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PUBLIC SUMMARY

Small and/or isolated wetlands (SIWs) are critical for biodiversity and ecological stability.

We mapped SIWs across China and identified major conservation gaps at the national scale.

Adding SIWs into reserves could raise wetland protection coverage by up to 8 percentage points.

This study supports evidence-based strategies to achieve China's 2030 biodiversity targets.
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The establishment of protected areas remains a cornerstone strategy for
conserving wetland ecosystems. However, many SIWs in China remain
excluded from national conservation frameworks, despite their ecological
importance. To address this gap, we developed a rapid assessment model
integrating four key indicators — wetland area, waterfowl species richness,
waterfowl abundance, and dominant wetland plant richness—to identify
and evaluate unprotected SIWs at a national scale. The assessment was
supplemented by expert-sourced online questionnaires to enhance data
coverage, particularly for regions lacking systematic monitoring. A total of
1,473 unprotected SIWs were identified, encompassing approximately 3.39
million hectares. These wetlands represent critical conservation gaps in the
current protected area network. Incorporating them into the national
wetland protection system would raise China's protection level from
50.22% to 58.01%, surpassing the governmental target of 55% by 2035.
Many of these SIWs are located along major migratory bird routes and in
biodiversity-rich zones, underscoring their strategic ecological value. This
study provides the first systematic evaluation of SIWs at the national level
in China and proposes a scalable, data-driven framework for prioritizing
wetland protection. The results offer actionable guidance for enhancing
wetland conservation and contribute to the broader goals of the Global
Biodiversity Framework and the Ramsar Convention.

INTRODUCTION

Wetlands encompass a diverse range of ecosystems, including marshes,
swamps, bogs, and estuaries, each playing a distinct role in supporting biodi-
versity and maintaining ecological stability.' These ecosystems deliver
essential services such as water purification, flood regulation, and carbon
sequestration.” However, the global extent of wetlands has declined dramati-
cally over the past century, driven by agricultural expansion, urban encroach-
ment, pollution, and hydrological alterations.” The ecological consequences
are profound, threatening the survival of wetland-dependent species and
undermining critical ecosystem services.”

Among these ecosystems, SIWs — typically less than 8 ha in area or lack-
ing functional hydrological connectivity — have received comparatively little
attention.” Despite their limited spatial extent, SIWs frequently support
distinct and locally adapted species assemblages,” contribute to microcli-
mate regulation, and maintain habitat heterogeneity and hydrological buffer-
ing at the landscape scale.”'” Unlike larger, connected wetlands, SIWs
provide disproportionately high ecological value relative to their size, serving
as refuges for rare or specialized species, contributors to habitat diversity,
stepping stones for migratory waterbirds, and localized regulators of hydro-
logical and nutrient cycles. These supporting functions are therefore particu-
larly critical for sustaining their distinct ecological roles and conservation
significance, especially in fragmented or human-dominated environments.''
Nevertheless, most SIWs in China remain outside the boundaries of formal
protected areas,'”'” not due to a lack of ecological value, but because current
conservation strategies and evaluation frameworks have not been designed
to adequately detect or incorporate them.'* While national statistics specific
to SIWs are lacking, wetlands larger than 8 ha have a protection rate of
approximately 52%, suggesting that more fragmented and spatially dispersed

SIWs likely experience even lower levels of protection coverage.

Recognizing the urgency of biodiversity loss, the Kunming-Montreal Global
Biodiversity Framework (GBF), adopted at the 15th Conference of the Parties
(COP-15), has established the ambitious “30x30" Target 3, which calls for the
effective conservation and management of at least 30% of global terrestrial
and inland water areas by 2030."'" This goal reflects an international
commitment to expand and optimize protected area networks to ensure
ecological representativeness and resilience.'®'” However, meeting this target
requires inclusive planning that encompasses not only large, iconic wetlands
but also small and ecologically significant sites such as SIWs.”

In practice, most existing habitat assessment frameworks have been
designed for large, spatially continuous wetland systems. These frameworks
typically rely on data-intensive methods such as the Habitat Suitability Index
(HSI), multi-criteria evaluation (MCE), biodiversity indices (e.g., Shannon—
Wiener), and ecosystem service assessments.”' ™’ Each approach is depen-
dent on specific data conditions: HSI models require quantitative species—
habitat associations;” MCE methods depend on expert-based weighting
schemes and consistent spatial inputs;”” and ecosystem service assess-
ments assume high-resolution, temporally stable remote sensing data.”
These assumptions are rarely met in SIWs, where ecological data are limited,
environmental conditions are highly variable, and spatial discontinuities are
common.”"*

To address these limitations, biodiversity-centered evaluation approaches
offer a promising alternative.” SIWs often support unique plant communities
and serve as critical habitats for migratory or localized bird species.”*
Species richness and the presence of habitat-specialist taxa can function as
robust indicators of ecological integrity in the absence of long-term
datasets.™ When combined with participatory tools — such as expert scoring
or stakeholder surveys — these approaches can facilitate rapid, scalable
assessments of habitat value under data-limited conditions.** Importantly,
such methods are more attuned to the fine-scale ecological variation charac-
teristic of SIWs and thus offer a practical pathway to identify conservation
gaps that remain undetected by mainstream frameworks.”*

To this end, the present study developed a rapid evaluation model to iden-
tify and assess unprotected SIWs across China. By integrating national land
survey data, spatial boundaries of existing reserves, dominant wetland plant
richness, waterbird species and abundance, and data derived from a nation-
wide web-based questionnaire, we systematically mapped and characterized
SIWs excluded from current protection systems. The findings provide new
insights into the spatial distribution, ecological attributes, and conservation
significance of SIWs and contribute to improving national-scale wetland
protection planning under the GBF targets.

MATERIALS AND METHODS
Datasets and preprocessing

Unprotected wetlands. A geographic information system (GIS)-based
overlay analysis was used to identify unprotected wetlands, integrating vector
boundary data of national nature reserves and wetland data from China's
Third National Land Survey (Figure 1). Wetlands exceeding region-specific
area thresholds and lying outside protected boundaries were identified as
SIWs representing protection gaps. These region-specific area thresholds

2 The Innovation Geoscience 4(1): 100179, January 20, 2026

www.the-innovation.org/geoscience


mailto:wuhaitao@iga.ac.cn
mailto:wuhaitao@iga.ac.cn
https://doi.org/10.59717/j.xinn-geo.2026.100179
https://doi.org/10.59717/j.xinn-geo.2026.100179
https://doi.org/10.59717/j.xinn-geo.2026.100179
https://creativecommons.org/licenses/by/4.0/
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience

70°E 90°E

100°E

Environment & Ecology {2331}

130°E

110°E 120°E

40°N

30°N

—— Wetland zone [ Reservoir and pond
I Forest swamp [ Tidal flat
[ I Marsh

20°N

[0 Inland mudflat
I Shrub swamp
N Wet meadow [ Salt pan

Coastal aquaculture pond

River [1 Natural reserve

I | ake

]
>

Figure 1. Geographic distribution of study wetlands, wetland zones, and existing nature reserves across mainland China Hong Kong SAR, Macao SAR, and Taiwan are not

included. Data sources are provided in the Data and Code Availability section.

were determined based on the national standard for identifying small and
micro wetlands and expert consultation. Considering differences in wetland
distribution across China, we divided the country into coastal areas, wetland-
rich provinces (Nei Mongol, Heilongjiang, Tibet, Qinghai, and Xinjiang), and
other inland provinces, and applied corresponding area thresholds accord-
ingly (see Table S1). The spatial boundaries of SIWs were directly extracted
from the Third National Land Survey database as polygon vector data.

To supplement the identification process, a web-based questionnaire
survey targeting unprotected SIWs was conducted from 25 September 2021
to 11 May 2022 (https://www.wjx.cn/vj/tL3DZIiG.aspx?v=56; Table S2). A total
of 223 valid responses were collected nationwide. The responses were
spatially matched with the initially identified unprotected wetlands using a
unified coding scheme, enhancing the completeness and reliability of the
dataset. Respondents included personnel from wetland management agen-
cies (61.0%), research institutions and universities (24.2%), and local conser-
vation groups (14.8%).

Waterfowl species. Waterbird occurrence data were obtained from the
eBird database,”’ BirdLife International, national and provincial bird surveys,
and site-level monitoring reports from nature reserves (Table S3). All obser-
vations were standardized and consolidated into a unified dataset. Because
most SIWs did not have direct bird survey records, existing bird observations

were used as a spatial supplement. We tested multiple buffer radii (1, 3, 5,
and 10 km) and found that a 5-km buffer provided the best balance: Large
enough to capture waterfowl mobility while avoiding overestimation for SIWs.
Therefore, a 5-km buffer was applied to each survey point, and the buffered
points were spatially overlaid with the unprotected SIWs. For overlapping
areas, the maximum recorded values for species richness and abundance
were extracted. A total of 360,000 survey records from 10,398 sites were
compiled, with 2,660 points matched to 1,473 unprotected SIWs. Sites where
waterfowl abundance exceeded 1% of total counts were flagged for further
analysis.

Wetland plant species. Dominant wetland plant species richness was
estimated using species distribution models (SDMs) based on 203 represen-
tative species and 39,064 occurrence records.”** The data were obtained
from the National Earth System Science Data Center (http://www.
geodata.cn). Seventeen environmental variables relevant to climate, soil, and
topography were selected to enter into the model simulation.”” Five algo-
rithms were applied via the biomod2 package in R: Generalized Linear Model
(GLM), Generalized Additive Model (GAM), Generalized Boosted Regression
Model (GBM), Random Forest (RF), and Maximum Entropy (MaxEnt). We
performed model validation 10 times by randomly dividing the occurrence
data into two sets, with 70% of the data used for modeling and 30% for vali-
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Figure 2. Wetland types and distribution of SIWs across provinces and regions Curved segments indicate total SIW area by type; blue segments represent the number of SIWs.

dation in each iteration. Model performance was evaluated using the area
under the curve (AUC) and the true skill statistic (TSS). Only models with both
AUC and TSS values greater than 0.8 were retained for ensemble model
building. Performance was generally high, with RF, Maxent, and GBM show-
ing the best accuracies (mean TSS = 0.82; ROC > 0.90), while GAM performed
substantially less well (mean TSS = 0.55; ROC = 0.78). Detailed validation
statistics are provided in Table S1 & Figure S1. The result of the model
ensemble was a probability surface ranging from 0 to 1. Predicted probabili-
ties were converted into binary presence/absence using a conservative 0.7
threshold, selected after testing alternative cut-offs (0.5, 0.6, and 0.7) and
found to best reduce overprediction in SIWs.”" Aggregated presence values
across species were normalized to generate a spatial map of dominant
wetland plant richness, from which values were extracted for each SIW.*

Rapid assessment model

A rapid assessment model was developed based on four indicators:
wetland area, waterfowl species richness, waterfowl abundance, and domi-
nant wetland plant richness, which were selected through expert consulta-

tionto ensure representativeness and complementarity. To avoid multi-
collinearity, we tested independence among the four indicators using correla-
tion analysis and PCA. Pairwise correlations were all below 0.4, and PCA
confirmed distinct loadings, indicating complementary rather than redundant
information (Table S4). To account for regional ecological variability, wetland
zones were defined based on the Records of Mires in China (2nd Edition),
dividing the terrestrial area into 17 distinct zones.” Zonal normalization was
applied by using the maximum observed plant richness within existing
reserves as a reference. Scoring criteria and thresholds for all indicators are
detailed in Table S1. The total conservation priority score Q was calculated
as:

.
Q=Wx Y XP, @)

i=1
Where P is the score of each indicator, X; is its weight determined through
expert consultation with explicit consideration of bird conservation objectives
to ensure that each indicator reflects its ecological importance in the assess-
ment. Sensitivity analysis—including an equal-weights scenario and +20%
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Figure 3. Spatial distribution of SIWs overlaid on the dominant wetland plant species richness map.

adjustments — confirmed robustness of the results (p = 0.94 for +20%
schemes; p = 0.83 for equal weights), with high overlap in top-priority sites
(Table S5). Wis a normalization constant (set to 25) to convert scores to a 0-
100 scale. The final protection priority was categorized for each individual
SIW polygon based on its Q value, using the following thresholds:

(1) Q= 70: Priority Protection.

(2) 50 = Q< 70: Moderate Protection.

(3) Q< 50: General Protection.

RESULTS
Overview of SIWs and wetland protection gaps

Using the GIS-based overlay method, 1,473 unprotected SIWs were identi-
fied across 31 provinces and regions (Table S6), with a total area of 3.39 x
10° ha. Of these, 522 were located in coastal provinces and 951 in inland
provinces (Figure 2). To further illustrate the heterogeneity of SIWs across
administrative and ecological gradients, we compiled a detailed summary of
area ranges, medians, and interquartile values by province and wetland
ecosystem type (Table S7), and visualized the provincial distributions by type
(Figure S2).

Reservoirs accounted for the largest number of SIWs (20.5%), followed by
coastal tidal flats (17.85%), wet meadows (14.87%), and lakes (12.56%).
Together, these types represented 65.78% of all identified SIWs. Other notable

types included salt pans (9.50%), rivers (8.35%), and inland mudflats (5.57%).
By area, lakes covered the most extensive gap area (0.87 x 10° ha, or 25.51%),
followed by wet meadows (0.66 x 10° ha), reservoirs (0.41 x 10° ha), coastal
tidal flats (0.37 x 10° ha), and salt pans (0.35 x 10° ha).

Designation of national wetland protection gaps

Based on the rapid assessment model, 39 SIWs were designated as prior-
ity protection gaps, primarily in Qinghai (8), Hebei (7), Xizang (5), Tianjin (3),
Nei Mongol (3), Sichuan (3), Gansu (3), Fujian (2), Shandong (2), Beijing (1),
Jilin (1), and Hubei (1). These sites included salt pans (10), wet meadows (9),
lakes (8), tidal flats (6), rivers (5), reservoirs (2), marshes (2), one pond, and
one inland mudflat, totaling 0.2731 x 10° ha or 8.05% of the total gap area
(Figure 3). Geographically, priority SIWs were concentrated on the
Qinghai—Tibet Plateau and along the Bohai coastal zone. This pattern reflects
the large size and high modeled plant richness of inland plateau wetlands, as
well as the elevated waterbird richness and abundance associated with
coastal and estuarine systems.

An additional 83 SIWs were categorized as moderate protection gaps
(0.4117 x 10° ha, 12.14%), mainly distributed across Qinghai, Sichuan, Gansu,
Jilin, Tianjin, Hebei, Xizang, and Fujian, with small numbers in 9 other
provinces (Figure 4). Wet meadow was the most frequent type (31), followed
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Figure 4. Locations and wetland types of priority and moderate protection SIWs Line thickness indicates the number of SIWs per type.

by salt pans (14), lakes (9), reservoirs (9), inland mudflats (8), marshes (6), Incorporating the identified SIWs into the national conservation framework
tidal flats (3), rivers (2), and one shrub marsh. The remaining 1,351 SIWs  would markedly enhance overall wetland protection. Nationally, the protec-
(2.708 x 10° ha, 79.81%) were designated as general protection gaps. tion level would increase from 50.22% to 58.01%, thereby exceeding the

government's 2035 target of 55%. If only SIWs with a priority protection level
National protection level of wetlands are included, the level would rise modestly to 50.85%, while including both
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gories.

priority and moderate SIWs would elevate it to 51.79%. These results demon-
strate that partial inclusion would not suffice to reach the 55% target, under-
scoring the need for a stepwise approach that ultimately incorporates all
SIWs into the protected area system. At the provincial level, the most
substantial gains were observed in Fujian, Tianjin, and Guangxi. With SIWs
nearly fully included, 24 out of 31 provinces would meet or surpass the 55%
protection threshold (Figure 5).

Notably, over 900 of the identified SIWs intersect with major migratory bird
routes, including more than 700 along the East Asian—Australasian Flyway.
Inland gaps in Zones 3, 7, 9, 14, and 17 provide critical stopover habitats for
threatened species such as Leucogeranus leucogeranus and Ciconia

boyciana (Figure 6).

DISCUSSION
Significance of SIWs in biodiversity protection

Although small in area, SIWs provide critical habitats and foraging grounds
for migratory waterbirds (Figure 6), functioning as ecological stepping stones
that facilitate refueling and resting during long-distance movements. In
coastal regions, the inclusion of SIWs into the protected area system can
substantially reduce the average distance between available stopover sites —
from 20.9 km to 3.2 km — thereby improving habitat connectivity for migra-
tory species. Many SIWs are also located in regions with high wetland plant
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Figure 6. Migratory bird flyways and identified SIWs. Major national reserves and flyways are shown for spatial reference. Waterfowl migration routes were compiled from the
WWF China database; protected area boundaries were derived from national and global datasets.

diversity, serving as refugia for a wide range of flora and fauna, including
amphibians, fish, and invertebrates. Approximately 23% of all SIWs were
identified as critical habitats for wetland plant species, particularly in Wetland
Zones 2, 7, 9, and 14, which span the southern and eastern Tibetan Plateau,
the middle and lower Yangtze Plain, the Songnen Plain, and the Zoige Plateau,
respectively. These four zones collectively host 335 SIWs, accounting for
33.7% of all inland SIWs. Furthermore, over 17% of SIWs supported significant
waterbird populations, with nearly 5 million individuals recorded. Notably,
many of these wetlands are located along the East Asia—Australasian Flyway,
one of the most important migration corridors globally.** Protection of SIWs
is therefore essential for maintaining population viability of migratory birds
and preserving ecological integrity at both national and international levels.

Feasibility of protection

Establishing and maintaining protected areas remains a fundamental
strategy for biodiversity conservation.”**® However, several existing reserves
suffer from limited management capacity and inadequate site selection.”’
External pressures—such as land conversion, resource extraction, and
climate change — further reduce their effectiveness.”**® Conservation expan-
sion, especially in human-dominated landscapes, must address trade-offs
between ecological and socio-economic objectives.

China's current wetland protection level exceeds 50%,” with a national
target of 55% by 2035. Our results indicate that incorporating the 1,473 iden-
tified SIWs would raise the protection level to 58%, exceeding the policy
target. However, the dispersed distribution of SIWs makes it impractical to
formally incorporate all of them. Instead, we unpack the optional ranges,
showing protection levels of 50.85%, 51.79%, and 58.01% for priority-only,
priority and moderate, and full SIWs inclusion, respectively. This highlights the
importance of a stepwise approach, in which formal protected areas are
complemented by stewardship measures to provide a more feasible path-
way for enhancing national protection coverage. Priority SIWs should be
considered for designation as independent protected areas. Moderately
ranked SIWs can be integrated into adjacent reserves where feasible, while
general-level SIWs may benefit from targeted measures such as enhanced
patrolling and activity regulation. Long-term monitoring is essential across all
categories to inform adaptive management. Nonetheless, spatial constraints
pose challenges: only 87 SIWs (5.9%) are located within 5 km of existing
protected areas, limiting opportunities for direct inclusion. Establishing new
reserves or wetland parks for isolated SIWs may therefore be necessary.

Wetland type diversity is also an important consideration. Salt pans and
wet meadows were frequently identified as high-priority sites. Artificial
wetlands — such as salt pans and paddy fields — provide key foraging habi-
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tats for waterbirds.”'™** Coastal salt pans in particular function as important
wintering and stopover sites for migratory waterbirds, while wet meadows
contribute disproportionately to habitat heterogeneity and provide transi-
tional habitats in plateau and inland regions. These distinct ecological roles
explain their prominence compared with larger systems such as lakes and
reservoirs. However, balancing conservation with economic functions such
as salt production requires context-specific strategies. For instance, imple-
menting seasonal management protocols during migration periods can miti-
gate conflicts. Similarly, wet meadows, though floristically simple, offer
essential stopover habitat and require sustained restoration to retain ecologi-
cal function. Strategic conservation planning must therefore consider wetland
type, species use patterns, and adjacent land-use pressures to maximize
conservation outcomes for SIWs. Many SIWs belong to underrepresented
wetland subtypes — such as inland mudflats, saline meadows, and
ephemeral wetlands — which are often overlooked in conventional protection
planning. Including these sites can enhance ecological representativeness
and help countries align with the spirit of Target 3 by ensuring broad protec-
tion coverage across diverse wetland subtypes.

Challenges and strategies in protection

Despite their ecological significance, SIWs face several practical chal-
lenges. First, their small size increases vulnerability to external disturbances
such as agriculture and urban expansion.”*® Among the identified SIWs,
59.3% were within 5 km of farmland and 7.8% near urban areas. Second, their
dispersed distribution complicates coordinated monitoring and management.
Third, their ecological contributions are often underestimated in formal deci-
sion-making processes. Most priority SIWs identified in this study lack long-
term monitoring records.

To address these challenges, a multi-faceted approach is required. Estab-
lishing a standardized, high-resolution monitoring system based on remote
sensing, GIS, and species distribution models (SDMs) is a critical first
step.”** Citizen science initiatives can supplement technical monitoring by
expanding spatial coverage and enhancing stakeholder engagement.®®
Policy frameworks should integrate rapid assessment tools that evaluate
both ecological value and human pressures.”’ However, these must be
aligned with regional land-use planning and governance structures. In trans-
boundary or ecotonal areas, cross-jurisdictional coordination is essential.
Functional evaluation tools such as W-PAWF (Wetland Protection Area and
Functionality Weighting Framework) offer practical support for prioritizing
restoration.”” Future assessments may also benefit from incorporating the
distribution of rare and endangered species and adopting ecosystem risk
frameworks, such as the IUCN Red List of Ecosystems, to identify SIWs with
exceptional conservation importance.®* In addition, the integration of
amphibians and other key taxonomic groups, once consistent national
datasets become available, would further improve the comprehensiveness of
biodiversity representation. Quantifying the ecological and economic trade-
offs of seasonal management protocols, such as regulating salt production
during migration periods, will also be an important direction for enhancing the
feasibility of management recommmendations. In sum, closing the protection
gap for SIWs requires the convergence of advanced monitoring technologies,
inclusive community engagement, and adaptive policy frameworks.

CONCLUSION

This study presents the first national-scale assessment of SIWs in
China, revealing substantial conservation gaps that, if addressed, would
raise the protection level above the national 2035 target. By integrating
spatial, biodiversity, and expert-sourced data into a replicable rapid
assessment model, we provide a pragmatic framework to guide the
inclusion of SIWs into future conservation planning. These findings
directly inform the implementation of Target 3 of the Global Biodiversity
Framework and advance the Ramsar Convention's call to recognize
underrepresented wetland types.
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