic value 1324.85 4100.28 107.78 0
Total 17,869.69 44963.9 624.25 0

*

: Values derived from [62].

The total ESV of the BWNR in each year was calculated with the following equation:

BV =Y Yr (A xvey), @)

where ESV is the total ecosystem service value, A; is the area of land use type i (ha), VC; ¢
is the value coefficient for ecosystem service f of land use type i, i is the land use/land
cover type, and f is the ecosystem service function.

2.3. Analytic Metrics

Several analytic metrics were utilized in this study to examine the impact of the LULC
changes on the ESV in the BWNR. These metrics help to quantify the LULC changes and
assess their influences on ESVs, thereby reducing the estimation uncertainties. Moreover,
since different LULC types contribute to different ES, applying such metrics enables a more
precise valuation of an individual ESV, which in turn supports informed decision-making
processes in land use management [75]. One of the key indicators is the LULC dynamic
degree, which measures the rate and intensity of LULC changes over time, including single
and comprehensive dynamic degrees [76]. Specifically, the single LULC dynamic degree is
the change rate of a specific LULC type over time, with the following equation.

LULC,yq year — LULCstart year
LULCstqr year

LULC; = < ) X %1000/0, (3)

where LULC; is the degree to which a particular LULC unit changes during the study
period i, LULC,,4 year and LULCg,, year T€present the area of the LULC unit at its starting
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and ending times, respectively, and ¢ denotes the estimation period. Thus, positive values
represent an increase in LULC and vice versa.

Compared to the single dynamic degree, the comprehensive dynamic degree reflects
the overall pattern of LULC changes within a specific region using the following equa-
tion [76].

;’1:1 |LULCend year — LULCstart year’ 1

LC = x — x 100, 4
22?:1 LULCstur year t ( )

where 7 is the number of the LULC types.

The percentage change in ESVs over time is useful for evaluating the impact of human
activities and for guiding conservation and policy decisions [5,15]. It measures how much
the benefits provided by nature decreased or increased during a certain period.

ESVfinsl year — ESViitial year

ESV(%) = ( ) % 100%, )

ESViyitial year

where ES Vym and ES Vﬁnal are the ESV at the initial and final period, respectively.
The land use intensity is widely used to quantify the impacts of human activities on
land during the conversion of the land for coastal developments [77]:

_ Built —up Area

LUT = === x 100%, (6)

where the built-up area and total area are quantified, respectively.
The sensitivity coefficient is
Ak X VCk ESVk

CS, = = , 7
C= T A X VG ESVim @

where ESV is the ecosystem service value of land use class k, and ESV,; is the total
ecosystem service value of the study area.

3. Results
3.1. The LULC Changes in the Study Area

Table 2 reveals notable changes in the LULC in the BWNR from 1984 to 2023. Over
the entire period, vegetation and bare land experienced substantial losses of 46.4% and
31.3%, respectively, while water bodies and built-up areas grew by 547.5% and 14.4%,
respectively. Note that the LULC changes in the BWNR displayed varying trends in
different disturbance stages. Specifically, from 1984 to 2000, the vegetation area increased
from 4586.4 ha to 4780.6 ha, the water body area from 511.1 ha to 1439.3 ha, and the built-up
area from 159.4 ha to 219.9 ha, and the bare land decreased from 2208.2 ha to 1024.8 ha
(Table 2). Between 2000 and 2013, the vegetation area started decreasing, while the water
body and bare land areas increased. Despite the conservation efforts, the vegetation area
still suffered a loss from 2013 to 2023, while the water body, built-up, and bare land areas
continued to expand.

Table 2. Changes in the LULC in the BWNR from 1984 to 2023.

Area (ha) 1984-2000 2000-2013 2013-2023 1984-2023
LULC Class
1984 2000 2013 2023 Area (ha) % Area (ha) % Area (ha) % Area (ha) %
Vegetation 4586.4 4780.6 35143  2456.9 194.6 4.2 —1266.3 —26.5 —1057.4 —-30.1 —2129.1 —46.4
Water 511.1 14393 25374 33094 928.2 181.6 1098.1 76.3 772.0 30.4 2798.3 547.5
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Table 2. Cont.

Area (ha) 1984-2000 2000-2013 2013-2023 1984-2023
LULCCIass " osa 200 2013 2025 Areatha) %  Areatha) %  Areatha) %  Areatha) %
Built-up 1594 2199 1433 1823 60.5 37.9 —76.6 —348 39.1 273 23.0 14.4
Bare land 2208.2 1024.8 1269.7 1516.1 —1183.3 —53.6 2449 239 246.3 19.4 —692.1 —31.3
The single and comprehensive LULC dynamic degrees in the BWNR from 1984 to 2023
are summarized in Table 3, which reveals a clear trend in the LULC change. In particular,
the vegetation cover experienced a persistent decline with a cumulative loss of 46.4% over
four decades, likely due to the combined impacts of anthropogenic activities and climate
change, whereas the expansion of water bodies suggested that water management (for
example, ecological water replenishments) largely mitigated climatic constraints in the
BWNR [17]. The rate of the LULC changes increased from 0.99% in the low-disturbance
stage to 1.42% in the recovery stage, which indicated an acceleration in land modification
in recent decades due to pond expansion and climate change. Vegetated areas are mainly
converted into pond expansion, water bodies, built-up, bare land, and crop land. The
transition matrix of the LULC in the BWNR is reported in Table 4.
Table 3. Single and comprehensive LULC dynamic degrees in the BWNR from 1984 to 2023.
) Single LULC Dynamic Degree (%) Comprehensive LULC Dynamic Degree (%)
Time Vegetation Water Built-Up  Bare Land
1984-2000 4.24 181.60 37.94 —53.59 0.99
2000-2013 —26.49 76.29 —34.83 23.90 1.38
2013-2023 —30.09 30.43 27.26 19.40 1.42
1984-2023 —46.43 547.50 14.40 —31.34 0.97
Table 4. Transition matrix of the LULC in the BWNR from 1984 to 2023.
1984-2000 2000-2013 2013-2023 1984-2023
LULC Class Area (ha) % Area(ha) % Area(ha) % Area(ha) %
Vegetation—Vegetation ~ 3322.26 44.51 2960.64 39.66 2070.72 27.74 2402.28 32.18
Vegetation-Water 875.61 11.73 1104.12 14.79 842.4 11.28 1570.14 21.03
Vegetation—Built-up 36.63 0.49 56.7 0.76 24.66 0.33 49.5 0.66
Vegetation—Bare land 351.54 4.71 659.16 8.83 576.54 7.72 564.12 7.56
Water—Vegetation 182.25 2.44 195.03 2.61 129.87 1.74 27.81 0.37
Water-Water 239.22 3.20 1121.67 15.03 2146.41 28.75 448.83 6.01
Water-Built-up 1.44 0.02 11.07 0.15 2.97 0.04 7.29 0.10
Water—Bare land 88.2 1.18 111.51 1.49 258.12 3.45 27.18 0.36
Built-up—Vegetation 12.78 0.17 49.32 0.66 9.09 0.12 3.87 0.052
Built-up-Water 42.03 0.56 26.82 0.36 0.54 0.007 64.62 0.87
Built-up-Built-up 43.38 0.58 36.09 0.48 54.18 0.73 26.64 0.36
Built-up—Bare land 61.2 0.82 107.64 1.44 79.47 1.06 64.26 0.86
Bare land—Vegetation 1263.33 16.92 309.24 4.14 247.23 3.31 1080.36 14.47
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Table 4. Cont.
1984-2000 2000-2013 2013-2023 1984-2023
LULC Class Area (ha) % Area (ha) % Area (ha) % Area (ha) %
Bare-land-Water 282.42 3.78 284.76 3.81 320.04 4.29 453.78 6.08
Bare land-Built-up 138.42 1.85 39.42 0.53 100.53 1.35 59.85 0.80
Bare land—Bare land 523.89 7.02 391.41 5.24 601.92 8.06 614.16 8.23
Total 7464.6 100 7464.6 100 7464.69 100 7464.69 100

3.2. Temporal Patterns and Trends in ESVs

The total ESVs estimated for the BWNR in 1984, 2000, 2013, and 2023 are detailed
in Table 5. In 1984, the total ESV was estimated at CNY 10,631.1 million with vegetation
accounting for the largest contribution, followed by open water and bare land. By 2000,
the total ESV increased to CNY 15,078.4 million, in which vegetation remained the largest
contributor, followed by open water and bare land. The total ESV in 2013 reached CNY
17,768.3 million, with open water becoming the leading contributor, while the ESV from
vegetation decreased to about half of that from open water. At the end of the study period in
2023, the total ESV further increased to CNY 19,365.37 million, with open water remaining
the largest contributor, followed by vegetation and bare land.

Table 5. ESVs of different LULC categories in BWNR from 1984 to 2013 (10* million CNY).

ESV ESVs (CNY Million) ESV ESVs (CNY Million) Change
LULC Class 1984 2000 2013 2023 1984-2000 2000-2013 2013-2023 1984-2023
Vegetation 8195.1 8542.8 6279.9 4390.4 347.7 —2262.8 —1889.6 —3804.7
Water 2298.2 6471.6 11,409.1 14,880.3 41734 4937.5 3471.3 12,582.2
Built-up 0 0 0 0 0 0 0 0
Bare land 137.8 63.9 79.3 94.6 —73.9 15.3 154 —43.2
Total 10,631.1 15,078.4 17,768.3 19,365.4 4447.3 2689.9 1597.1 8734.3

Table 6 presents the estimated values of specific ecosystem service functions (ESVy)
in the BWNR between 1984 and 2023, which reveals considerable temporal variations
in ESV¢ over the study period. Hydrological regulation, climate regulation, biodiversity
conservation, soil retention, waste treatment, and gas regulation contributed the most ESV
to the total ESV, while raw materials and food production contributed the most to the total
ESV in 1984. In 2000, the leading ESV shifted to water treatment and hydro-regulation,
while raw material and food production remained the lowest ESV;. A similar pattern still
held in 2013 and 2023, with hydro-regulation contributing the most ESV¢. Notably, some
of the ESV¢ showed consistent growth over the study period; however, soil retention, raw
materials, and biodiversity experienced negative or unsteady changing rates after 2000. In
particular, the ESV¢ of raw materials, soil retention, and regulation diminished far more
than other ESV¢ (Table 6). This was partly attributed to the expansion of aquaculture land
for food production, particularly during the high-disturbance stage. For instance, the land
use intensity index increased from 2.14% in 1984 to 2.95% in 2000, although it decreased to
1.85% in 2013 and 2.21% in 2023.
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Table 6. ESVs of different ecosystem service functions in BWNR from 1984 to 2023 (10* CNY).

Ecosystem Functions

ESVs (10* Million CNY)

ESVs (10* Million CNY) Changes in Years

1984 2000 2013 2023 1984-2000 2000-2013 2013-2023 1984-2023
Food Production 178.94 221.62 222.51 217.50 42.68 0.89 —5.01 38.56
Raw Materials 705.41 757.07 596.66 458.98 51.66 —160.41 —137.68 —246.43
Gas Regulation 1271.66 1441.04 1254.72 1080.25 169.38 —186.32 —174.47 —191.41
Climate Regulation 1530.76 2223.74 2674.80 2950.10 692.98 451.06 275.3 1419.34
Hydro-Regulation 1901.72 3289.67 4559.84 5410.97 1387.95 1270.17 851.13 3509.25
Waste Treatment 1323.30 2555.31 3827.76 4700.41 1232.01 1272.45 872.65 3377.11
Soil Retention 1361.25 1506.96 1271.18 1059.00 145.71 —235.78 —212.18 —302.25
Biodiversity 1517.12 1848.40 1841.10 1789.41 331.28 -7.3 —51.69 272.29
Aesthetic Value 840.95 1234.55 1519.67 1698.79 393.6 285.12 179.12 857.84
Total 10,631.11 15,078.36 17,768.24 19,365.41 444725 2689.88 1597.17 8734.3

4. Discussion
4.1. Factors Driving LULC Dynamics

During the study period, the BWNR experienced significant LULC changes, particu-
larly in the high-disturbance (2000-2013) and recovery (2013-2023) stages, where vegetated
areas were converted to open water and bare land (1266.3 ha and 1057.4 ha of vegetation
lost, respectively (Table 4). This was mainly due to human activities, excavating agricultural
ponds in the BWNR [17]. Interestingly, after the implementation of the conservation act,
vegetated areas were still converted to open water and bare land.

Moreover, climate change may have further contributed to these transitions. Im-
portantly, there was no evidence of urbanization within the study area throughout the
observation period.

4.2. Impact of LULC Changes on ESVs

It is well established that LULC changes are among the main factors driving ESV
fluctuations, as they alter the condition and function of ecosystems, thereby influencing
the services they deliver [78,79]. Globally, urbanization increase, industrialization, and
agricultural expansion diminish global ecosystem services [80,81] and cost the globe more
than USD 6.3 trillion [80,82].

Our estimates showed that the total ESV in the BWNR increased from CNY 10,631.1 million
in 1984 to 19,365.4 million in 2023, with a cumulative increase of CNY 8734.3 million; the
observed positive trend in total ESV flow is consistent with the findings of [83] but differs
from [84] who reported a decrease of 28.82% in global total terrestrial ecosystem services
value and found a decline in the total annual ecosystem service value, but our results are
consistent with the findings from [85].

The increase in water bodies is the most relevant LULC class contributing to the
growth in total ESV. Although the ESV (raw materials, gas regulation, soil retention, and
biodiversity) showed a significant decline over the study period, the proportion of ESV
growth attributable to water bodies has gradually increased over the past three decades
(Table 8).
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Table 7. ESVs of different LULC categories in BWNR from 1984 to 2023 (10* CNY).
1984-2000 2000-2013 2013-2023 1984-2023
LULC Class ESVs % ESVs % ESVs (10* % ESVs %
(10* CNY) (10* CNY) CNY) (10* CNY)
Vegetation 347.71 4.24 —2262.84 —2649  —1889.56 —-30.09 —3804.69 —46.43
Water 4173.41 181.60 4937 .45 76.29 3471.3 30.43 12,582.16 547.50
Built-up 0 0 0 0 0 0 0 0
Bare land —73.86 —53.58 15.28 23.88 15.38 19.40 —43.2 —31.34
Total 4447.26 132.26 2689.89 73.68 1597.12 19.74 8734.27 469.73
Table 8. Annualized ESV change rates (10*CNY/ yr).
1984-2000 2000-2013 2013-2023 1984-2023
LULCClass — ~ i oNyiyn  (10°CNY/yn) (108 CNY/yr)  (10° CNY/yn)
Vegetation 21.73 —174.06 —188.96 —97.56
Water 260.84 379.80 347.13 322.62
Built-up 0 0 0 0
Bare land —4.62 1.18 1.54 1.11
Total 277.96 206.91 159.71 223.96

Table 9. Variations in ESVs of different land use/land cover categories in BWNR from 1984 to 2023.

1984-2000 2000-2013 2013-2023 1984-2023
Ecosystem Functions ESVs % ESVs % ESVs % ESVs %
(10* CNY) (10* CNY) (10* CNY) (10* CNY)

Food Production 42.68 23.85 0.89 0.40 —5.01 —2.25 38.56 21.55
Raw Materials 51.66 7.32 —-16041 —-21.19 —-137.68 —23.08 —246.43  —34.933
Gas Regulation 169.38 13.32 —186.32 —1293 17447 —-1391 —191.41 —15.05

Climate Regulation 692.98 45.27 451.06 20.28 275.3 10.29 1419.34 92.72
Hydrological Regulation 1387.95 72.99 1270.17 38.61 851.13 18.67 3509.25 184.53

Waste Treatment 1232.01 93.10 1272.45 49.80 872.65 22.80 337711 255.20

Soil Retention 145.71 10.70 —235.78 —1565 —21218 —16.69  —302.25 —22.20
Biodiversity 331.28 21.84 -7.3 —0.39 —51.69 —2.81 272.29 17.95
Aesthetic Value 393.6 46.80 285.12 23.10 179.12 11.79 857.84 102.00
Total 4447.25 335.19 2689.88 82.03 1597.17 4.81 8734.3 601.77

Table 10. Sensitivity coefficients of ecosystem service values for different LULC classes in BWNR

from 1984 to 2013.
LULC Classes 1984 2000 2013 2023
Vegetation 0.77 0.57 0.35 0.23
Water 0.22 0.43 0.64 0.77
Built-up 0.00 0.00 0.00 0.00
Bare land 0.01 0.00 0.00 0.00
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The degradation caused by human activities can limit the capacity of ecosystem service
functions [86,87]. Due to the historical degradation from urbanization, agriculture [41], and
industrial activities, the Chinese government and local authorities have implemented a
series of conservation policies to restore and protect the wetlands [88,89]. The conservation
policies have demonstrated relative progress in balancing ecological protection and sustain-
able development. However, their long-term success depends on adaptive management
and increased funding. The analysis reveals a consistent increase in most ecosystem service
functions across the study period, demonstrating the effectiveness of recent conservation
interventions in the region. Some ecosystem service functions have dropped; the observed
degradation in ecosystem services is primarily attributed to LULC transformations, partic-
ularly the conversion of vegetation to water bodies, built-up, and bare land. Vegetation
has a vital role in performing essential functions in regulating climate through carbon
sequestration, mitigating the effects of climate change, and preserving biodiversity. Climate
change affects vegetation due to rising sea levels [90], as it tends to wash away the coastal
vegetation, leading to coastal erosion. Vegetation plays a crucial role in soil conservation by
preventing erosion and increasing soil fertility [23]. It is important to protect vegetation be-
cause of its positive contribution to ESV and its capacity to ensure long-term environmental
health and resilience. The analysis reveals significant declines across functions, ecosystem
services, food production, raw materials, gas regulation, soil retention, and biodiversity,
which are largely affected during the stipulated periods (Table 8). The compounding effects
of industrial effluent discharge, coupled with intensified agricultural runoff from chemical
fertilizers and pesticides into water bodies, have accelerated ecosystem service degrada-
tion [71]. Vegetation has a vital role in performing essential functions in regulating climate
through carbon sequestration, mitigating the effects of climate change, and preserving
biodiversity. Vegetation plays a crucial role in soil conservation by preventing erosion,
increasing soil fertility, and maintaining water quality, also contributing in a positive way
to ESV to ensure long-term environmental health and resilience.

4.2.1. The Low-Disturbance Stage (1984-2000)

The LULC during this period was relatively stable in BWNR, primarily as a result of
limited anthropogenic pressures and moderate climate variability. This period reflected
low-intensity human land use, as there was limited aquaculture expansion, and the coastal
wetlands maintained natural hydrology due to a low human population density and the
absence of large-scale infrastructure. Consistent with land use stability, the sensitivity
analysis shows that ecosystem service values were dominated by vegetation during this
period, with a high sensitivity coefficient (CS = 0.77 in 1984), indicating that vegetated
wetlands were the primary contributors to the total ecosystem service value. The relatively
low sensitivity of water bodies (CS = 0.22) further suggests that aquatic ecosystems played
a secondary role in regulating ecosystem services. Overall, the low variability in sensitivity
coefficients during this period reflects a stable ecosystem structure, in which changes in the
total ESV were largely controlled by natural land cover components rather than human-
induced land use transformations. Coastal wetlands in China did not experience intensive
disturbance until the late 1990s with rapid urbanization [4], which is consistent with BWNR
entering the high-disturbance stage after 2000, during which aquaculture pond excavation
led to significant vegetation loss (Table 2).

4.2.2. The High-Disturbance Stage (2000-2013)

This period recorded significant ecological degradation in BWNR, dominated by
intensified anthropogenic pressures and climate change variability. Rapid economic devel-
opment led to wetland conversion [91] and vegetation losses, where over 50% of the natural
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wetlands were lost, due to hydrological alterations [38,92]. According to [49], anthropogenic
activities cause LULC changes, while unplanned land use practices have precipitated a
decline in the wetland area extent [93]. Rapid urbanization reduces the ecosystem ser-
vice value [80,91,94]. The decrease in vegetation was primarily attributed to urbanization
and climate change [95], industrialization [96,97], and the establishment of aquaculture
ponds [98]. The sensitivity analysis provides additional insight into how changes in land
use lead to ecosystem service losses. The sensitivity coefficient of vegetation declined,
reflecting the reduced contribution of vegetated wetlands to the total ecosystem service
value, as their spatial extent decreased. The sensitivity coefficient of water bodies increased,
indicating a growing dependence of the total EVS on aquatic ecosystems, following the
conversion of vegetated wetlands to open water and aquaculture systems.

LULC changes may increase the area of natural wetlands when farmland is aban-
doned [99,100]. Climate change, combined with population, led to wetland degrada-
tion [96]. Climate change affects rainfall and temperature [24], which affect vegetation
growth and soil biochemical properties [101]. In Virginia, the rise in sea levels resulted in
the loss of coastal marshes [102,103]. According to [38], invasive species decrease vegetation
and often outcompete native species, thus affecting the ESV.

4.2.3. Recovery Stage (2013-2023)

Enhancing the protection and recovery of coastal wetland resources requires raising
public awareness about the ecological value of the wetlands, which is necessary for the
assessment of the value provided by the wetland [80,104]. Balancing economic growth
with environmental protection prevents excessive urban expansion, to ensure cities de-
velop sustainably and scientifically. From 2000 to 2013, the BWNR served as a home for
migratory birds along the East Asian—Australasian Flyway. Recognizing the ecological
and economic importance of these wetlands, the Tianjin municipal government introduced
conservation measures in 2013 to address the habitat loss, water scarcity, and biodiversity
decline as the city aligned its policies with the National Wetland Conservation Program
(2014-2020) and the Ecological Civilization framework. The Tianjin municipal government
strengthened the legal protections, eco-compensation schemes, and restoration projects [88].
These efforts demonstrated how innovation could balance ecological protection with eco-
nomic development in rapid urbanization zones. Sensitivity analysis indicates that the
contribution of vegetated wetlands to the total ESV stabilized, with a modest decline in
the sensitivity coefficient, while the dominance of water bodies continued to increase.
Furthermore, the built-up area decreased, primarily due to policies implementation by the
Tianjin government during this period. However, persistent challenges, including incon-
sistent enforcement, economic priorities, funding, and climate change pressures, revealed
the limitations of these initiatives. Effective wetland conservation will require stronger
governance integration and climate-adaptive management.

5. Conclusions

Our findings provide evidence that anthropogenic and climate change on the BWNR
have resulted in a change in LULC over the past thirty-nine years, which has experienced
continuous expansion, with the most significant growth occurring between 1984 and
2000 and a decrease in vegetation from 2000 to 2013. The observed large-scale LULC
transformations were driven by rapid socioeconomic development, coupled with escalating
demands for infrastructure, industrialization, and aquaculture ponds for food production.
Notable is the rate of vegetation loss over time; however, the built-up area decreased
throughout the study period, which may reflect the efficacy of policy interventions. The
impact of the conservation and restoration policies showed positive effects [105]. Sensitivity
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analysis further clarifies the ecosystem service implications of the land cover dynamics.
The sensitivity coefficient of vegetation declined steadily, indicating a reduced contribution
of vegetated areas to the total ESV, while the sensitivity of water bodies increased, reflecting
their growing dominance in ecosystem service provision.

According to our findings, the water bodies” ecosystem service value increased by
about CNY 12,582.16 million (547.50%) (1984-2023). Together, the total areas of vegeta-
tion and bare land dropped by CNY —3804.69 million (46.43%) and CNY —43.2 million
(31.34%), respectively. The substantial increase in water bodies and decline in vegetation
may result in a decline in ecosystem services and functions (e.g., soil retention, raw ma-
terials, and gas regulation. To mitigate ongoing ecosystem degradation and associated
declines in ecosystem services, policymakers must address the primary drivers (the rapid
expansion of built-up areas) occurring at the expense of vegetation ecosystem degradation
and losses of ecosystem service values, specifically. Based on the area proportion (7:3)
of Phragmites australis (herb) and Suaeda salsa (shrub), we derived the comprehensive
vegetation coefficient using the weighted average of grassland and shrubland ESV coeffi-
cients from [43]. Our findings thus set the stage for further research into predicting future
LULC dynamics of ecosystem service value. This will involve utilizing remote sensing
observations, modeling land suitability analysis, and assessing the vegetation restoration
status. We recommend prioritizing a focus on the sustainable management of ecology and
social economy, which involves urban planning that balances ecological preservation with
socioeconomic development, reducing the negative impacts of human activities on the
ecological landscape.

Limitations of This Study

This study analyzed historical LULC changes and estimated ecosystem service values
using multi-temporal Landsat imagery. However, remote sensing data present certain limi-
tations. We used a benefit transfer approach to evaluate the ESV in BWNR and employed
the coefficient value as refined by [62]. In our study (Table 1), we adjusted the coefficient
values by combining the forest coefficient value and the grassland coefficient value to
derive the vegetation coefficient value for a more accurate representation of the ecolog-
ical balance within BWNR. Furthermore, by standardizing these coefficients, we aimed
to enhance the reliability of our findings and contribute to more effective environmental
management strategies. We also aggregated the wetlands, rivers, or lakes to quantify the
water bodies. For bare land, we retained the existing values. This comprehensive approach
provides an understanding of land use dynamics [76] and a framework for future research.
To better assess the impacts of climate change and human activities on local ecosystems,
future studies should further quantity the independent contributions of climate factors
(e.g., precipitation and temperature changes) and human activities (e.g., aquaculture and
ecological water replenishment) and predict the evolution trend of wetland ESV through
scenario simulation.
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