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A B S T R A C T   

Freshwater wetlands play an important role in preserving global biodiversity and substantial 
ecosystem services, but they are exposed to higher pressures and threats and have received less 
attention in conservation planning in comparison to terrestrial ecosystems. Although a number of 
freshwater protected areas have been established in China, considerable freshwater conservation 
gaps still exist where ecologically valuable freshwater wetlands are vulnerable to anthropogenic 
threats, our study therefore explored systematic conservation planning specifically suited to 
freshwater ecosystems for the large river basins in China. A scheme of Climatic-geomorphological 
Classification of Freshwater Ecosystems (CGCFEs) was developed and employed as broad-scale 
surrogates based on their unique ecohydrological processes and biodiversity assemblages. A 
freshwater conservation assessment was conducted for each river basin using a complementarity- 
based planning framework (i.e., systematic conservation planning) and the prioritization software 
Marxan in consideration of the conservation targets of CGCFEs. Our research also demonstrated 
the need to introduce the concept of incidental gaps (IGs) in freshwater conservation planning, 
where the focal species and ecosystems have unintentionally been incorporated into a nature 
reserve with different conservation targets and thus created “conservation gaps” due to incidental 
and unfocused conservation efforts. The identified complete gaps (CGs) and IGs accounted for 
10.56% and 8.66% of the total freshwater area respectively, implicating the need to enhance 
freshwater conservation efficacy by realigning existing conservation patterns to address these 
gaps. Our research provides a spatially explicit freshwater conservation strategy at the river basin 
and national scales and thus enables the central government and wetland resource managers to 
set ecologically meaningful spatial conservation priorities for freshwater ecosystems within those 
major large river basins. In addition, the methodology of using CGCFEs can be replicated for 
large-scale freshwater conservation planning elsewhere and promote freshwater conservation 
efficiency by capturing irreplaceable freshwater habitats.   
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1. Introduction 

Freshwater conservation planning has emerged as a rapidly growing discipline in recent years due to the progress of Systematic 
Conservation Planning (SCP) in the freshwater realm (Abell et al., 2007; Linke et al., 2011, 2012, 2019; Hermoso et al., 2011, 2012; 
Langhans et al., 2014; Flitcroft et al., 2019). SCP can prioritize irreplaceable biodiversity pattern through a complementarity-based 
planning framework, and maximize its effectiveness by using limited resources to achieve conservation goals (Margules and 
Pressey, 2000; Cowling and Pressey, 2003). “Coarse-filter” surrogates (i.e., surrogates of climate, soil or landforms) are generally used 
as conservation targets in SCP (Khoury et al., 2011), which serve as proxies for a broad range of common species within an area under 
the specific diversity of environments (Heiner et al., 2011). The premise of the coarse-filter approach lies in that the biodiversity of a 
given area could be largely represented or classified as ecological units (Haufler et al., 1996). 

Most freshwater SCP has used a hierarchical classification structure to capture the aquatic biodiversity which includes hydro-
geomorphologically informed variables, such as system type, slope, elevation and hydrology, lacking consideration of macroscale 
spatial heterogeneity in freshwater habitats shaped by climatic patterns (Thieme et al., 2007). This practice is probably due to the 
traditional concept that freshwater habitats are typical intrazonal habitat types, their structure and process of succession are pre-
dominately controlled by local hydrological regimes (Semeniuk and Semeniuk, 1995). However, substantial evidence indicates that 
the origin, evolution and differentiation of freshwater are also greatly impacted by macroscale climatic factors (e.g., rainfall, evap-
oration and temperature) in addition to local hydrogeomorphological variations (Diodato et al., 2016; Haque et al., 2018; Higgins and 
Zanden, 2010). The impacts of climatic patterns on hydroperiod could create temporary, permanent or seasonal freshwater wetlands, 
and the climatic influences on geomorphological settings may shape a local-scale hydrological regime as well as determine different 
mineral nutrients for freshwater vegetation (Correa-Araneda et al., 2016; Gracz and Glaser, 2017). A freshwater classification that does 
not include climatic factors will mask the specific characteristics of freshwater ecosystem functions that occur in conjunction with 
unique climatic patterns (Li et al., 2013; Florian et al., 2017). Therefore, it is necessary to integrate climatic and geomorphological 
factors into freshwater habitat classifications that could be used as “coarse-filter” surrogates in freshwater conservation planning 
across different climatic zones. 

“Conservation gap” analysis is described as a process to identify and classify various elements of biodiversity and to examine which 
elements (e.g., vegetation types, habitat types, and species) are poorly or not represented in existing conservation areas (Noss, 1990; 
Scott et al., 1993; Lemelin and Darveau, 2006). Based on prioritized conservation patterns by SCP, gap analysis provides a quick 
overview of the distribution and conservation status of biodiversity components and seeks to identify gaps that could be filled by 
establishing new reserves or changing land management practices (Wetzel et al., 2018). SCP-driven gap analysis has received 
increasing attention and has been employed in large-scale biodiversity conservation assessment (Wu et al., 2014; Zhang et al., 2014). 
However, so far there have been few such documented studies for freshwater wetlands at national or large river basin scales (Li et al., 
2017; Guo et al., 2018). 

China is characterized by its vast and globally valuable freshwater wetlands, these wetlands cover only 3.8% of China’s terrestrial 
area but provide 54.9% of ecosystem services at the national level (Liu and Diamond, 2005). According to the estimation, China has 
established more than 4700 national protected areas by 2018, however, of which there were only 898 wetland protected areas and 523 
aquatic germplasm protected areas (Ouyang et al., 2020). Few protected areas are designed specifically for freshwater conservation, 
leading to much freshwater realm was incidentally incorporated into a terrestrial protected area as additional components. Gaps exist 
for the freshwater wetland that conserved in terrestrial reserve, the terrestrial reserve may not fully account for freshwater-specific 
conservation needs, such as maintaining longitudinal (upstream-downstream) and lateral (terrestrial-freshwater) hydrological con-
nectivity, and the freshwater ecosystem may be undermined by external influences such as upstream construction of hydropower 
projects, agricultural fertilizer (Reis et al., 2019). As these unique freshwater conservation gaps can probably be made due to insuf-
ficient and incidental protection provided by non-freshwater protected areas (Abell et al., 2007; Nel et al., 2009; Hermoso et al., 2015). 
We thus used the term, i.e., “incidental gaps” (IGs) to describe this unique conservation status compared with “complete gaps” (CGs) 
lacking any conservation measures, and highlighted its significance in freshwater conservation strategy (Leal et al., 2020). 

In addition, freshwater conservation in China has drawn increased attention due to the rapid loss and degradation of freshwater 
biodiversity and ecosystem services in the past two decades (Niu et al., 2012). To reverse the trend, the central government declared a 
national goal for wetland conservation, which aimed to maintain an area of wetlands that is no less than 5.3 × 105 km2 and to conserve 
at least 50% of natural wetlands by 2020 (National Wetland Conservation Plan 2016–2020). Clearly, identifying national priorities for 
freshwater conservation is imperative to developing a cost-effective source allocation strategy in freshwater conservation, given the 
vast area and substantial ecosystem services of freshwater wetlands in China (Xu et al., 2017). Although a number of freshwater 
conservation projects have been initiated in China, most were restricted to a few freshwater hotspots, such as the upper and central 
Yangtze (Heiner et al., 2011; Li et al., 2013). At the large river basin scale, there is a lack of encompassing conservation priorities in 
river basin management, leading to localized, fragmented freshwater conservation policy and practices. As the large river conservation 
and rehabilitation is usually financially supported by the central government whilst implemented by local water resource adminis-
trations for the river basins, there is a need to assess national freshwater conservation priorities and to identify freshwater conservation 
gaps for those major large river basins in China. 

Our research therefore explores specific application of the SCP approach to freshwater ecosystems for ten major large river basins 
with the following specific objectives: 1) to develop national scale Climatic-g eomorphological Classification of Freshwater Ecosystems 
(CGCFEs) for employment as large-scale conservation targets in the conservation planning process; and 2) to identify freshwater 
conservation gaps to guide national-scale freshwater conservation strategies for the ten major river basins in China in addressing IGs 
ignored in previous research. Our research will enable the central government and managers to set ecologically meaningful spatial 
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conservation priorities and efficient resource allocation for freshwater ecosystems within these large river basins across mainland 
China. 

2. Materials and methods 

2.1. Freshwater wetlands in major large river basins in China 

Delineated by China’s Ministry of Water Resources, there are ten major water drainages across mainland China, including the 
Songhuajiang River Basin (SHRB), Liaohe River Basin (LARB), Haihe River Basin (HARB), Yellow River Basin (YERB), Huaihe River 
Basin (HURB), Yangtze River Basin (YTRB), Pearl River Basin (PERB), River Basins of Southeastern China (SERB), River Basins of 
Southwestern China (SWRB) and River Basins of Northwestern China (NWRB) (Fig. 1a). Chinese wetland map was obtained from the 
State Key Laboratory of Remote Sensing Science, Chinese Academy of Science (Niu et al., 2012). Freshwater wetlands cover an area of 
2.68 × 105 km2 in mainland China, of which the NWRB has the largest area of freshwater wetlands (9.90 ×104 km2), followed by those 
of the SHRB (7.19 × 104 km2), YTRB (4.04 × 104 km2) and YERB (2.07 × 104 km2) (Fig. 1b). 

The freshwater data incorporates four major types of freshwater wetlands, i.e., riverine wetland (RW), lacustrine wetland (LW), 
palustrine wetland (PW) and coastal wetland (CW) (Niu et al., 2012). These freshwater wetlands are distributed unevenly across the 
river basins. Palustrine wetland accounts for the highest proportion (41.81%) of the wetlands and occurs primarily within the river 
basins in the northern, northwestern and southwestern parts of mainland China. The riverine wetland and lacustrine wetland occur at a 
higher proportion in the warm temperate regions (e.g., HURB, YTRB, and PERB) than in the other regions. The NWRB has the highest 
percentage of riverine wetland (30.86%) and lacustrine (58.23%) wetland, and the YTRB has the next highest percentage of these 
wetlands (26.69% for riverine wetland and 15.48% for lacustrine wetland). With regard to the coastal wetland, the YERB has the 
largest area (824.26 km2) and highest proportion (20.87%) with its vast tidal wetlands. 

2.2. Climatic-geomorphological Classification of Freshwater Ecosystems (CGCFEs) 

To develop broad-scale freshwater conservation targets for the ten major river basins, we overlayed maps of climatic patterns, 
geomorphological types and freshwater wetland categories using ArcGIS (version 10.4) to generate a hierarchical classification scheme 
for freshwater ecosystems (Fig. 2d), the first level of the hierarchy was geomorphic type, then was the climatic and wetland type. This 
national-scale freshwater classification scheme incorporated 90 types of broad-scale freshwater ecosystems, accounting for 67.24% of 
the total area of CGCFEs, and served as coarse-filter surrogates in the conservation assessment. 

The climate data were sourced from the Climatological Atlas of the People’s Republic of China at a scale of 1:32,000,000 (China 
Meteorological Administration, 2002), incorporating major climatic patterns across mainland China. Firstly, based on the thermal 
index, China can be divided into 6 climatic zones (Cold temperate, Middle temperate, Warm temperate, Subtropical temperate, 
Tropical temperate, Tropical) and 1 plateau climate region (Qinghai-Tibetan plateau), the division is based on two indicators, one is 
the days of sliding mean temperature of five days over 10℃, the other is aridity. Then we included the characteristics of the traditional 
historical administrative division of China, it derives 14 primary climate zones and 29 secondary climate zones. Finally, we merged the 
climate zones that were similar in accumulative temperature and identified totally ten climatic patterns in this study (Fig. 2a). 

The geomorphological data were obtained from the Institute of Geographic Sciences and Natural Resources Research at a scale of 
1:4,000,000 (Chinese Academy of Science), delineating four major and large scale geomorphological types across mainland China 
(Fig. 2b). Both the maps of climatic data and geomorphological data were processed with georeferencing and converting to shapefile in 

Fig. 1. The boundaries of major large river basins a) and freshwater wetlands area b) in China. The major large river basins include the Song-
huajiang River Basin (SHRB), Liaohe River Basin (LARB), Haihe River Basin (HARB), Yellow River Basin (YERB), Huaihe River Basin (HURB), 
Yangtze River Basin (YTRB), Pearl River Basin (PERB), River Basins of Southeastern China (SERB), River Basins of Southwestern China (SWRB) and 
River Basins of Northwestern China (NWRB). The freshwater wetland types included riverine wetland (RW), lacustrine wetland (LW), palustrine 
wetland (PW) and coastal wetland (CW). 
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Fig. 2. Scheme of Climatic-geomorphological Classification of Freshwater Ecosystems (CGCFEs), which was used as ecosystem targets of freshwater conservation and created by combining climatic 
patterns a), geomorphological types b) and natural freshwater wetlands types c). The ten major types of CGCFEs d) include Qinghai-Tibetan Arid Plateau Lacustrine (QTA-PTL), Qinghai-Tibetan Arid 
Plateau Palustrine (QTA-PTP), Middle Temperate Arid & Semi-Arid Plain Palustrine (MTASA-PLP), Middle Temperate Humid & Semi-Humid Plain Palustrine (MTHSH-PLP), Qinghai-Tibetan Arid 
Plateau Riverine (QTA-PTR), Qinghai-Tibetan Humid Plateau Palustrine (QTH-PTP), Subtropical Humid Plain Riverine (SH-PLR), Subtropical Humid Plain Lacustrine (SH-PLL), Middle Temperate Arid 
& Semi-Arid Plain Lacustrine (MTASA-PLL) and Subtropical Humid Plain Coastal (SH-PLC). 
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ArcGIS. In addition, the data on natural freshwater wetlands (Fig. 2c) were collected from the Institute of Remote Sensing and Digital 
Earth, Chinese Academy of Science and encompassed riverine, lacustrine, palustrine and coastal wetlands (Niu et al., 2012). 

2.3. Focal species distribution 

We used waterbirds as species-level data for freshwater biodiversity, which were fine-filter surrogate as a complementary approach 
for individual species that had fallen through the coarse-filter (Higgins and Zanden, 2010). Waterbirds as the top predators in wetlands 
are highly correlated with other lower trophic level organisms and their environment that are commonly used as indicators of the 
vitality of wetland in many studies (Schmeller et al., 2012; Yao et al., 2020). A total of 198 species of waterbirds were used in the 
conservation assessment (Fig. 2), the data were extracted and compiled based on the database from China’s Bird Report Center (http:// 
www.birdreport.cn/). In addition, the Data on NNRs (National Nature Reserves, including freshwater and non-freshwater) were ob-
tained from the World Database on Protected Areas (WDPA) (https://www.protectedplanet.net) developed by the UNEP-WCMC/IUCN 
Commission on Protected Areas and were used to identify freshwater conservation gaps, we used 683 reserves, of which 100 were 
freshwater reserves, the focal wetland in a non-freshwater reserve was defined as incidental gaps, where the focal wetland outside of 
both the freshwater and non-freshwater reserves was defined as complete gaps. 

2.4. Planning units 

Grids and hexagons are often used as planning units for conservation planning. Considering the hydrological connectivity is 
inherent to the river systems (Klein et al., 2009), we extracted subcatchments from the SRTM (Shuttle Radar Topography Mission) as 
planning units. The planning units were derived with ArcHydro Tools in ArcGIS based on parameters of the density of river source and 
network. Finally, we derived a total of 25,632 subcatchments with an average area of 362 km2 for our freshwater conservation 
planning. 

2.5. Site selection for freshwater conservation 

Based on the complementarity principle and annealing algorithm, Marxan can select prioritized areas for conservation with the 
given targets of biodiversity features and their socioeconomic expenditure (Ball and Possingham, 2009). The methodological 
framework of our study was showed in Fig. 3. To conduct the assessment, we first defined the freshwater biodiversity features with the 
combination of the coarse– and fine-filter, in which the coarse-filter was CGCFEs, the fine-filter was the nationwide distribution data of 
198 waterbirds, these were both served as biodiversity surrogates for conservation features in Marxan. We used the Human Distur-
bance Index (see below) as a proxy for socioeconomic expenditure to protect these features. After the conservation features and their 
costs were input into Marxan, it calculated and selected cost-effective sites for conservation to maximize the representativeness, 
complementarity and connectivity of those biodiversity surrogates with minimized socioeconomic cost. Finally, CGs and IGs were 
identified by comparing the existing freshwater nature reserves with the prioritized freshwater areas that produced by Marxan. 

Planners are able to find an efficient reserve network by calculating the irreplaceability of each planning unit (PUs, e.g., sub-
catchment) within Marxan. Marxan tried to minimize the objective function using the simulated annealing algorithm, which included 

Fig. 3. Method framework that prioritizes freshwater conservation patterns and identifies complete/incidental freshwater conservation gaps.  
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conservation features and costs. A species penalty factor (SPF) was applied in Marxan to ensure that the species and freshwater 
ecosystem targets were adequately represented in conservation assessment, the higher the value, the target will gain much importance: 

Objective function =
∑

PUs
Cost+ SPF

∑

features
Feature Penalty (1) 

We aimed to capture 30% of the overall area for each specie (i.e., waterbirds) and each freshwater wetland category (i.e., CGCFEs). 
The target level was supported by the previous research that if the remanent habitats decline below 30% oftheir original area, the loss 
in biodiversity will be accelerated considerably (Seabloom et al., 2002; Fahrig, 2003). A target level of 20%–30% is commonly 
advocated for conservation targets, the baseline target of 20% for which aligns with international conservation agreements 
(Convention on Biological Diversity), and an adjusted target level of 30% is advocated in most SCP papers. 

Human Disturbance Index (HDI) was used as a proxy for the conservation costs of subcathments by measuring and quantifying 
human-induced disturbance and threats (e.g., land uses), and Marxan analyzed and directed solutions towards the least-disturbed 
areas (Li et al., 2017). HDI was calculated with constructed areas, village and infrastructure density (roads, railroads and dams), 
which was employed to optimize the selection of subcatchments (i.e., planning units) with best ecological integrity whilst lowest costs 
with least human activities: 

HDI =
∑n

i=1

(
Di − Di,min

Di,max − Di,min
Wi

)

× (1 − 0.5R) (2)  

where Di measures the human disturbance factor, the measurement of each factor is calculated as Table 1 shows; Wi is the weight of 
each factor; n is the total number of the factors within the same planning unit; R is the area ratio of protected areas in each planning 
unit. The Wi is assigned refer to Song (2011): 

The spatial data of constructed areas, village and infrastructure density (roads, railroads and dams) across mainland China were 
sourced from the National Geomatics Center of China (http://www.ngcc.cn). Irreplaceability was calculated as the frequency to be 
selected for each subcatchment by running the model 100 times, and the irreplaceable subcatchments were identified as they appeared 
more than 80 times in all iterations. Finally, freshwater conservation gaps were identified by comparing existing conservation patterns 
with irreplaceable planning units (subcatchments). 

2.6. Identifying complete and incidental freshwater conservation gaps 

Two categories of freshwater conservation gaps (i.e., CGs and IGs) were identified to address and differentiate their conservation 
status and efforts. In line with the original definition, CGs are planning units (subcatchments) with high irreplaceability (>0.8) but 
without conservation of any kind of nature reserve, whereas we first defined the concept of incidental gaps (IGs) as planning units with 
high irreplaceability (>0.8) captured incidentally by non-freshwater nature reserves. Although IGs were included in the existing 
conservation system, these non-freshwater nature reserves may not ensure effective conservation due to their differing objectives from 
those related to freshwater biodiversity and ecosystems. 

3. Results 

3.1. Optimal conservation efficacy for the river basins 

Our results showed that, by the end of 2016, 30.45% of natural freshwater wetlands (81,653.8 km2) in China had been encom-
passed within NNRs (Fig. 4). The conserved proportion was highest for coastal wetlands (50.14%), then lacustrine wetlands (45.44%), 
and lowest for riverine wetlands (21.30%). In the optimal pattern of Marxan figured out, there were nearly 10% of freshwater wetlands 
are expected to be included into the reserves, in which the gaps for coastal wetlands and riverine wetlands are both significant (12.35% 
and 12.64%, respectively). More specifically, the coastal wetlands had the highest percentage of the optimal results (62.49%). The 
optimized proportion of lacustrine wetlands was slightly lower than the existing percentage (9.90%); however, its proportion of 
prioritized area was second after that of riverine wetlands (55.34%). 

At the river basin scale (Fig. 4b), the YERB had the highest proportion of protected areas (59.29%) at present. The YTRB had the 
second highest proportion of conserved freshwater areas (34.09%), followed by those of the SHRB and the HURB (15%–18%). The 
HARB, LARB, PERB and SERB had lower proportions of conserved freshwater wetlands (<8%), with the lowest proportion occurring in 
the SERB (0.59%). In the optimal pattern, the prioritized areas (planning units) for freshwater conservation are largest in the SHRB and 

Table 1 
The measurements and weights of each factor.  

Factor Measurement Weight 

Road Length of road/length of river  1 
Railroads Length of railroad/length of railway  1 
Town Area of towns/area of reserves  5 
Village Number of villages/area of reserves  5 
Dam Number of dams/area of reserves  20  
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YTRB (both close to 2 ×104 km2), followed by that in the YERB (nearly 1.5 ×104 km2), the prioritized areas in the LHRB, HARB, HURB 
and PERB were much smaller (1000–2000 km2) than those in the other basins. For conservation gaps, nearly 5000 km2 of freshwater 
wetlands are proposed to be protected in the SHRB, YTRB, and NWRB, additional 1000–2000 km2 areas of freshwater are estimated to 
be protected in other river basins. Of the percentages of prioritized freshwater areas among the basins, the YERB has the highest 
percentage near 70%, and the YTRB, HARB, SWRB and NWRB have moderate percentages between 40% and 50%. The SHRB, LARB, 
PERB, HURB and SERB have relatively low percentages (20%–30%). 

3.2. Complete versus incidental freshwater conservation gaps 

At the end of 2016, the CGs and IGs accounted for 10.56% and 8.66% of the total freshwater area of China respectively (Fig. 5). To 
meet conservation targets (30%), approximately 9%–13% of the area of various freshwater types (riverine, lacustrine, palustrine and 
coastal) should be included new established protected areas. Of the CGs, the three highest are the SHRB, NWRB and YTRB, with an area 
of 6974 km2, 6678 km2 and 5450 km2, though the proportion of CGs is very low the three river basins, their proportion of IGs was in 
the top three, huge vacant in IGs indicated that the three river basins shall play key roles in enhancing freshwater conservation 
networks in future conservation planning. Of the other 7 river basins, the proportion of CGs ranged from about 10–30% while the area 
of CGs ranged from about 1000–2000 km2, except the SWRB, the proportion of CGs of the remaining 6 river basins were no more than 
5%. 

In comparison with the CGs of the other wetland types, those of coastal wetlands were smaller than other wetland types and 
relatively concentrate within the HARB (258 km2) and PERB (122.24 km2) (Fig. 5). The riverine CGs were broadly distributed within 
all river basins, of which the YTRB, YERB, and NWRB were prominent, nearly ten times than other river basins, indicating that riverine 
ecosystems of the three river basins should be given a higher priority in conservation. The lacustrine CGs were generally aggregated 
within the NWRB, YTRB and HURB. The palustrine CGs were almost concentrated within the SHRB (5838 km2), the following was the 
SWRB and NWRB, about 1000 km2 lacustrine CGs were identified specifically on the Sanjiang Plain and Songnen Plain. 

The area of freshwater wetlands identified as the IGs was relatively smaller than the CGs, the IGs account for nearly 8.66% of the 
overall freshwater conservation gaps at the national scale, in which coastal/lacustrine IGs accounted for the largest part of the gaps 
(Fig. 5). The largest area and highest proportion of IGs were identified in the NWRB, which was nearly twice the area of CGs. The 
lacustrine IGs were mainly distributed within the NWRB and SWRB, in the western region of non-freshwater NNRs (e.g., Kekexili, 
Qiangtang and Altun NNRs in sparsely or depopulated areas of the Qinghai-Tibetan Plateau), the conservation efforts of reserves here 
mainly focused on endangered wildlife (e.g., ungulates such as Tibetan antelope and yak) and their habitats (i.e., alpine desert and 
grassland) as well as forest ecosystems. Due to the sparsely populated of the regions, their reserves (non-freshwater reserve) were 
generally had extensive large areas, leading to the total area of the IGs in the NWRB and SWRB was even larger than that of the CGs. A 
considerable area of IGs was also identified within riverine and palustrine wetlands, but their area was less than the CGs. In addition, 
the IGs had a larger area and higher percentage of freshwater wetlands than the CGs in coastal wetlands. 

The IGs were identified mostly in riverine and palustrine wetlands types, which were in upstream or source areas of large rivers 
(Fig. 6), for example, the SHRB (i.e., Nenjiang River source area), the Inner Mongolia Plateau, main upstream areas of the YTRB (e.g., 
Yalong, Dadu, Minjiang, Jialingjiang and Hanjiang river systems), and the southeastern hilly plain area. Additional locations of the IGs 
included major inland river basins in the northwest (e.g., Tarim River) and lacustrine wetlands on the northern Qinghai-Tibetan 
Plateau, where alpine riverine wetlands and lacustrine wetlands are key habitats for many endangered arid and desert species (e. 
g., endangered ungulates such as the chiru and yak). The lacustrine wetlands were dominant in the NWRB and SWRB, with nearly 
triple the area as that of the CGs (Figs. 5 and 6a). Over 90% of coastal IGs were concentrated within the YERB and YTRB, whereas there 
was almost no distribution of coastal CGs in these basins. 

Fig. 4. Comparison of protected and prioritized areas for freshwater conservation within the ten major river basins a) and across mainland China b) 
(CW: coastal wetland; RW: riverine wetland; LW: lacustrine wetland; PW: palustrine wetland). The major large river basins include the Songhuajiang 
River Basin (SHRB), Liaohe River Basin (LARB), Haihe River Basin (HARB), Yellow River Basin (YERB), Huaihe River Basin (HURB), Yangtze River 
Basin (YTRB), Pearl River Basin (PERB), River Basins of Southeastern China (SERB), River Basins of Southwestern China (SWRB) and River Basins of 
Northwestern China (NWRB). 
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Fig. 5. Comparison of the complete and incidental freshwater conservation gaps among the river basins across mainland China, a) gaps for each 
wetland type, b) gaps for ten major river basins (CW: coastal wetland; RW: riverine wetland; LW: lacustrine wetland; PW: palustrine wetland). The 
major large river basins include the c) Songhuajiang River Basin (SHRB), d) Liaohe River Basin (LARB), e) Haihe River Basin (HARB), f) Yellow River 
Basin (YERB), g) Huaihe River Basin (HURB), h) Yangtze River Basin (YTRB), i) Pearl River Basin (PERB), j) River Basins of Southeastern China 
(SERB), (k) River Basins of Southwestern China (SWRB) and l) River Basins of Northwestern China (NWRB). 
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4. Discussion 

In the study, we present an approach of freshwater wetland classification that employed with climatic and geomorphological 
variables, which serve as coarse-filter targets for freshwater ecosystems. The absence of biodiversity data for freshwater has always 
been an obstacle in setting conservation targets. Integrating the CGCFEs and the waterbirds as conservation features into Systematic 
Conservation Planning, we provide a relatively feasible and pragmatic way to identify CGs and IGs, and to select priority freshwater 
areas. 

The portfolio optimized with our approach highlights the conservation priorities for freshwater biodiversity and ecosystems are 
within the three-river-source area (i.e., the source area of the Yangtze River, Yellow River and Lancang River) and the SHRB, where 
freshwater wetlands are dominated by large palustrine areas (Fig. 5, Fig. 6a and b). The priority areas of coastal wetlands have been 
identified mainly within the river deltas of the HARB and PERB, while the priority conservation riverine wetlands are focused on the 
upper inland river systems within the NWRB, and the mountainous area of the upper YTRB. In addition, the prioritized lacustrine 
wetlands are relatively centralized within the Qinghai-Tibetan Plateau and the floodplain of central YTRB (Fig. 5, Fig. 6a and b). 

Our research revealed that eastern China (i.e., HARB, HURB, LARB and PERB) are dominated by riverine/lacustrine CGs. 
Considering the dense population in these areas and the river basins are in a small- or medium scale, establishing small-scale fresh-
water protected areas and expanding extant NNRs boundaries to fill the CGs are recommended as flexible and efficient measures. 
Filling palustrine CGs are proposed to focus in the SHRB due to the vast areas of palustrine are left unprotected, whereas riverine 
conservation should be addressed in the YERB with a high ratio of riverine CGs, and the YERB needs to increase the area of both 
lacustrine and riverine wetlands. The SERB has a smaller area of CGs, considering the river basin is densely populated, multiple 
adaptive conservation strategies of establishing small-sized or seasonally shifting protected freshwater areas are suggested in the 
region. In addition, the coastal CGs frequently occurred at the major coastal area along the eastern coastline, indicating the need to 
strengthen conservation effectiveness for those large river deltas with great importance of providing globally habitats for endangered 
waterbirds where have been greatly threatened by intensified land reclamation (Ma et al., 2019a, 2019b). 

Our research demonstrated the necessity of incorporating the concept of IGs, where focal biotas and ecosystems have incidentally 
been encompassed by a nature reserve with different conservation targets. For example, there are many forested riverine wetlands 
within the reserves at the upstream of the YTRB (e.g., the Yalong, Dadu, Minjiang, Jialingjiang and Hanjiang river systems), their 
conservation targets were focused on those most endangered mammals (e.g., Giant Panda and Golden Monkey) other than freshwater 
species and their habitat. Thus, the upstream river systems were susceptible to human disturbance (e.g., hydropower projects), which 
led to the collapse of headwater ecosystems and the disappearance of endemic fauna (e.g., upstream fish and amphibians) (Liu and 
Diamond, 2005). In our research, the identified CGs (10.56%) and IGs (8.66%) indicate a considerable inconsistency between the 
existing and optimized patterns, and therefore demonstrate the need to enhance freshwater conservation efficacy by realigning the 
existing conservation patterns to capture the gaps. 

Delineating broader-scale and ecosystem-level targets is still a challenge for large-scale systematic freshwater conservation as-
sessments. In this research, we highlighted climatic-geomorphological heterogeneity in freshwater habitat patterns by developing a 
national-scale CGCFE type. This classification scheme, functioning as a broad-scale surrogate, enables optimal portfolios to encompass 
the freshwater diversity shaped by zonal climatic patterns and intrazonal geophysical variations, and thus effectively enhances the 
resolution and representativeness for large-scale conservation assessments. 

Previous studies have shown that there is a close relationship between species diversity and physical settings (e.g., elevation and 

Fig. 6. The distribution of complete and incidental freshwater conservation gaps a) and four types of freshwater wetlands in the conservation gaps 
b) within the major large river basins in China (Complete gaps: where irreplaceable area is unprotected without any form of conservation; incidental 
gaps: where irreplaceable area is only unintentionally encompassed within non-freshwater nature reserves). The major large river basins include the 
Songhuajiang River Basin (SHRB), Liaohe River Basin (LARB), Haihe River Basin (HARB), Yellow River Basin (YERB), Huaihe River Basin (HURB), 
Yangtze River Basin (YTRB), Pearl River Basin (PERB), River Basins of Southeastern China (SERB), River Basins of Southwestern China (SWRB) and 
River Basins of Northwestern China (NWRB). 
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geology) (Anderson and Ferree, 2010), and it may be possible to protect biodiversity under future climates by conserving represen-
tative geophysical settings under the assumption that geophysical diversity helps to capture species diversity (Beier and Brost, 2010). 
By identifying and protecting climate refugia where climate changes are attenuated and habitats become marginalized, we might 
improve the scope of natural adaptation. As conserving the geophysical stage and protecting climatic refugia are proposed as strategies 
for climate change adaptation at a large (national) scale (Game et al., 2011), using CGCFEs as conservation targets can be a conser-
vation strategy that addresses the uncertainty in climate-induced freshwater habitat transformations (Kingsford, 2011). 

Although large-scale (e.g., river basin) freshwater conservation planning has increasingly emerged in China, such geoclimatic 
patterns have seldom been included in previous conservation assessments (Xia et al., 2017; Li et al., 2017; Guo et al., 2019). Our 
research filled this gap by employing CGCFEs as coarse-filter surrogates, this method can be replicated for large scale freshwater 
conservation planning elsewhere, and promote freshwater conservation efficiency by capturing irreplaceable freshwater habitats and 
for migratory freshwater biotas. 

Identifying large-scale irreplaceable freshwater conservation patterns based on our framework will cost-effectively facilitate the 
allocation of limited resources for freshwater conservation in large river basins, even at the national scale, but such large-scale 
freshwater conservation assessments are still rare mostly due to data scarcity (Schmeller et al., 2014). In our research, we had to 
use 198 waterbirds species as fine-scale surrogates for freshwater biodiversity, leading to the bias of selection towards the irreplaceable 
habitats for specific biotas (e.g., waterbirds). However, the inadequate representativeness of biotas can be considerably remedied by 
the employment of the CGCFEs as coarse filters, which would capture the majority of freshwater biotas in a data-poor region. 

Future research could refine conservation assessments by incorporating other biotas to adequately represent freshwater-dependent 
species whenever the data are available. The resolution of CGCFEs could also be enhanced to capture more geoclimatic variations in 
freshwater ecosystems by using fine-scale classification data for geomorphological gradients and climatic patterns. In addition, the 
vulnerability of CGCFEs to human disturbance and climate change should also be considered in conservation assessments to refine 
irreplaceable patterns, which shall be facilitate to develop a more cost-efficient freshwater conservation planning. 

5. Conclusions 

This research explored freshwater conservation planning for the ten major large river basins in China based on the framework of 
Systematic Conservation Planning, we addressed variations in freshwater ecohydrological processes and biodiversity assemblages by 
using broad-scale surrogates of Climatic-geomorphological Classification of Freshwater Ecosystems in a conservation assessment. This 
method enabled optimal conservation portfolios that encompassed the freshwater ecosystem diversity shaped by geophysical gradients 
and climatic patterns. In particular, our research incorporated the concept of incidental gaps and complete gaps, where the focal biotas 
and ecosystems have been unintentionally incorporated into a protected area with different conservation targets was incidental gaps, 
areas of the focal biotas and ecosystems were left unprotected was complete gaps. Our results showed that the incidental gaps were 
identified mostly in the forested riverine and palustrine wetlands within upstream or source areas of large rivers, accounting for nearly 
8.66% of the overall freshwater conservation gaps at the national scale, in which coastal/lacustrine incidental gaps accounted for the 
largest parts, the complete gaps accounted for 10.56% of the total freshwater area. To meet conservation targets (30%), approximately 
9%–13% of various freshwater types (riverine, lacustrine, palustrine and coastal) need to be included in the existing freshwater 
conservation system at the national scale. Our research presents a spatially explicit and cost-effective framework for freshwater 
conservation planning, which provides the central government and wetland resource managers with scientific reference for developing 
conservation strategies. 
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