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China is known for its abundant plant resources, but biodiversity conservation faces unprecedented challenges. To provide feasible suggestions for sustainable conservation, we used the species richness algorithm and complementary algorithm to study distribution patterns of 34,082 seed plants based on 1,007,196 county-level distribution records. We reconstructed a phylogenetic tree for 95.35% of species and estimated the spatial phylogenetics, followed by correlation analyses between different distribution patterns. We identified 264 counties concentrated in southern and south-western mountainous areas as hotspots which covered 10% of the land area of China and harbored 85.22% of the Chinese seed plant species. The biodiversity conservation priorities we identified were highly representative as we have considered multiple conservation indicators. We evaluated the conservation effectiveness and gaps in the network of nature reserves and identified 31.44, 32.95, and 9.47%, respectively, of the hotspot counties as gaps in the national nature reserves, provincial nature reserves and both together, with respectively 55.77, 61.53, and 28.94% of the species. Analysis of the species composition showed there were a large number of threatened and endemic species occurring in the nature reserves’ gaps. The conservation gaps need to be filled by establishing new nature reserves or national parks, especially in south-western China, and more attentions should be paid to strengthen the conservation of specific plant taxa due to the apparent mismatches between different distribution patterns.
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Introduction

Human health and well-being rely on numerous ecosystem services provided by the wealth of biological diversity on our planet. However, population growth and urbanization have caused severe environmental problems, such as habitat loss and fragmentation, overutilization of biological resources, invasive species, pollution, and even climate change, which lead to the decline of biodiversity on a global scale (Williams et al., 2011; Ren and Duan, 2017). The Kunming Declaration made it clear that the loss of biodiversity and a series of serious environmental problems constitute unprecedented and interrelated crises that threaten the survival of our planet (Xi, 2021). More than 37,400 species around the world are threatened with extinction and 22–47% of the world’s plants are endangered (Pitman and Jørgensen, 2002; Monastersky, 2014; Teller et al., 2015; IUCN, 2021). As a result, biodiversity conservation has attracted great attention, in which the development of in situ conservation networks is crucial (Myers et al., 2000; Brooks et al., 2006; Huang et al., 2012; Wang and Li, 2021). Although protected areas have expanded greatly, they still provide low species coverage and are not sufficient to optimally conserve biodiversity (Pimm et al., 2014; Venter et al., 2014). Given the urgency, preserving biodiversity still faces unprecedented challenges (Zhang D. et al., 2016; Liang et al., 2018).

By identifying priority areas and gaps for conservation, resources can be used efficiently to maximize biodiversity conservation (Brooks et al., 2006; Huang et al., 2016; Zhang Y. et al., 2017). Identification of biodiversity hotspots, which are biogeographic areas with exceptionally high numbers of biodiversity, has an important role in biodiversity conservation (Myers et al., 2000). However, biodiversity hotspots are usually identified based on species (taxonomic) richness alone (Luo et al., 2016; Zhao et al., 2016; Brum et al., 2017), which overlooks other aspects of biodiversity (Huang et al., 2012; Chi et al., 2017). Hence, more comprehensive approaches should be applied to identify the most valuable areas to maintain biodiversity, regardless of whether they are “species-rich” (Marchese, 2015). Therefore, a complementary algorithm that emphasizes the irreplaceability of species has been used, providing a new perspective for biodiversity hotspot identification (Dobson et al., 1997; Zhang et al., 2015b; Chi et al., 2017). In recent years, the combination of spatial phylogenetics and geographical distribution patterns of regional plant species has also been applied in biodiversity conservation (Huang et al., 2016; Kougioumoutzis et al., 2020; Zhu et al., 2021). Phylogenetic diversity is a measure of biodiversity based on the evolutionary history (phylogeny) and together with functional diversity, which refers to the variety of growth forms and functional traits (Faith, 2013; Kelly et al., 2014; Quan et al., 2018; Le Bagousse-Pinguet et al., 2019), it can be used to identify priority areas for conservation (Huang et al., 2016).

We therefore believe that it is necessary to identify biodiversity priority areas based on more comprehensive approaches in order to provide scientific guidance for establishing new protected areas, adjusting the existing conservation system, and developing effective protection measures (Luo et al., 2016; Zhang Y. et al., 2017; Volis, 2018). To evaluate the status of the biodiversity hotspots in China, most studies have focused on several particular groups of plant species, such as endemic species (Huang et al., 2016), threatened species (Zhang et al., 2015a), medicinal plants (Chi et al., 2017), and several crucial taxa. Unfortunately, the spatial patterns of species richness among all species, endemic species and threatened species are often inconsistent with each other (Orme et al., 2005; Tang et al., 2006).

China covers a vast geographical area of 9,600,000 km2 with many mountains systems with a wide range of elevations (Supplementary Figure 1), and the country contains almost all of the biomes found on Earth (Tang et al., 2006). This geographic diversity provides abundant habitats for a wide range of plant species. About 35,000 species of higher plants grow in China, accounting for about 10% of the world’s higher plants (Xie et al., 2021), which means that China is one of the countries with the richest plant diversity in the world. In addition, the Chinese flora is also very rich in endemics, with about 12,824 endemic plant species (Huang et al., 2016). However, not less than 10% of higher plants are threatened with extinction in China (Qin et al., 2017). By 2018, a relatively complete biodiversity conservation network has been established in China, including 2,750 nature reserves (NRs; accounting for 14.86% of the land area) and 10 pilot national parks (Gao et al., 2019). Many studies have been conducted to evaluate the effectiveness of these conservation networks for conserving endemic, threatened and national protected species (Jiang et al., 2006; Zhang et al., 2015a; Huang et al., 2016). However, little is known about the effectiveness of in situ conservation of seed species in China (Zhang H. N. et al., 2016). Given its geographic diversity, China can serve as a good model for the identification of biodiversity hotspots and conservation priority areas based on massive distribution data and multiple indicators of plant species using comprehensive approaches.

In this study, we attempt to achieve the following goals: (1) to identify biodiversity hotspots for conservation priorities; (2) to evaluate the conservation effectiveness of the current NR networks for seed plants and identify conservation gaps; (3) to put forward conservation strategies and countermeasures for conserving the diversity of seed plants in China. In order to achieve these goals, we compiled an updated inventory of 34,082 seed plants (including infraspecific taxa) and georeferenced 1,007,196 occurrence records, which covered almost all seed plants in China. On the basis of available formation on species distribution, this study is conducted by considering multiple species diversity indexes, species distinctiveness, and spatial phylogenetics. The findings will provide a framework for the conservation of seed plant diversity in China, and present a number of new pathways to strengthen biodiversity conservation.



Materials and methods


Database of species occurrence data

We compiled an updated inventory of the seed plants in China based on the Catalogue of Life China: 2020 Annual Checklist (Species 2000 China Node1). After excluding cultivated and non-native species but including infraspecific taxa (subspecies, varieties and forma) as separate entries, the inventory contained 34,082 seed plants (among which 875 subspecies, 6,116 varieties and 272 forma), which belonged to 3,143 genera and 269 families (Supplementary Table 1.1). Among these, 15,060 species (1,490 genera and 190 families) are endemic to China, and 3,511 species (1,018 genera and 186 families) are threatened with extinction. In addition, there are 33,721 angiosperms (3,100 genera and 259 families. including 14,908 endemic species and 3,361 threatened species) and 361 gymnosperms (among which 120 varieties), which belonged to 43 genera and 10 families, including 152 endemic species and 150 threatened species.

For the occurrence database, we obtained specimen records from the Chinese Virtual Herbarium (CVH2) and geo-referenced these specimen records to county level according to the Chinese gazetteer. We used the county as the basic occurrence unit to get comprehensive occurrence data because it is the most widely used unit in describing distribution in botanical literature (Huang et al., 2016; Chi et al., 2017). We also built a distribution database of seed plants at county level according to numerous flora’s and checklists of different provinces and the country. We then integrated the occurrence data from the two above-mentioned databases and built a county-level seed plant database with 1,007,196 items. For each item of the database it is indicated whether it is an endemic species, endangered species, and angiosperms or gymnosperms. Endemism refers to species restricted to a certain geographical area on Earth (Anderson, 1994), and the endemic species of China were identified using to the Catalogue of Life China. Threatened species in this study included VU (Vulnerable), EN (Endangered), or CR (Critically endangered) species (Qin et al., 2017).



Spatial phylogenetic analysis

Phylogenetic trees are of great importance to identify centrers of diversification and thus can contribute to preserve the evolutionary heritage (Véron et al., 2019). Spatial phylogenetics is considered as an important conservation indicator for identifying biodiversity hotspots and the planning of conservation priorities in our study. The largest updated phylogeny for vascular plants, built with the V. PhyloMaker package (Jin and Qian, 2019) was used as a backbone to generate a species-level phylogeny of seed plants in China. In V. PhyloMaker, 32,496 species (accounting for 95.35% of all species in China) were included, belonging to 2,641 genera (84.03%) and 262 families (97.40%; Supplementary Table 1.2). We selected the function build.nodes. 1 to extract the information about root and basal nodes of the genera to generate a phylogenetic hypothesis of the user-specified species list. We analyzed the distribution patterns of spatial phylogenetics by calculating phylogenetic diversity (PD) and phylogenetic endemism (PE) using Biodiverse V2.0 (Laffan et al., 2010). Based on this software, weighted endemism (WE) was used to study the difference in species range size (Huang et al., 2013). We standardized the values of PD, PE, and WE in each county by calculating the ratios of the value of each index to the maximum value of the corresponding index, and then used the sum of the ratios in each county to measure the level of spatial phylogenetics.



Identification of biodiversity hotspots

We used an updated administrative map of China from the website of the Ministry of National Resources of the People’s Republic of China3 which includes 2,906 county-level administrative units (referred to as the “county”) to map the distribution patterns of hotspots for seed plants or different plant groups such as angiosperms, gymnosperms, endemics, and threatened species. In addition to spatial phylogenetics, we also employed the species richness algorithm and complementary algorithm to better understand the distribution patterns of hotspots. The species richness algorithm defines the regions with the highest species richness in a study area as hotspots (Grenyer et al., 2006; Tang et al., 2006). The complementary algorithm selects the minimum areas that could cover all the species (Dobson et al., 1997; Zhang et al., 2015b; Chi et al., 2017). The complementary algorithm first selected the county with the highest species richness; all species that occurred in this county was excluded from the database while the algorithm searched for the county with the highest number of the remaining species. Once a county with a high conservation value was identified, other counties were selected to complement the previous county, avoiding duplication of priority features (Shrestha and Wang, 2018). This process was continued iteratively until all species were included in the selected counties (Dobson et al., 1997). At the end of the selection, multiple counties that contained the same number of species were selected to avoid missing out on important species.

The hotspots were identified as follows. First, we calculated the distribution patterns of seed plants, endemics, and threatened species using the species richness algorithm and complementary algorithm, and the distribution patterns of spatial phylogenetics, and gained a value (species richness) in each county of corresponding plant taxa by applying the former two algorithms as well as values of PD, PE, and WE from spatial phylogenetics. Second, we standardized the species richness value in each county by calculating the ratio of the value in the county to the county with the highest value under the same distribution pattern. Third, we selected the top 17% counties with higher standardized values as hotspots for different distribution patterns, respectively. Fourth, we summed different standardized values in each county and sorted the sum in descending order. Then, based on previous studies and Aichi Targets (Convention on Biological Diversity, 2010; Chi et al., 2017; Xu et al., 2017), we selected the top 5, 10, and 17% counties with the highest sum in the list of counties first identified as hotspots by more than two algorithms (Supplementary Tables 1.3–1.5). Finally, we assessed the conservation efficiency of the hotspots selected by the top 5, 10, and 17% county areas, and proposed the most appropriate conservation network design to maximize conservation of plant diversity.



Conservation effectiveness and gap analysis

In situ conservation has been considered as the most effective protection means against biodiversity loss (Balmford et al., 1996; IUCN, 2021). So far, there are 2,750 nature reserves (NRs) for biodiversity conservation in China, including 464 national nature reserves (NNRs), 806 provincial nature reserves (PNRs), and many prefectural and county-level NRs. For conservation effectiveness and gap analysis, we only considered NNRs and PNRs because most of prefectural and county-level NRs are not well-managed and their boundaries are not well-defined yet (Quan et al., 2009; Zhang et al., 2015a). In order to evaluate the conservation effectiveness of the current conservation networks and identify conservation gaps, we constructed geo-data files of NNRs and PNRs in ArcGIS based on relevant documents issued by the Ministry of Ecology and Environment of the People’s Republic of China4 and documents downloaded from the World Database on Protected Areas5. Based on the geographic distributions of the current conservation networks and distribution patterns of hotspots, we measured the conservation effectiveness and identified the gaps by comparing one geodata layer with another, and vice versa. We considered non-overlapping hotspot counties as conservation gaps (Hou et al., 2010; Chi et al., 2017). We calculated the number of species or the proportion of hotspot counties that were overlapping or non-overlapping as a key index for analyzing conservation effectiveness or gaps. Meanwhile, we also assessed the conservation efficiency of the current conservation networks for different plant groups, such as angiosperms, gymnosperms, endemics, and threatened species at country level.



Analysis on distribution pattern correlation and species composition

We analyzed the correlation of distribution patterns among seed plant species, angiosperms, gymnosperms, endemic species, and threatened species, which were generated based on the species richness algorithm and complementary algorithm in addition to spatial phylogenetics (PD, PE, and WE; Supplementary Table 1.6) in the “corrplot” (version 0.84) package (Wei and Simko, 2017). For the correlation analysis of spatial distribution patterns, we calculated the Pearson coefficient after standardizing relevant variables, which could measure the correlation degree of different spatial distribution patterns in terms of the |r| value (≥0.8 for very strong correlation, 0.6 ≤ |r| <0.8 for strong correlation, 0.4 ≤ |r| <0.6 for moderate correlation, 0.2 ≤ |r| <0.4 for weak correlation, and 0.0 ≤ |r| <0.2 for very weak correlation or no correlation) (Jain and Chetty, 2019). We filled the value of zero (value 0) to the counties without occurrence of species to make the program run smoothly during correlation analysis.

In order to elucidate species composition and internal relationship of different taxonomic groups in protected or unprotected hotspots, as well as conservation effectiveness and gaps of NNRs, PNRs or both, using the “circlize” package (Gu et al., 2014) and “tidyverse” package (Wickham et al., 2019) in software R (version 4.0.2). We presented the species composition of hotspot counties and different plant taxa using chord diagrams and circular barplots. To avoid the overlapping of different plant taxa, threatened species, endemic species (excluding threatened species), and the remaining species (excluding threatened and endemic species) were treated separately based on their conservation priority.




Results


Distribution patterns of different plant taxa

For 96.04% of all counties in China, or 2,791 counties, we had species occurrence records; the remaining 3.96% counties with no distribution information on seed plants are mostly located in economically developed regions in eastern China. Three provinces with the highest number of species were Yunnan, Sichuan, and Guangxi (Supplementary Figure 2). According to the species richness algorithm, the distribution patterns of seed plants, angiosperms, gymnosperms, endemics, and threatened species are located in the south-western part of China, especially in south-eastern Xizang, southern Yunnan, western Guangxi, Nanling Mountains, Hengduan Mountains, western Hubei, and eastern Chongqing (Figure 1; Supplementary Figures 3–5). Most endemic species are confined to south-eastern Xizang, Hengduan Mountains, western Hubei, and eastern Chongqing, whereas threatened species are mostly distributed in south-eastern Xizang, southern Hengduan Mountains, and the boundary area of Yunnan.
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FIGURE 1
Distribution patterns of all species (A,B), endemics (C,D), and threatened species (E,F). Counties based on all species are determined by (A) the species richness algorithm, (B) the complementary algorithm; Counties based on endemic species are determined by (C) the species richness algorithm, (D) the complementary algorithm; Counties based on threatened species are determined by (E) the species richness algorithm, (F) the complementary algorithm.


According to the complementary algorithm, there are 1,026 counties (or 35.31% of the Chinese counties) with occurrence records for seed plants. Distribution patterns of seed plants, angiosperms, endemics, and threatened species are concentrated in the western, south-western and southern parts of China, and only few of them are distributed in some areas in the eastern and north-eastern parts of China (Figure 1; Supplementary Figures 3, 4). However, for gymnosperms, including endemics and threatened ones, the counties with high species richness are more distributed in the south-western, central, northern and north-eastern parts of China (Supplementary Figure 5). The analysis of spatial phylogenetics showed that there are 2,691 counties (92.60% of all counties) with high values of PD, PE, and WE for seed species, which are mainly distributed in the south-western and southern parts of China (Figure 2). However, the distribution patterns of PE and WE are more scattered than those of PD. The distribution pattern of PD was mainly found in the southern part of China, and the distribution patterns of PE and WE are found in the south-western, southern, north-western, and north-eastern parts of China.
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FIGURE 2
Distribution patterns of phylogenetic diversity [PD (A,B)], phylogenetic endemism [PE (C,D)], and weight endemism [WE (E,F)]. The top 17% of land area with highest values of PD (B), PE (D), and WE (F) for seed plant species.


The distribution patterns determined by the species richness algorithm, show a very strong correlation (r = 0.81–1.00, p < 0.01) among seed plants, angiosperms, gymnosperms, endemic species and threatened species, except for the strong correlation between gymnosperms and threatened species (r = 0.76, p < 0.01; Figure 3). The distribution patterns determined by the complementary algorithm, show a very strong correlation (r = 0.99, p < 0.01) between seed plant species and angiosperms, and moderate or weak correlations (r = 0.22-0.55, p < 0.01) among seed plant species (or angiosperms), gymnosperms, endemics, and threatened species, except for the strong correlation (r = 0.64, p < 0.01) between seed plants and endemic species (Supplementary Figure 6). In addition, correlation analysis on spatial phylogenetics indicated that there is a strong correlation (r = 0.61–0.69, p < 0.01) between distribution patterns of PD and PE (Figure 3; Supplementary Figure 6). As for the correlations among distribution patterns of different plant taxa determined by the two algorithms and distribution patterns of spatial phylogenetics, there were moderate or weak correlations (r = 0.34–0.48, p < 0.01) between the species richness algorithm and complementary algorithm, weak or moderate correlations (r = 0.18–0.46, p < 0.01) between the complementary algorithm and spatial phylogenetics, and strong or moderate correlations (r = 0.51–0.75, p < 0.01) between the species richness algorithm and spatial phylogenetics. However, there was an exceptionally strong correlation (r = 0.9, p < 0.01) between distribution patterns of PD and seed plant species (or angiosperms) determined by the species richness algorithm (Figure 3).
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FIGURE 3
Correlation between species distribution patterns and spatial phylogenetics: all the seed plant species (Seed), angiosperms (Angio), gymnosperms (Gymn), endemic species (EN), and threatened species (TH) according to the species richness algorithm; all the species (S_Comp) according to the complementary algorithm; phylogenetic diversity (PD), phylogenetic endemism (PE), and weighted endemism (WE) according to spatial phylogenetics.




Distribution patterns of hotspots identified by three algorithms

According to the species richness algorithm, the overlapping hotspot counties of total seed plants, endemics and threatened seed plants are mostly distributed in eastern Qinghai-Tibetan Plateau, south-western and southern China, Hilly Region of Southeast China, western Hubei, and eastern Chongqing (Figure 4A). The hotspots identified by the species richness algorithm covered 432 counties (17.01% of land area), which contained 30,282 seed plants (88.85% of seed plants). There are also 14,016 endemic species (93.07%), 3274 threatened species (93.25%), 29,967 angiosperms (88.87%), and 315 gymnosperms (87.26%) confined to the hotspot counties (Supplementary Table 2.1).
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FIGURE 4
Distribution patterns of the integrated hotspot counties according to the species richness algorithm (A), complementary algorithm (B), spatial phylogenetics (C), the overlapping hotspot counties identified by two or three algorithms (D), top 5% (E), and top 10% (F) biodiversity hotpots. The top 10% biodiversity hotspots (F) are defined as final biodiversity hotspots including 22 hotspot areas, viz. (1) Northern part of Changbai Mountain, (2) Qilian Mountain, (3) Nielamu region, (4) south-eastern part of Xizang, (5) Hengduan Mountains, (6) Qinling Mountains, (7) Daba-Wushan Mountains, (8) Wuling Mountain, (9) the border areas of Yunnan, (10) the border areas of Guangxi, (11) the boundary areas of Guizhou and Guangxi, (12) Dayao Mountain, (13) southern part of Xuefeng Mountain, (14) western part of Nanling Mountain, (15) eastern part of Nanling Mountain, (16) Luoxiao Mountain, (17) Mufu-Lianyun- Jiuling Mountains, (18) Dabie Mountain, (19) Huangshan-Tianmu Mountains, (20) Wuyi Moutain, (21) Taiwan Island, (22) southern part of Hainan Island.


Compared with the species richness algorithm, the overlapping hotspot counties of all seed plants, endemics, and threatened seed plants identified by the complementary algorithm were mainly distributed in the eastern and southern parts of Qinghai-Tibetan Plateau, the south-western, southern and north-western parts of China, and Taiwan (Figure 4B). The hotspots identified by the complementary algorithm covered 240 counties (16.90% of the land area), which contained 31,764 seed plants (93.20% of all seed plants recorded in this study). There were 13,854 endemic species (91.99%), 3309 threatened species (94.25%), 31,420 angiosperms (93.18%), and 344 gymnosperms (95.29%) confined to the hotspot counties identified by the complementary algorithm (Supplementary Table 2.1).

The hotspot counties of spatial phylogenetics identified by phylogenetic diversity (PD), phylogenetic endemism (PE), and weighted endemism (WE) are mostly distributed in the south-eastern part of Xizang, the south-western, southern and north-eastern parts of China, Hilly Region of Southeast China, western Hubei, and eastern Chongqing (Figure 4C), which contained 465 hotspot counties, accounting for 17.04% of land area. Meanwhile, these counties almost covered the main distribution areas of PD, PE, and WE (Figure 2). The hotspot counties identified by the spatial phylogenetics contained 31,502 seed plants, accounting for 92.43% of all seed plants recorded in this study. There are 13,759 endemic species (91.36%), 3295 threatened species (93.85%), 31,155 angiosperms (92.39%), and 347 gymnosperms (96.12%; Supplementary Table 2.1).



Distribution patterns of biodiversity hotspots

After the overlapping of the top 17% hotspot counties, identified by the species richness algorithm, complementary algorithm and spatial phylogenetics, respectively, 579 counties are identified as overlapping hotspot counties, accounting for 27.13% of land area of China (Figure 4D). Among these, 397 counties were jointly identified by two or three algorithms, and they were regarded as biodiversity hotspot counties of seed plants, which accounted for 16.37% of the total area of China (close to the goals of 17% of global protected land in Aichi Target 11). These biodiversity hotspots contained 31,637 seed plant species (92.83% of seed plant species) belonging to 3,044 genera and 265 families, 14,020 endemic species (93.09%), 3,311 threatened species (94.30%), 31,296 angiosperms (92.81%), and 341 gymnosperms (94.46%; Supplementary Table 2.2). Furthermore, we identified 5 and 10% of China’s land area with the highest conservation values as the top 5% and top 10% biodiversity hotpots, containing 110 and 264 counties, respectively (Figures 4E,F). The top 5% biodiversity hotspots contained 26,189 seed plant species (76.84%), 12,080 endemic species (80.21%), and 2,868 threatened species (81.69%; Supplementary Table 2.2). The top 10% biodiversity hotspots harbored 29,045 seed plant species (85.22%), 13,248 endemic species (87.97%), and 3,164 threatened species (90.12%; Supplementary Table 2.2). Given the limited resource investment and threatened species as the most important plant groups for biodiversity conservation, we took 90% of all threatened species as a threshold for biodiversity priority. Finally, the top 10% biodiversity hotspots were considered the most important hotspots and defined as the ultimate seed plant hotspots for China. For these hotspots, we evaluated their conservation effectiveness and analyzed the conservation gaps.

Based on geographic distribution of the 264 hotspot counties, which represent the top 10% of biodiversity hotspots, 22 biodiversity hotspot areas were determined, including (1) the northern part of Changbai Mountain, (2) Qilian Mountain, (3) Nielamu region, (4) the south-eastern part of Xizang, (5) Hengduan Mountains, (6) Qinling Mountains, (7) Daba-Wushan Mountains, (8) Wuling Mountain, (9) the boundary areas of Yunnan, (10) the boundary areas of Guangxi, (11) the boundary areas of Guizhou and Guangxi, (12) Dayao Mountain, (13) the southern part of Xuefeng Mountain, (14) the western part of Nanling Mountain, (15) the eastern part of Nanling Mountain, (16) Luoxiao Mountain, (17) Mufu-Lianyun- Jiuling Mountains, (18) Dabie Mountain, (19) Huangshan-Tianmu Mountains, (20) Wuyi Mountain, (21) Taiwan Island, (22) the southern part of Hainan Island (Figure 4F; Supplementary Table 2.3). In general, these biodiversity hotspot areas of seed plants are located in the mountainous areas of China, especially in the eastern and south-eastern parts of Xizang, Hengduan Mountains, Yun-Gui Plateau, mountainous areas of South China, Hilly Region of Southeast China, Qinling Mountains, and Daba-Wushan Mountains.



Conservation effectiveness of the current conservation network

Conservation effectiveness analysis indicated that there are 181 out of the 264 final hotspot counties protected by NNRs. These are mainly distributed in south-eastern Xizang, Hengduan Mountains, the boundary areas of Yunnan, the boundary areas of Guangxi, the northern boundary area of Guangxi, the eastern and western parts of Nanling Mountains, southern Hainan Island, Hilly Region of Southeast China, Daba-Wushan Mountains, and Qilian Mountains (Figure 5A). The hotspot counties covered by NNRs harbored 25,912 seed plants (76.03% of all seed plants), 25,645 angiosperms (76.05%), 267 gymnosperms (73.96%), 12,079 endemic species (80.21%), and 2,887 threatened species (82.23%; Supplementary Table 2.4). In addition, there are 177 hotspot counties (or 67.05% of the 264 ultimate hotspot counties) protected by PNRs, which contained 25,848 seed plants (75.84% of all seed plants), 25,572 angiosperms (75.83%), 276 gymnosperms (76.45%), 11,515 endemic species (76.46%), and 2,762 threatened species (78.67%; Supplementary Table 2.4). The hotspot counties protected by PNRs are mostly confined to south-eastern Xizang, Hengduan Mountains, the boundary areas of Yunnan, the southern and south-eastern parts of China, Taiwan Island, Daba-Wushan Mountains, and Qilian Mountains (Figure 5C).
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FIGURE 5
Conservation effectiveness and gaps in the final biodiversity hotspots of seed plant species in the current conservation network: conservation effectiveness of NNRs (A), PNRs (C), and NNRs and PNRs (E); conservation gaps of NNRs (B), PNRs (D), and NNRs and PNRs (F).


Taken together, 239 out of the 264 hotspot counties were well-protected in the current conservation network of NNRs and PNRs, with high conservation values in each hotspot area of seed plants (Figure 5E), and they harbored 28,584 seed plants (83.87% of all seed plants), 28,286 angiosperms (83.88%), 298 gymnosperms (82.55%), 13,058 endemic species (86.71%), and 3,124 threatened species (88.98%; Supplementary Table 2.4). With regard to their conservation effectiveness, 22 hotspot areas showed better conservation effectiveness for more hotspot counties, such as south-eastern Xizang, northern Hengduan Mountains, the boundary areas of Yunnan, the boundary areas of Guangxi, Dayao Mountain, Nanling Mountain, Mufu-Lianyun- Jiuling Mountains, Luoxiao Mountain, southern Hainan, Taiwan, Wuyi Mountain, Huangshan Mountain, Dabie Mountain, Qinling Mountains, Daba-Wushan Mountains, Wuling Mountain, Qilian Mountains, and the northern part of Changbai Mountain (Figure 5E).

The counties covered by NNRs, PNRs, and NNRs-PNRs accounted for 58.60, 59.34, and 79.22% of the total land area of China, respectively. The counties covered by NNRs contained 29,828 seed plants (87.52% of all seed plants), 29,522 angiosperms (87.55%), 306 gymnosperms (84.76%), 13,448 endemic species (89.30%), and 3,138 threatened species (89.38%). The counties protected by PNRs harbored 30,300 seed plants (88.90% of all seed plants), 29,974 angiosperms (88.89%), 326 gymnosperms (90.30%), 13,097 endemic species (86.97%), and 3,072 threatened species (87.50%). There are 1,560 out of 2,906 counties protected in the current conservation network of NNRs and PNRs, which contained 33,053 seed plants (96.98% of all seed plants), 32,707 angiosperms (96.99%), 346 gymnosperms (95.84%), 14,631 endemic species (97.15%), and 3,406 threatened species (97.01%; Supplementary Table 2.4).



Conservation gaps of the conservation network

Conservation gap analysis showed that 83 hotspot counties (31.44% of the 264 hotspot counties) are outside NNRs, which contained 19,009 seed plant species (55.77% of all seed plants), 18,784 angiosperms (55.70% of all angiosperms), 225 gymnosperms (62.33% of all gymnosperms), 8031 endemic species (53.33% of all endemic species), and 1,772 threatened species (50.47% of all threatened species; Supplementary Table 2.4). The hotspot counties unprotected by NNRs are mainly distributed in the southern part of Hengduan Mountains, the boundary areas of Southwest Yunnan, the boundary areas of Guizhou and Guangxi, the western part of Guangxi, the boundary areas of Guangxi and Guangdong, and Taiwan Island (Figure 5B).

There are 87 hotspot counties (32.95% of all hotspot counties) outside PNRs, which harbored 20,972 seed plant species (61.53% of all seed plant species), 20,736 angiosperms (61.49% of all angiosperms), 236 gymnosperms (65.37% of all gymnosperms), 9441 endemic species (62.69% of all endemic species), and 2,265 threatened species (64.51% of all threatened species; Supplementary Table 2.4). The hotspot counties uncovered by PNRs are mainly distributed in the Nielamu region, south-eastern Xizang, southern Hengduan Mountains, the boundary areas of South Yunnan, the boundary areas of Guizhou and Guangxi, southern Xuefeng Mountain, and Hilly Region of Southeast China (Figure 5D).

For gaps of NNRs and PNRs, 25 out of the 264 hotspot counties (9.47% of all hotspot counties) are unprotected by the current both conservation networks. These are mainly distributed in the south-eastern part of Hengduan Mountains, eastern Yunnan, southern Guizhou, and north-western Guangxi (Figure 5F). These counties harbor 9,862 seed plants (accounting for 28.94% of all seed plants), 9712 angiosperms (28.80% of all angiosperms), 150 gymnosperms (41.55% of all gymnosperms), 3891 endemic species (25.84% of all endemic species), and 766 threatened species (21.82% of all threatened species; Supplementary Table 2.4).



Conservation efficiency of hotspots, NNRs, and PNRs for different plant taxa

The analysis of the species composition of seed plants in the hotspots, NNRs, and PNRs indicated that the hotpots only cover 10% of land area of China and contained only 264 counties (this is 9% of all counties) but harbored more seed plant species (29,045 species, including 3,164 threatened species and 11,113 endemic species excluding threatened species). The NNRs cover 58.60% of the land area and 901 counties (31% of all counties), and harbor 29,828 species, including 3,138 threatened species and 11,342 endemic species (excluding threatened species) while the PNRs cover 59.34% of the land area and 1,182 counties (40.7% of all counties), and harbor 30,300 species including 3,072 threatened species and 11,037 endemic species (excluding threatened species; Supplementary Figure 7 and Supplementary Table 2.5). Compared to PNRs, NNRs contained fewer species, but more threatened and endemic species (Supplementary Figure 7). For the conservation effectiveness of the current conservation network, there were 1,560 counties (53.7%) covered by NNRs and PNRs, which contained 33,053 species including 3,406 threatened species and 12,331 endemic species (excluding threatened species) (Supplementary Figure 7).

The NNRs, PNRs and both together, there were 25,912 species (2,887 threatened species and 10,146 endemic species excluding threatened species), 25,848 species (2,762 threatened species and 9,673 endemic species excluding threatened species), and 28,584 species (3,124 threatened species and 10,957 endemic species excluding threatened species), respectively (Figure 6; Supplementary Table 2.5). Although the area and number of hotspot counties decreased, especially in NNRs, there are still a large number of threatened and endemic species in the gaps of the NNRs (1,772 threatened species and 6,907 endemic species excluding threatened species) or the PNRs (2,265 threatened species and 7,996 endemic species excluding threatened species; Figure 6). The gaps in NNRs and PNRs contained 25 hotspot counties (0.51% land area of China) but contained 28.9% of seed plants in China, including 21.8% of all threatened species and 26.98% of all endemic species (excluding threatened species). The relationships between species composition and taxa proportion in each area (hotspots, NNRs, PNRs, effectiveness, and gaps) are presented in more detail in Supplementary Figure 7 and Supplementary Table 2.5.
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FIGURE 6
Chord diagram and circular barplot showing the connections between the number and area of hotspot counties and species composition of seed plants in the hotspots, conservation effectiveness, and conservation gaps of NNRs and PNRs. The inner arcs are connected to the circular barplot of the same color to represent the same group. The colored fragments in the inner arc represent the number of species of a certain taxonomic group, or the aggregation of the hotspots, conservation effectiveness and conservation gaps of one taxonomic group. The ratio of the number of species of each taxon to the number of species of all species in hotspots is shown in All_sp.





Discussion


Biodiversity hotspots and significance for conservation

In this study, we used for the first time the complementary algorithm and spatial phylogenetics to explore the spatial distribution patterns and biodiversity hotspots of the seed plants in China, in order to identify hotspots with a unique flora (Zhang et al., 2015b; Chi et al., 2017) and conservation priority areas with rich evolutionary history (Chen and Li, 2018). The numbers of all seed plants, angiosperms, gymnosperms, endemics, and threatened species confined to the overlapping hotspot areas identified by the complementary algorithm were higher than those identified by the species richness algorithm and the spatial phylogenetics (Supplementary Table 1.1). In addition, there was a very strong correlation between the phylogenetic diversity (PD) and taxonomic diversity of seed plants (or angiosperms) (Figure 3); a similar result was found in an earlier study for terrestrial vertebrates (Quan et al., 2018). The final hotspots identified in this study not only show high species richness, but are also characterized by rich evolutionary information. The formation of these hotspots may be the result of climate or soil variability, complex terrain and the strong environmental gradients in mountainous areas which promoted the isolation and diversification of seed plant species; the plains were dominated by agriculture, but the mountainous areas with a low degree of human disturbance and a diverse ecological environment (Körner and Spehn, 2002; Tang et al., 2006; Svenning et al., 2010; Huang et al., 2011; Stein et al., 2014).

We identified 22 biodiversity hotspots for seed plants in China, which were concentrated in the mountains of South China. These hotspots cover only 10% of the Chinese land area and 9% of the counties in China, but contained 29,045 seed plant species which is 85.22% of all seed plant species (Supplementary Table 2.4). The total area of the hotspot counties is about 6 times less than that covered by NNRs or PNRs, and the number of hotspot counties was about 3.4 or 4.5 times lower than that protected by NNRs or PNRs. However, the newly defined hotspot counties contained more threatened species (3,164 threatened species) than NNRs (3,138 threatened species) or PNRs (3,072 threatened species; Supplementary Figure 7 and Supplementary Table 2.5). The biodiversity hotspots identified in this study deserve much attention because of to their most abundant plant resources, which are mainly distributed in the eastern part of Qinghai-Tibet plateau, Hengduan Mountains, Yun-Gui Plateau, Daba-Wushan Mountains, Hilly Region of Southeast China, and Qinling Mountains (Figure 4F). These areas provided habitats for three types of vegetation, including subtropical evergreen broad-leaved forest, tropical seasonal forest, and tropical rainforest (Wu, 1980). Since the conservation value of mountains for seed plant diversity in China had already been recognized (Tang et al., 2006; Wang et al., 2011; Huang et al., 2012; Zhao et al., 2016), it is urgent to uncover the spatial distribution patterns and identify conservation priority areas for seed plants more accurately based on the comprehensive distribution information and systematic methods.

Our study has confirmed almost all hotspot areas identified in previous studies based on limited distribution information, a specific taxon or a single indicator (Tang et al., 2006; Zhang and Ma, 2008; Huang et al., 2016; Zhao et al., 2016; Chi et al., 2017; Xu et al., 2017). Moreover, by using the complementary algorithm and spatial phylogenetics, we identified some new hotspots with high conservation value that were ignored in previous studies, such as Dabie Mountain, Mufu-Lianyun-Jiuling Mountains, northern Qilian Mountain, and northern Changbai Mountain (Figure 4F). In addition, we identified some hotspot areas that were rarely identified previously, such as Nielamu region and Luoxiao Mountain. Although 32 biodiversity conservation priority areas in China had been defined before (Liu et al., 2017), some areas with high species richness and important evolutionary history had not been considered yet as priority areas for biodiversity conservation, such as western Yunnan, Wushan Mountain, and eastern Guangxi. Nevertheless, there are still some limitations due to the distribution information of species at county level in this study. For example, we only considered the biodiversity hotspot counties protected by the current conservation networks of NNRs and PNRs. However, when the NR or only part of a reserve was distributed in the hotspot county, the conservation effectiveness of the NNRs could be inevitably overestimated while the urgency of conservation for seed plants was underestimated.



Optimization the conservation network and suggestions for conservation

Although NNRs were generally regarded as the best among all types of protection areas in terms of conservation effectiveness (Wu et al., 2011), there were still 83 hotspot counties uncovered by NNRs, which are mainly situated in the south-western and southern parts of China, containing 50.47% of threatened species and 54.48% of endemic species (excluding threatened species) in China (Figures 5B, 6; Supplementary Table 2.5). Therefore, new NNRs, micro-reserves, and ecological corridors, etc., should be established in the future to fill the conservation gaps in the existing NNRs. The PNRs played an important complementary role in biodiversity conservation, especially in south-western Yunnan, southern Sichuan, the boundary areas of Guangxi and Guangdong, and Taiwan (Figures 5C,D). There were 58 out of 264 hotspot counties exclusively protected by PNRs (Figures 5C, 6). Interestingly, the gaps in PNRs were also confined to southwest China, suggesting that the hotspots clustered in southwest China received insufficient conservation. Taken together, a total of 25 hotspot counties confined to southwest China were uncovered by either NNRs or PNRs. These only accounted for 0.51% of the total land area but contained 21.82% of all threatened species and 26.98% of all endemic species (excluding threatened species) in China (Figure 6; Supplementary Table 2.5). Therefore, it is necessary to strengthen conservation efforts by establishing new NNRs and PNRs in order to improve the conservation effectiveness of the current conservation networks.

In addition to creating NRs, some national parks and ecological corridors should be established in the provincial boundary areas (Považan et al., 2014; Zheng et al., 2019). For example, the conservation status of hotspot counties distributed in the boundary areas of Southwest Yunnan, the boundary areas of Yunnan, Guizhou, and Guangxi, and the boundary areas of Guizhou, Guangxi, and Hunan has been severely affected by the provincial administrative divisions (Figures 4F, 5). Therefore, we advise to create nature reserves that cross the borders of the provincial administrative boundaries (Xu et al., 2017; Su et al., 2019). In addition, establishing a conservation network of integrated geographical areas unimpeded by the cross-border provincial administrative divisions, can reduce human disturbance and habitat fragmentation, enhance gene flow between communities, and protect biodiversity more comprehensively. Recently, China is speeding up the establishment of a NR system dominated by national parks (Zhou and Grumbine, 2011; Zhang L. et al., 2017), and we believe that systematic research on biodiversity can improve the current biodiversity conservation.



Strengthening the targeted conservation on seed plants and specific taxa

Previous studies indicate that there are clear mismatches in the distribution patterns of hotspots between different plant taxa (Tang et al., 2006; Zhang et al., 2021). However, limited conservation efforts have been made to implement targeted conservation actions focusing on specific taxa (Yang et al., 2021). The biodiversity hotspots identified in this study, covering 10% of the land area and containing 85.22% of seed plant species, are representative for a series of taxa and multiple conservation indicators. However, based on the correlation of the distribution patterns between specific plant groups and different algorithms, we need to protect not only hotspot areas but also key plant taxa. Given the vast territory of China and its highly diversified flora, there was a weak or moderate correlation among the distribution patterns of seed plant species (or angiosperms), gymnosperms, endemics and threatened species according to the complementary algorithm, although there was a very strong correlation between them according to the species richness algorithm (except for a strong correlation between gymnosperms and threatened species; Figure 3).

The distribution patterns of seed plant species (or angiosperms), gymnosperms, endemics, and threatened species were different, and therefore, specific conservation efforts should be applied focusing on different plant taxa. For example, species richness of endemic species was relatively concentrated in south-eastern Xizang, Hengduan Mountains, western Hubei, and eastern Chongqing compared to that of seed plants and threatened species (Figure 1C; Supplementary Figure 3). Species richness of threatened species was more concentrated in the boundary areas of South Yunnan, the boundary areas of Guangxi, and south-eastern Xizang (Figure 1E; Supplementary Figure 3), possibly due to the presence of low disturbance intensity, proper climate and high habitat heterogeneity in these areas (Wang et al., 2011; Zhang et al., 2015a) and this pattern deserves further studies. Although the gymnosperms were mostly concentrated to the counties with high species richness of seed plants, they were also scattered distributed in other areas, such as south-eastern Qinghai, south-western Yunnan, Alxa Plateau, and northern Xinjiang (Supplementary Figure 5). In addition, the distribution patterns of different plant groups identified by the complementary algorithm were markedly different from those by the species richness algorithm, and the distribution of seed plant species identified by the complementary algorithm was concentrated in the western and south-western regions of China, which was of great significance for the identification of the special flora of China (Figure 1; Supplementary Figures 3–5).




Conclusion

The combination of three methods, namely the species richness algorithm, complementary algorithm, and spatial phylogenetics, led to the identification of priority areas for seed plant conservation in China more accurate and scientific than before which will subsequently lead to new guidelines for long-term biodiversity conservation. We may conclude that the conservation of the hotspot areas identified in this study could maximize biodiversity conservation in China with minimum land area and minimal damage to existing biodiversity resources for economic development. It is important to increase the conservation effectiveness of the current conservation networks by systematically and comprehensively identifying biodiversity hotspots and putting forward an integrative conservation priority planning framework. This study identified biodiversity hotspots and conservation priority areas for seed plants in China based on over a million geographical distributed data and multiple conservation indicators, such as species richness, complementarity and spatial phylogenetics. Furthermore, we analyzed the conservation effectiveness and gaps in the current conservation networks and put forward some targeted and feasible suggestions and countermeasures for biodiversity conservation.
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