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Abstract 27 

Protected areas (PAs) are critical for halting biodiversity loss, yet their representativeness in 28 

conserving freshwater fish, one of the most threatened vertebrate groups, remains under-assessed. In 29 

this study, we evaluated the representativeness of China's PA network for freshwater fish using a 30 

novel conservation indicator, the final conservation score in situ (FCSin), which integrates species 31 

occurrence within PAs, the proportion of species' distribution under protection, and ecological zone 32 

coverage. Our results revealed pronounced spatial and taxonomic disparities in conservation 33 

representativeness. Nationally, freshwater fish were underrepresented in the current PA system, with 34 

most species (n = 910–1080) assigned medium conservation priority (25 ≤ FCSin < 50). 35 

Approximately one-quarter (294–425 species) demonstrated high conservation priority (FCSin < 25), 36 

predominantly located in southwestern China and the lower Zangbo River, regions known for high 37 

endemism and data deficiency. Species of the endemic genus Sinocyclocheilus were identified as 38 

facing the most urgent conservation needs. In contrast, well-protected species (FCSin ≥ 75) were 39 

primarily distributed in the upper Yangtze River and Pearl River basins, where recent national 40 

policies, including the decade-long fishing ban, have contributed to improved freshwater protection. 41 

These findings highlight critical gaps in freshwater fish protection within specific regions of China’s 42 

PA system and propose a spatially explicit, indicator-based framework for improving conservation 43 

prioritization. Our approach supports targeted ecological management and provides transferable 44 

methodology for freshwater biodiversity conservation, particularly in underrepresented and 45 

biologically diverse regions worldwide. 46 

  47 
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Introduction 48 

Establishing protected areas (PAs) has become a foundational strategy to mitigate biodiversity 49 

loss and respond to the ongoing sixth mass extinction (Chapin III et al., 2000; Hill et al., 2015; 50 

Rodríguez-Rodríguez and Martínez-Vega, 2022; Watson et al., 2014). Evaluating the conservation 51 

status within these areas is essential for guiding targeted biodiversity protection and implementing 52 

effective conservation actions (Bhola et al., 2021; He and Wei, 2023). According to Protected Planet 53 

(UNEP-WCMC and IUCN, 2024), terrestrial and inland water PAs, along with other effective area-54 

based conservation measures (OECMs), currently cover 17.51% of the global land area, while 55 

marine PAs and OECMs encompass 8.46% of oceanic areas (UNEP-WCMC and IUCN, 2024). 56 

Although existing protected areas have demonstrated considerable effectiveness in safeguarding 57 

biodiversity (Huang et al., 2024; Xin et al., 2024; Yang et al., 2020), most assessments have focused 58 

primarily on geographical coverage, with issues of sampling adequacy and ecological 59 

representativeness often overlooked (Dong et al., 2024; Tao et al., 2023). Therefore, a 60 

comprehensive evaluation of both the representativeness and functional effectiveness of PAs is 61 

crucial to inform scientifically grounded conservation planning and management. 62 

Conservation biologists have increasingly undertaken integrative efforts to address these gaps 63 

(Dong et al., 2024). Early studies indicated that China’s nature reserves did not sufficiently protect 64 

critical ecological functions such as water and soil conservation, sand stabilization, and carbon 65 

sequestration (Gao et al., 2020; Xu et al., 2017). More recent work by Dong et al. (2024) 66 

incorporated species occurrence data from five taxonomic groups (reptiles, amphibians, mammals, 67 

birds, and plants) to assess irreplaceability and vulnerability across China's protected areas. These 68 
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studies underscore the need to move beyond quantitative conservation targets and to evaluate 69 

ecological representativeness within key reserve systems (Dong et al., 2024; Shrestha et al., 2021). 70 

However, most assessments to date have focused predominantly on terrestrial biodiversity, 71 

while aquatic taxa remain underrepresented in conservation research, particularly freshwater fish 72 

(Cao et al., 2024; Dong et al., 2024). China harbors roughly one-tenth of the world's freshwater fish 73 

species, highlighting its global significance for freshwater biodiversity conservation (Cao et al., 74 

2024; Chen et al., 2023; He et al., 2020; Tao et al., 2023). Yet these species are increasingly 75 

threatened by multiple stressors, including water pollution, dam construction, invasive species, and 76 

climate change (Chen et al., 2023; Dudgeon 2024; Guo et al., 2024). Recent studies indicated that 77 

nearly one-quarter of Chinese freshwater fish are at significant risk of extinction, underscoring the 78 

urgency for targeted conservation strategies (Cao et al., 2024; Chen et al., 2023; Sayer et al., 2025). 79 

While China’s existing PA network contributes to freshwater fish conservation, its ecological 80 

representativeness remains limited, and the biodiversity benefits provided by these areas have not 81 

been comprehensively assessed (Xu et al., 2019; Tao et al., 2023). Given conservation goals under 82 

the Kunming-Montreal Global Biodiversity Framework (e.g., protecting at least 30% of land by 2030 83 

and potentially 50% by 2050; Hughes and Grumbine, 2023; Nicholson et al., 2024), there is an 84 

urgent need to evaluate and enhance the conservation performance of China's PAs. In this study, we 85 

integrated freshwater fish distribution data with China's protected area network to systematically 86 

assess the conservation representativeness of these PAs, with a focus on sampling adequacy, spatial 87 

coverage, and ecological representation. Our objectives were twofold: 1) to evaluate the current 88 

conservation status of freshwater fish in China and establish a representativeness ranking, and 2) to 89 
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identify spatial conservation priority. This work advances our understanding of freshwater fish 90 

conservation and offers actionable guidance for refining biodiversity policy and strategically 91 

improving the protected area network. 92 

Materials and Methods  93 

Species occurrences, protected areas, and ecological zones 94 

We compiled distribution records of Chinese freshwater fish primarily from field surveys, 95 

published research (He et al., 2020; Tao et al., 2023), and supplemented these with reputable online 96 

databases including FishBase (https://www.fishbase.org), GBIF (https://www.gbif.org/), and the 97 

Taiwan Fish Database (https://fishdb.sinica.edu.tw). Furthermore, we cross-validated occurrence 98 

data across these sources to ensure completeness. Finally, species scientific names were verified and 99 

standardized using Eschmeyer’s Catalog of Fishes (Fricke et al., 2024). To ensure data quality, we 100 

applied the clean_coordinates function from the R package CoordinateCleaner to remove duplicated 101 

or erroneous geographic records (Zizka et al., 2019). The final dataset contained 32,203 distribution 102 

records representing 1,657 species across 19 orders, 61 families, and 351 genera (Figure 1). 103 

Extinction risk assessments followed the China Red List of Biodiversity (CRL) and the International 104 

Union for Conservation of Nature Red List. When discrepancies occurred, CRL classifications were 105 

given priority (IUCN 2023; Zhang and Cao, 2021). 106 

Protected area (PA) data were obtained from the Protected Area Platform of China (PAPC, 107 

http://www.papc.cn), GeoServer (https://geoserver.travelxj.cn), Key Biodiversity Areas (KBAs, 108 

http://www.keybiodiversityareas.org), and China’s Aquatic Germplasm Reserves (CAGRs, 109 

http://www.moa.gov.cn). Spatial data gaps were addressed by buffering or digitizing PA boundaries 110 
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in accordance with official national guidelines and processed using R software. After removing 111 

duplicates, we compiled a final PA dataset comprising 4,104 entries, which were converted into 112 

raster format using the ‘Polygon to Raster tool’ in ArcMap 10.8 (Figure 1; ESRI 2016). Freshwater 113 

ecoregions within China were extracted from the global freshwater ecoregion map provided by Abell 114 

et al. (2008), enabling ecological representativeness analysis at the ecoregional scale. 115 

Species distribution modelling 116 

To support the conservation gap analysis, we used ensemble species distribution models 117 

(SDMs) constructed through multiple algorithms to predict freshwater fish distributions (Tao et al., 118 

2023). Model inputs included species occurrence data, geographic variables (slope, altitude, flow, 119 

water area, and river length; Lehner and Grill, 2013), and bioclimatic variables. Bioclimatic variables 120 

were selected following collinearity checks and principal component analyses on 19 WorldClim 121 

variables (https://www.worldclim.org), retaining the top three principal components. Distributions 122 

were modeled in raster format using two spatial delineation strategies: (1) SDMs with basin-clipping 123 

(“loose” method), and (2) SDMs with point-buffering (“strict” method), consistent with established 124 

approaches (Tao et al., 2023). All SDM outputs for 1,657 freshwater fish species (~4 GB, 1-km 125 

resolution) are openly available via Zenodo (Chen et al., 2025). 126 

Gap analysis and spatial mapping of protection deficits 127 

We first compiled and cleaned over 32,000 occurrence records, then used ensemble SDMs to 128 

translate these points into continuous distribution maps. With these spatial layers in hand, we 129 

conducted an in-situ conservation gap analysis using the R package GapAnalysis (Carver et al., 130 

2021), which included three components: the sampling representativeness score in situ (SRSin), the 131 
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geographical representativeness score in situ (GRSin), and the ecological representativeness score in 132 

situ (ERSin). Specifically, SRSin represents the percentage of species occurrences within PAs 133 

relative to total occurrences; GRSin denotes the proportion of species distribution areas located 134 

within PAs; and ERSin quantifies the proportion of freshwater ecoregions (Abell et al., 2008) 135 

represented within protected areas. It serves as a biogeographical proxy for ecological 136 

representativeness, capturing the inclusion of major aquatic biogeographic units rather than directly 137 

measuring ecological heterogeneity, ecosystem processes, or species-level community structures. 138 

The final conservation score in situ (FCSin) was calculated as the average of these three metrics: 139 

𝑆𝑅𝑆𝑖𝑛 = 𝑁𝑖𝑛/𝑁𝑇 Equation 1 

𝐺𝑅𝑆𝑖𝑛 = 𝐴𝑖𝑛/𝐴 Equation 2 

𝐸𝑅𝑆𝑖𝑛 = 𝐸𝑖𝑛/𝐸 Equation 3 

𝐹𝐶𝑆𝑖𝑛 = (𝑆𝑅𝑆𝑖𝑛 + 𝐺𝑅𝑆𝑖𝑛 + 𝐸𝑅𝑆𝑖𝑛)/3 Equation 4 

Where Nin, Ain, and Ein represent occurrences within PAs, area (km²) of SDMs within PAs, and 140 

the number of freshwater ecoregions within PAs, respectively. NT, A, and E denote the corresponding 141 

total values for each metric. We used non-parametric Kruskal–Wallis tests (via 'kruskal.test' function 142 

in the R package stats) to assess differences in representativeness across taxonomic groups, 143 

threatened status, and three components of FCSin. Conservation priorities were classified based on 144 

FCSin values into four categories: high priority (HP; FCSin < 25), medium priority (MP; 25 ≤ FCSin 145 

< 50), low priority (LP; 50 ≤ FCSin < 75), and sufficiently conserved (SC; FCSin ≥ 75) (Carver et 146 

al., 2021). Spatial conservation priorities were visualized by overlaying species distribution outputs 147 

with the spatial framework of China’s small watershed units (Chen et al., 2023). Spatial 148 
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autocorrelation in conservation scores was assessed using Moran’s I test via the moran.test function 149 

in the R package spdep (Bivand et al., 2017). All spatial and statistical analyses were performed in 150 

ArcMap 10.8 and R version 4.4.2 (ESRI 2016; R Core Team 2024). 151 

Results 152 

Conservation representativeness of Chinese freshwater fish 153 

Our analysis revealed that the overall conservation status of Chinese freshwater fish, as 154 

measured by the Final Conservation Score in situ (FCSin), was moderate. The mean ± standard 155 

deviation values were 38.16 ± 16.6 and 35.22 ± 22.53 under the loose and strict methods, 156 

respectively (Figure 2a and b; Appendix Table S1). Most fish species were categorized as medium 157 

priority (MP) (loose method: 910 species; strict method: 1080 species), followed by high priority 158 

(HP) (425, 294), low priority (LP) (222, 235), and sufficiently conserved (SC) (100, 48). Notably, 159 

species composition varied significantly among conservation levels. The genus Sinocyclocheilus 160 

included the largest number of HP species, while the genus Triplophysa dominated both MP and LP 161 

categories. Species from Schizopygopsis and Schizothorax were most prevalent in the SC group 162 

(Appendix Table S1). 163 

The three components of FCSin demonstrated differing degrees of conservation 164 

representativeness. Overall, freshwater fish in China showed particularly low levels of sampling and 165 

geographical representativeness, with average SRSin values of 21.75 ± 30.77 (loose) and 21.77 ± 166 

30.77 (strict), and GRSin values of 9.07 ± 8.59 and 10.05 ± 11.94, respectively. In contrast, 167 

ecological representativeness (ERSin) was comparatively high (83.66 ± 28.39, 73.85 ± 40.45), 168 

suggesting relatively comprehensive ecological coverage (Figure 2a-b; Appendix Table S1). 169 
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Additionally, FCSin values declined progressively with increasing extinction risk, indicating a clear 170 

negative correlation (p < 0.05) between conservation representativeness and extinction vulnerability 171 

(Figure 2c-d; Appendix Table S1). 172 

Taxonomic variations in conservation representativeness 173 

We also observed significant variation (p < 0.05) in conservation representativeness among 174 

taxonomic groups (Figure 3; Appendix Figure S1). At the order level, FCSin scores ranged from 0 to 175 

61.45 ± 11.71, and at the family level from 0 to 62.45 (Figure 3a-b; Appendix Figure S1a-b). 176 

Carangiformes (score: 61.45) and Tincidae (62.45) demonstrated the highest conservation 177 

representativeness at the order and family levels, respectively (Appendix Table S1). Conversely, 178 

Osteoglossiformes and three families (Nandidae, Notopteridae, Horabagridae) showed no evidence 179 

of effective conservation (FCSin = 0). Sampling representativeness (SRSin) ranged from 0 to 66.67 180 

across both taxonomic levels (Figure 3c-d; Appendix Figure S1c-d). Carangiformes had the highest 181 

sampling representativeness (66.67 ± 47.14), while Cichliformes and Osteoglossiformes had none 182 

(SRSin = 0). At the family level, Cynoglossidae and Tincidae showed strong evidence of sampling 183 

representativeness (66.67), while 13 families, including Akysidae, Ambassidae, Badidae, and 184 

Belonidae, exhibited no representation (Appendix Table S1). 185 

Geographical representativeness (GRSin) values ranged from 0 to 21.6 ± 6.5 (order) and from 0 186 

to 21.65 ± 7.02 (family) (Figure 3e-f; Appendix Figure S1e-f). Acipenseriformes and Acipenseridae 187 

showed the highest levels of GRSin, while Osteoglossiformes and several families (Pangasiidae, 188 

Notopteridae, Nandidae, Horabagridae, etc.) scored zero. Ecological representativeness (ERSin) 189 

ranged from 0 to 100 at both levels (Figure 3g-h; Appendix Figure S1g-h). Gadiformes, Esociformes, 190 



 11 

Carangiformes demonstrated full ecological representativeness (ERSin = 100), while 191 

Osteoglossiformes again showed none. At the family level, approximately ten families, including 192 

Acipenseridae, Catostomidae, Cranoglanididae, and Cynoglossidae, achieved full ecological 193 

representativeness, whereas Horabagridae, Nandidae, and Notopteridae had no representation (ERSin 194 

= 0; Appendix Table S1). 195 

Geographic disparities in protection among watersheds 196 

Geographical distributions of Chinese freshwater fish varied markedly (p < 0.05) by 197 

conservation priority under both loose and strict assessment methods (Figure 4). High-priority 198 

species ranged from 0 to 66 (loose) and 0 to 67 (strict) per sub-basin, with concentrations in 199 

southwestern China and the lower Yarlung Zangbo River (Figure 4a-b). Medium-priority species 200 

ranged from 0 to 167 (loose) and 0 to 159 (strict), primarily distributed across southern China 201 

(Figure 4c-d). Low-priority (LP) species ranged from 0 to 25 (loose) and 0 to 22 (strict), 202 

concentrated in the Three-River Source region and the Liujiang River (Figure 4e-f). Sufficiently 203 

conserved (SC) species were fewer in number (0 to 11, loose; 0 to 13, strict) and mainly located in 204 

the upper Yangtze River and Pearl River basins (Figure 4g-h). 205 

Discussion 206 

This study presents a comprehensive evaluation of the in situ conservation status of freshwater 207 

fish in China, combining species distribution data, protected area coverage, and freshwater 208 

ecological zones. Our findings indicated that the overall conservation status, measured by the final 209 

conservation score in situ, was insufficient. Conservation representativeness varies significantly 210 

among taxonomic groups and geographic regions, highlighting specific gaps that require targeted 211 
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interventions. While China’s existing PA network supports freshwater fish conservation, it falls short 212 

of meeting the ecological needs of many species, particularly those with limited distributions or high 213 

extinction risks. 214 

Rethinking protected area representativeness for Chinese freshwater fish 215 

Our framework, which incorporates sampling, geographical, and ecological representativeness, 216 

reveals that only 2–6% of Chinese freshwater fish species are fully protected under the FCSin 217 

system, a notably lower figure than those reported in previous studies (Tao et al., 2023). For 218 

example, Li et al. (2022) identified 329 freshwater fish species under protection, including 284 high-219 

risk species, while Tao et al. (2023) estimated that 16-23% of Chinese freshwater fish were 220 

effectively protected within China’s PA network. These discrepancies are likely attributable to 221 

differences in the methodologies used to assess protection effectiveness (Dagosta et al., 2021; 222 

Miqueleiz et al., 2023; Raghavan et al., 2016; Tao et al., 2023). Unlike approaches that rely solely on 223 

the spatial overlap between species distributions and PAs, our FCSin-based method provides a more 224 

integrated and robust measure of protection by equally weighting three dimensions of 225 

representativeness (Carver et al., 2021; González‐Orozco et al., 2021). Furthermore, our analysis 226 

identified approximately one-fifth of freshwater fish species (334) as not being covered by any 227 

existing PA, reaffirming similar conclusions in earlier assessments (Tao et al., 2023). Collectively, 228 

these results highlight the current network’s limited capacity to safeguard freshwater biodiversity and 229 

emphasize the need for scientifically informed PA design and optimization (Li et al., 2024). 230 

We also observed significant taxonomic variation in FCSin and its three components (Figure 2-231 

3; Appendix Table S1). For example, species within Carangiformes and the family Tincidae 232 
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exhibited the highest FCSin values, reflecting strong conservation representativeness. This is likely 233 

due to substantial spatial overlap between their distributions and existing PAs in China (Chen 1998; 234 

Tao et al., 2023; Xing et al., 2016; Zhu et al., 2023). Notably, the upper Yangtze River and Pearl 235 

River basins emerged as hotspots of high FCSin scores and dense protected area coverage, 236 

suggesting the positive impact of recent national conservation policies, such as China’s decade-long 237 

fishing ban. These regions form a critical foundation for effective freshwater biodiversity protection 238 

(Chen 1998; Tao et al., 2023; Zhu et al., 2023). In contrast, taxa such as Osteoglossiformes and 239 

families including Nandidae, Notopteridae, and Horabagridae show the lowest FCSin scores (often 240 

zero) indicating critical conservation gaps (Appendix Table S1). These groups also had the lowest 241 

values in ERSin, GRSin, and SRSin values, suggesting a multidimensional conservation deficit. 242 

These species were mainly distributed in southern Tibet (Xizang) and southwestern China, areas 243 

known to be ecologically vulnerable and underrepresented in the national PA network (He et al., 244 

2020; He et al., 2024; Ng 2010a; Ng 2010b; Ng 2020; Tao et al., 2023). The observed taxonomic 245 

heterogeneity in conservation representativeness has direct implications for conservation 246 

prioritization. Given the high proportion of species classified at medium or high priority (MP and 247 

HP), conservation strategies should be tailored to address the ecological and spatial needs of 248 

different taxonomic groups (Appendix Table S1). 249 

While each of SRSin, GRSin, and ERSin captures distinct conservation attributes, their 250 

integration into the final conservation in situ score (FCSin) serves to represent the multidimensional 251 

nature of species' protection status within protected areas (Carver et al., 2021; Rouichi et al., 2025). 252 

The use of FCSin is methodologically aligned with the framework proposed by Carver et al. (2021), 253 
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where averaging multiple normalized dimensions allows for comparative and comprehensive 254 

prioritization. Nevertheless, we recognize that a composite index like FCSin inevitably simplifies 255 

complex ecological realities (Carver et al., 2021; Rouichi et al., 2025). For this reason, we present 256 

the individual components separately in our results (Figures 2, 3) to allow for transparent 257 

examination of which dimensions are driving conservation gaps. Its utility lies in balancing 258 

interpretability with methodological rigor, particularly in data-limited yet high-diversity contexts 259 

such as freshwater ecosystems in China. 260 

Identifying priority areas and implementation barriers 261 

Our spatial analysis revealed strong heterogeneity in fish species distributions across 262 

conservation priority categories (Figure 4; Appendix Table S1). For example, species categorized at 263 

low-priority (LP) are predominantly found in the Three-River Source and Liujiang River regions, 264 

whereas high-priority (HP) species are largely concentrated in southwestern China and the lower 265 

Yarlung Zangbo River, areas that remain underrepresented in the current PA network (Figure 1, 266 

Figure 4; Appendix Table S1). One critical barrier to effective protection in these areas is political 267 

complexity, which poses substantial challenges to the establishment of national-level PAs in 268 

southern Xizang, complicating conservation efforts in this ecologically important but 269 

administratively sensitive region (Liang 2020; Lu 2012). Domestically, overlapping administrative 270 

jurisdictions further hinder conservation efforts (Schaaf and Rodrigues, 2017; Zheng and Cao, 2015). 271 

Inter-departmental competition, inconsistent policy implementation, and conflicting mandates can 272 

significantly impair PA governance, ultimately reducing their ecological effectiveness (Papageorgiou 273 

and Vogiatzakis, 2006; Xu et al., 2014; Xu et al., 2019; Zhang et al., 2017). 274 
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A second major challenge involves the tension between local economic development and PA 275 

expansion. In many regions, local governments perceive nature reserves as obstacles to economic 276 

growth, often favoring more flexible or symbolic forms of protection outside PA core zones (Wu et 277 

al., 2020; Xu et al., 2012). Nonetheless, China's national park system and aquatic germplasm 278 

conservation zones have played a vital role in safeguarding freshwater fish biodiversity (Figure 1 and 279 

4; Tao et al., 2023; Xing et al., 2016). To date, over 500 national aquatic germplasm conservation 280 

areas have been established, covering 46.45% of inland waters and targeting the protection of 281 

approximately 320 fish species (Guo et al., 2019; Huang et al., 2021; Sheng et al., 2019). 282 

Another important limitation lies in the spatial bias of the species occurrence data. Although the 283 

database comprises over 32,000 records across 1,657 freshwater fish species, the distribution is 284 

uneven, with disproportionately higher sampling intensity in southwestern China (Figure 1). As a 285 

result, species richness or conservation priority maps (Figure 4) may underestimate diversity and 286 

protection gaps in poorly sampled regions (Chen et al., 2023; Tao et al., 2023; Xing et al., 2016). 287 

While standardized modeling workflows and spatial smoothing strategies (e.g., basin-clipping and 288 

point-buffering) help mitigate some bias, they cannot fully compensate for the lack of data in 289 

underrepresented areas. We therefore recommend interpreting our results with caution in data-poor 290 

regions and emphasize the urgent need for targeted field sampling to support more equitable and 291 

robust conservation planning. 292 

Finally, the spatial and temporal distribution patterns of fish biodiversity further explain the 293 

clustering of HP species in southwestern China, a region renowned for exceptionally high species 294 

richness (Cao et al., 2024; Chen et al., 2023; He et al., 2020; Knag et al., 2014; Tao et al., 2023; Xing 295 
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et al., 2016). The pronounced regional variation in FCSin scores underscores the need to move 296 

beyond a one-size-fits-all approach and adopt region-specific, intensive conservation strategies. 297 

Strategic solutions to address conservation gaps 298 

To address the conservation gaps identified in this study (Figures 2-4), we propose the 299 

following strategies: 300 

1. Improve connectivity across the protected areas network. Enhance the connectivity of 301 

existing protected areas to support species migration and genetic exchange, ensuring resilience under 302 

increasing anthropogenic pressures (Xu et al., 2024; Yang et al., 2024; Zeng et al., 2023). Addressing 303 

spatial mismatches between current protected areas and key biodiversity areas should be a high 304 

priority (Xu et al., 2024). 305 

2. Mitigate human impacts in biodiversity hotspots. Implement targeted measures to alleviate 306 

pressure in regions with intensive human activity, particularly in data-deficient biodiversity hotspots, 307 

thereby improving the functionality and effectiveness of protected areas (Saunders et al., 2002; Su et 308 

al., 2021). 309 

3. Leverage advanced technologies for adaptive management. Leverage technologies such as 310 

remote sensing and GIS to improve planning, monitoring, and adaptive management of protected 311 

areas (Duan et al., 2020; Rose et al., 2015; Wang et al., 2020). Remote sensing data can provide 312 

critical insights into landscape dynamics and guide the spatial configuration of protected areas to 313 

better align with species distributions and ecosystem processes (Wegmann et al., 2014). 314 
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Conclusion 315 

This study underscores critical gaps in conservation representativeness for Chinese freshwater 316 

fish within the current protected area network. Our findings highlighted substantial variability in 317 

conservation representativeness across threat levels, taxonomic groups, and geographic regions. 318 

While most freshwater fish species in China were identified as medium priority, approximately one-319 

quarter fell into the high-priority category, with species from the genus Sinocyclocheilus particularly 320 

prominent. Geographically, critical conservation gaps were predominantly concentrated in 321 

southwestern China, underscoring the importance of prioritizing this region in future research and 322 

protection efforts. Beyond clarifying the conservation status and spatial priorities for Chinese 323 

freshwater fish, this study provides robust, indicator-based evidence to inform the strategic planning 324 

and optimization of protected areas. Ultimately, our results offer valuable insights for strengthening 325 

biodiversity conservation policies and practices both in China and globally. 326 
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Figure Legends 541 

Fig. 1 Geographic distribution of freshwater fish occurrences and protected areas across China. 542 

 543 

Fig. 2 Boxplots illustrating the components of the final in situ conservation score (FCSin) and 544 

species threat levels under two prioritization strategies: loose (orange) and strict (red). (a-b) 545 

Boxplots of FCSin components across strategies: sampling representativeness (SRSin), 546 

geographical representativeness (GRSin), and ecological representativeness (ERSin). (c-d) 547 

Boxplots of species classified by IUCN threat categories under different strategies: EX (Extinct), 548 

RE (Regionally Extinct), CR (Critically Endangered), EN (Endangered), VU (Vulnerable), NT 549 

(Near Threatened), and LC (Least Concern). 550 

 551 

Fig. 3 Boxplots of FCSin components by taxonomic order under loose (orange) and strict (red) 552 

strategies. (a-b) FCSin across orders; (c-d) SRSin across orders; (e-f) GRSin across orders; (g-h) 553 

ERSin across orders. Abbreviations as in Figure 2. 554 

 555 

Fig. 4 Spatial patterns of species richness across conservation priority categories under two 556 

prioritization strategies. (a-b) High-priority areas; (c-d) Medium-priority areas; (e-f) Low-557 

priority areas; (g-h) Areas considered sufficiently conserved. Abbreviations as in Figure 2. 558 

559 
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