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Assessing the Diversity and Distribution Pattern of the Speciose Genus Lycocerus (Coleoptera: Cantharidae) by the Global-Scale Data
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Species richness patterns and endemism on the large-scale play a significant role in biogeography and biodiversity conservation. This study aimed to explore the diversity centers and endemic areas of a large cantharid genus Lycocerus, so as to test whether the hypothesis of montane and island systems biodiversity in previous studies was supported. In this study, a comprehensive species’ geographical database on the global scale consisting of 4,227 records for 324 Lycocerus species was compiled and analyzed. Species richness pattern was mapped into a grid-based map with a spatial resolution of 1° × 1° fishnet. An unbalanced pattern was identified, and it showed that the centers of species richness of Lycocerus were situated in Eastern Himalayas, Hengduan Mountains, Eastern Sichuan Mountains, Taiwan, and Japan. Further analyses based on two approaches, including parsimony analysis of endemicity (PAE) and endemicity analysis (EA), were applied to detect areas of endemism (AOEs) at three different grid sizes (1°, 1.5°, and 2°). Finally, a total of nine AOEs were detected, including five montane areas (Himalayan areas, Hengduan Mountains, South edge of China, Eastern China Mountains, and Eastern Sichuan Mountains), three islands (Taiwan Island, Japan, and Korean Peninsula), and one plateau (Shan Plateau), which were generally consistent with the species richness pattern. The results verify that montane and island systems have an essential role in promoting the formation of diversity centers and AOEs because of their complex topography, varied habitat and geological events.
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INTRODUCTION

Recognizing the patterns of biodiversity is the basis of biogeography and conservation, especially the studies on species richness and endemism are of remarkable significance in biogeographic regionalization and defining biodiversity hotspots (Linder and Mann, 1998; Escalante et al., 2013; Morrone, 2014a).

Species richness is perhaps the simplest and most frequently used measure of biological diversity, and defined as the number of species per unit area (Huang et al., 2008; Gao et al., 2018). A vast amount of ecological research has been undertaken using species richness as a measure to understand what affects, and what is affected by, biodiversity (Huang et al., 2006; Gao et al., 2018; Zhao et al., 2020; Li et al., 2021). It provides a useful means through which to examine how fundamental ecological processes affect local communities (Li et al., 2019, 2021). Understanding of the factors that influence species richness is particularly important for applying the concept to biodiversity conservation. However, the richest sites do not necessarily contain the highest levels of endemism (Brown et al., 2007), which is also used as indices in defining biodiversity hotspots (Myers et al., 2000; Mittermeier et al., 2005; Orme et al., 2005).

In recent years, a number of biogeographic and evolutionary studies have implemented and applied the areas of endemism (AOEs) to resolve practical issues (Nelson and Platnick, 1981; Anderson, 1994; Huang et al., 2006, 2008, 2010; López-Pujol et al., 2011; Yuan et al., 2014; Gao et al., 2018; Noroozi et al., 2018; Zhao et al., 2021). The definition of AOEs is generally agreed as a distribution congruence of at least two restricted species (Cracraft, 1985; Harold and Mooi, 1994; Morrone, 1994; Linder, 2001). AOEs are entities compared in terms of ascertaining earth history based on biological patterns (Henderson, 1991; Linder, 2001). In an AOE, faunal and floral distributions are supposed to have been generally influenced by historical processes, such as tectonic activities or climate change. These areas are supposed to be characterized by a stable climate, and they therefore offered considerable opportunities for past speciation and persistence (Jetz et al., 2004). This long-term evolution may explain why AOEs often contain high species richness, which is less predictable by contemporary environment alone (Jetz et al., 2004; López-Pujol et al., 2011; Fjeldså et al., 2012), so dozens of biogeographers and evolutionary biologists have shown their interests in evaluating the causes for the presence of AOEs (Nelson and Platnick, 1981; Anderson, 1994; Huang et al., 2006, 2008, 2010; López-Pujol et al., 2011; Yuan et al., 2014; Gao et al., 2018; Noroozi et al., 2018; Zhao et al., 2021). The montane system, which accounts for a large portion of biodiversity hotspots and harbors many narrow-ranged species (Orme et al., 2005; Fjeldså et al., 2012; Wu et al., 2017), has been anticipated as refugia with stable climates and heterogeneous topography, and hence facilitates the persistence and speciation (Favre et al., 2015; Zhao et al., 2021). Besides, the high rate of endemism is also observed in the island systems (Myers et al., 2000), because island systems are relatively isolated areas, which are vulnerable to sea-level fluctuations, and the discontinuous connection with the source continent and adaptive radiation may promote species accumulation and speciation (Cronk, 1997; Fjeldså et al., 2012).

Currently, the methods of identifying AOEs can be classified on basis of the studied aims, either to determine (i) species patterns (i.e., groups of species with overlapping distributions), or (ii) geographical patterns (i.e., groups of area units with similar species composition) (Casagranda et al., 2012). Although different algorithms involve different optimality criteria for AOEs, in some cases, more complete results can be obtained via combing two or multiple methods (Linder, 2001; Carine et al., 2009). Among the various methods, two of them are most popular in identifying AOEs (do Prado et al., 2015; Gao et al., 2018; Zhuang et al., 2018; Zhao et al., 2021). One is the parsimony analysis of endemicity (PAE), which was originally proposed by Rosen (1988) in the content of paleontology, involving the distributions of taxa from sampling localities in different geological units. Based on the cladistic principle, PAE hierarchically groups area units as AOEs according to their shared taxa (Rosen, 1988; Morrone and Crisci, 1995; Nihei, 2006). The other is the endemicity analysis (EA) method, which was explored by Szumik and Goloboff (2004), and directly integrates spatial information into the division of AOEs by evaluating the congruence between a given area and species distribution (Gao et al., 2018). The two methods are both conducted in a geographical pattern approach (Casagranda et al., 2012). Searches for AOEs are usually conducted in endemic taxa delimited to islands or specific regions of the continent (Huang et al., 2008; do Prado et al., 2015; Lago-Barcia et al., 2020; Zhao et al., 2021), whereas only a few studies have been done to elucidate the geographical patterns of organisms on a global scale (Gao et al., 2018; Zhuang et al., 2018).

The cantharid genus Lycocerus Gorham, 1889 sensu Okushima (2005) belongs to the tribe Cantharini and the subfamily Cantharinae Imhoff, 1856, a total of 331 species have been recognized in this genus and are restricted to the Oriental and southern and eastern Palearctic regions (Delkeskamp, 1977; Kazantsev and Brancucci, 2007; Okushima and Brancucci, 2008; Okushima and Yang, 2013; Yang et al., 2014; Hsiao and Okushima, 2016; Hsiao et al., 2016; Okushima and Hsiao, 2017; Xi et al., 2021a,b). Although the geographic range of the genus Lycocerus is rather wide, most species are narrow-ranged, such as the Japanese members being mostly endemic (Okushima, 2005), and those from Taiwan restricted to the island (Wittmer, 1983; Okushima, 2007; Okushima and Hsiao, 2017), as well as the species from mainland China and adjacent areas always limited within a mountain range (Wittmer, 1995; Švihla, 2004, 2005, 2011; Švihla and Mifsud, 2006; Yang et al., 2014; Xi et al., 2021a,b). Lacking long distance dispersal capabilities, the distribution pattern and radiation of Lycocerus species are directly related to the geological events or climatic changes. This makes this group an excellent model for investigation of the evolutionary history of species diversity and distribution patterns. Up to now, the studies on Lycocerus are mainly about traditional taxonomy, no efforts have been directed toward identifying and explaining distribution patterns of this genus on such a global scale with geographic methods.

The taxonomy of Lycocerus has been well studied and revised in recent years (e.g., Wittmer, 1995; Švihla, 2004, 2005, 2011; Okushima, 2005; Yang et al., 2014; Hsiao and Okushima, 2016; Okushima and Hsiao, 2017; Xi et al., 2021a,b), which resulted in it becoming one of the largest genera of Cantharidae. However, the correlations between species richness and biogeographical patterns and hypotheses of species evolution based on endemic analysis are completely absent. In the present study, 331 species of Lycocerus all over the world were selected to study its distribution pattern, in an aim to: (1) identify the center of species richness and AOEs; (2) detect whether species richness is consistent with its geographical distribution; (3) test whether the hypothesis of montane and island systems biodiversity in the previous studies was supported based on the results of present study.



MATERIALS AND METHODS


Occurrence Data

Data on the geographical distribution of 331 Lycocerus species were obtained from the published literatures (Wittmer, 1982, 1983, 1984, 1995, 1997; Kasantsev, 1999; Kang and Okushima, 2003; Švihla, 2004, 2005, 2011; Okushima, 2005; Yang and Yang, 2013; Yang et al., 2014; Hsiao and Okushima, 2015, 2016; Hsiao et al., 2016; Okushima and Hsiao, 2017; Kazantsev and Kopetz, 2019; Xi et al., 2021a,b), and iNaturalist1, and a total of 4,234 species’ geographical distribution information were collected for diversity analysis. The distribution records containing specific longitude and latitude information were used directly, and those without robust coordinates information were standardized using Google Earth software. Imprecise distribution records were excluded, and finally the distribution information of 324 species with 4,227 species’ geographical distribution information were used in the following analysis.



Mapping Species Richness

The standardized distribution data was imported into ArcGIS 10.6 (ESRI, Inc., Redlands, CA, United States) to draw its overall distribution pattern. To map the richness patterns of Lycocerus, a fishnet with longitude – latitude grid size of 1° was created to subdivide its distribution range. The number of species in each grid was calculated and ranked, shown with different colors on the map. The inventory completeness of Lycocerus under the studied region was assessed using the species accumulation curve from the incidence-based bootstrap estimators (Zhao et al., 2020). Based on the statistical summary of the species in each 1° grid cell, a presence (1) or absence (0) matrix for each species in each 1° grid cell was constructed and was generated using EstimateS 9.1 with default values (Colwell, 2013).



Identifying Areas of Endemism

To identify the objective and accurate AOEs, both PAE and EA approaches were performed in the present study using three grids: 1°, 1.5°, and 2° (Escalante, 2015). The span of cell grids in longitude and latitude were set approximately as 68°E to 154°E, −8°N to 54°N respectively to encompass the global distribution area of Lycocerus, and a total of 4,144, 1,976, and 1,247 cell grids were obtained according to the three grid sizes.

For the PAE analyses, the general distribution map was divided into cell grids, which were regarded as terminals (Morrone, 1994). A total of 206, 150, and 120 U were recognized with parsimony information (containing two or more species) under the 1°, 1.5°, and 2° grid size, respectively. Then, three matrices including 206 cell grids × 324 taxa, 150 cell grids × 324 taxa, and 120 cell grids × 324 taxa were constructed accordingly. The matrices based on the presence (1) or absence (0) of each species in each grid was constructed to explore the geographical patterns of Lycocerus. A hypothetical outgroup “Root” with all zeros was added to the matrix to root the resulting tree (Morrone, 1994, 2014b). All matrices were performed in TNT v1.1 using New Technology algorithms with default parameter (Goloboff et al., 2008). Branches with relatively high bootstrap value (≥50%) were selected as candidates for AOEs. Finally, AOEs (clades of grids), defined by two species or more species restricted by these areas, were delimited and mapped (Huang et al., 2008).

The EA analysis based on the optimality criterion was performed in NDM/VNDM v3.1 (Goloboff, 2016), using geographical coordinates of 324 species converted by GeX (Szumik et al., 2002; Szumik and Goloboff, 2004; Santos and Fuhlendorf, 2019). Three different cell grids were set to examine the effect of the cell size in inferring the distribution patterns. The analyses were conducted by saving temporary sets within 0.99 of current score, in sets with two or more species and scores above 2.0 score. Subsets were considered overlapping if 50% of the Lycocerus species were unique, and the repeat search was set as 100 times. From the subsets obtained, species with a minimum score of 0.4 were selected (Escalante et al., 2013; do Prado et al., 2015). Moreover, the consensus areas were calculated based on the strict rule, at a cut-off 100% similarity in species. The default settings were applied to other parameters. To obtain the final AOEs, the consensus areas among the different grid sizes were overlapped (Gao et al., 2018; Du et al., 2020; Zhao et al., 2021).




RESULTS


Species Richness Pattern

Although the taxonomy of the genus Lycocerus is well studied and documented with rich geographical data, under-collecting remains a potential problem in biogeographical research. In the present study, the species accumulation curve for 1° grid size did not indicate under-collection (bootstrap mean approximately 385), with the data integrity for analysis as 84.2% (Figure 1). This suggests that the geographic data we collected was sufficient, and the variation in numbers of species was explained well by the variation in numbers of collections.
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FIGURE 1. Species accumulation curves for Lycocerus by the global scale.


From a global perspective, the Lycocerus species are located in the Oriental and southeastern Palaearctic regions (Figure 2A). Most species are distributed in the Himalayas, southeastern China, Indo-Chinese region, and Japan, a few species spread to the Indo-Malaysian region and South India, and the northernmost reaches Russian Far East, easternmost in Kuril Island, southernmost to Java (Figure 2B).
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FIGURE 2. (A) General distribution pattern of Lycocerus in the world. (B) Distribution pattern of Lycocerus in a close view. (C) The number of Lycocerus species at different longitudes. (D) The number of Lycocerus species at different latitudes.


The relation curves (Figures 2C,D) between species richness and longitude and latitude indicated that the distribution range of Lycocerus are 75°E to 152°E and −8°N to 54°N, respectively. Both curves show a normal distribution, and the optimal regions characterized by high species numbers are 94°E to 110°E and 24°N to 28°N, corresponding to the areas of the southern edge of Qinghai-Tibet Plateau and Hengduan Mountains. Results show a strong coefficient of determination (R2 > 0.8), which supports the credibility of the correlation curves (Figures 2C,D).

Richness patterns among localities were unbalanced, with most species marginally distributed in East Asia and Japan (Figure 3A). Based on the criterion of high species richness, five centers of species richness of Lycocerus in the world range were identified, including Eastern Himalayas, Hengduan Mountains, Eastern Sichuan Mountains, Taiwan, and Japan (Figure 3B), which represent centers with high species diversity for the genus Lycocerus. The former three species richness centers are montane systems, while the latter two are islands.
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FIGURE 3. (A) OGUs (quadrats) and labels used in PAE analysis, and the species richness pattern identified by 1° grid size. (B) Species richness patterns of Lycocerus under kernel density analysis.




Parsimony Analysis of Endemicity

In total, three most parsimonious trees were obtained under the three different grid cells, and the optimal one was selected under 2° grid size as the candidate for identifying AOEs (Figure 4). The clades with two and more than two terminals [operative geographical units (OGUs)] are selected as the AOEs. Finally, a total of 18 clades are detected in the topology, of which 6 clades belong to Japan, 3 of the Himalayas, 2 of the eastern Sichuan Mountains and eastern China Mountains, respectively, and only one in the rest AOEs respectively, including Korea Peninsula, South edge of China, Taiwan Island, Hengduan Mountains, and Shan Plateau.
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FIGURE 4. The optimal tree obtained by PAE using TNT v1.1 under 2° grid size. Different colored shadows represent different AOEs.


Following the criterion for identifying AOEs, which at least two species of Lycocerus were delimited in the same OGUs, nine AOEs were finally identified under 2° grid size (Supplementary Table 1 and Figure 5): (i) Western–Eastern Himalayas (WEH) that shared 47 species; (ii) Hengduan Mountains (HDM), which shared 41 species; (iii) Eastern Sichuan Mountains (ESM) that shared 38 species; (iv) Shan Plateau (SP), which shared 21 species; (v) South edge of China (SEC) that shared 28 species; (vi) Eastern China Mountains (ECM) that shared 10 species; (vii) Taiwan Island (TW) which shared 39 species; (viii) Korean Peninsula (KP) which shared 3 species; and (ix) Japan (JPN) which shared 51 species.
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FIGURE 5. AOEs obtained for Lycocerus by PAE using three different grids by the global scale: (A) 1° grid size, (B) 1.5° grid size, and (C) 2° grid size. Different colored shadows denote different AOEs: purple (HMA), red (HDM), light blue (SP), yellow (ESM), green (SEC), brown (ECM), dark blue (TW), sky blue (KP), and gray (JPN).




Endemicity Analysis

Analyses in NDM/VNDM 3.1 using heuristic algorithm at three different grid sizes (OGUs 1°, 1.5°, and 2°) yielded 3, 12, and 22 consensus areas, respectively (Supplementary Table 2). The consensus areas under the 1° grid size were associated with the ESM and TW (Supplementary Figure 1), and those under the 1.5° grid size are similar to that of 2°, both were primarily associated with ESM, JPN, ECM, TW, HDM, and Central Himalayas (CH) (Supplementary Figures 2–6).

High degrees of overlap and proximity of consensus areas among different grid sizes provided consistent evidence of a high degree of endemicity (do Prado et al., 2015). The overlapping patterns of the aforementioned consensus areas under the 1.5° and 2° grid sizes (Supplementary Figures 2–6) uncovered four main AOEs with great congruence as the following: CH, HDM, ECM, and JPN, and another two AOEs were identified among all of the three different grid sizes, including TW and ESM (Supplementary Table 2 and Figure 6).
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FIGURE 6. Overlap of the consensus AOEs detected for Lycocerus by EA employing 1° (red shadows), 1.5° (green shadows), and 2° (blue shadows) grid size.



(i)Central Himalayas: The CH includes the consensus areas 9 and 35 (Supplementary Table 2 and Supplementary Figures 2, 6) and seven species were found in both areas, including Lycocerus harmandianus, L. nepalensis, L. incisus, L. striatipennis, L. varipubens, L. indentatus, and L. lineatithorax.

(ii)Hengduan Mountains: Eight consensus areas were included in HDM as the following, 14, 15, 19, 20, 22, 25, 26, and 31 (Supplementary Table 2 and Supplementary Figures 3–5), and a total of 19 species support these consensus areas. Among them, some consensus areas are supported by two species as follows, the areas 15, 19, 20, 25, 26, and 31 by L. viridinitidus and L. nigrobilineatus; 14, 15, 19, 25, and 31 by L. nigrithorax and L. rufipennis; 19, 20, 26, and 31 by L. longipilis and L. metallicipennis; and 20, 22, and 26 by L. semimetallicus and L. elongatissimus, respectively. For the remaining consensus areas, each is supported by only one species as follows, the areas 15, 20, 25, 26, and 31 by L. pictipennis; 15, 19, 25, and 31 by L. pallidulus; 14, 25, and 31 by L. irrawaddicus; and 19 and 20 by L. oberthueri. The consensus areas with the greatest endemicity values were primarily located in southwest China, including the areas 19, 20, 22, 25, 26, and 31, accordingly with the scores of 4.96250, 5.51667, 4.48810, 4.48841, 5.51667, and 5.46250, respectively (Supplementary Table 2).

(iii)Eastern Sichuan Mountains: In total, 19 species contributed to the identification of consensus areas in this region. Among them, two species, L. sabdeensis and L. moxiensis provide support for the consensus areas 2, 6, 7, 16, 18, 22, 29, and 30; L. pulchellus and L. hickeriminus for 2, 4, 6, 7, 18, 29, and 30; and L. similis and L. jindrai for 7, 29, and 30, respectively. Only one species supports the rest consensus areas, L. oudai for 2, 4, 6, 16, 18, and 22; L. balangensis for 6, 7, 29, and 30; L. zdeneki for 2, 16, and 29; L. mugangensis for 16 and 22; and L. minutonitidus for 29 and 30, respectively. The consensus areas with the greatest endemicity values were determined, containing the areas 7, 29, and 30, with the scores of 5.25000, 6.25000, and 7.33333, respectively (Supplementary Table 2).

(iv)Eastern China Mountains: The region, covered by several mountains, such as Wuyi Mountains, Tianmu Mountains, Daiyun Mountain, and Yandang Mountain, contains consensus areas 8, 28, and 34 (Supplementary Table 2 and Supplementary Figures 2, 5, 6). Three species, L. nigrigenus, L. tienmushanus, and L. genaemaculatus support consensus areas 8 and 28, whereas L. tienmushanus provide support for all of the three consensus areas.

(v)Taiwan Island: Although as a small island, it is quite rich in the Lycocerus species, with a total of 20 endemic species there. Eight consensus areas were detected under all three grid sizes, including 1, 3, 10, 12, 17, 23, 27, and 33. Two species, L. chujoi and L. niisatoi, support all of the consensus areas (Supplementary Table 2 and Supplementary Figures 1, 3–6), and eight species, L. atroopacus, L. pictus, L. nigricollis, L. arisanensis, L. yangi, L. gressitti, L. elongatipes, and L. rhagonychiformis, support 1, 3, 10, 12, 23, and 33. Besides, only one species provides support for the remaining consensus areas, L. wenchuani for 10, 12, 17, 23, 27, and 33; L. pubescens for 1, 3, 10, 23, and 33; L. shimomurai for 1, 3, 10, 12, 27, and 33; L. costulatus for 1, 3, 17, 23, 27, and 33; L. tsuifengensis for 1, 3, 27, and 33; L. yitingi for 3, 10, 12, 17, and 33; L. evangelium for 3, 10, 12, and 33; L. pilipes for 10, 12, 23, and 33; and L. satoi for 3, 10, and 12, respectively. The first six consensus areas with the greatest endemicity values appeared in TW, including 1, 3, 10, 12, 23, and 33, with the scores of 11.68333, 13.27143, 13.35000, 12.54167, 13.25000, and 16.50000, respectively.

(vi)Japan: This AOE includes consensus areas 5, 11, 13, 21, 24, 32, 36, and 37 (Supplementary Table 2 and Supplementary Figures 2–6). Consensus areas were scattered almost over the whole territory of Japan Island (except Hokkaido Island). Four species, L. vitellinus, L. japonicus, L. okuyugawaranus, and L. maculielytris support consensus areas 5, 11, 21, 32, and 36; three species, L. shikokensis, L. xanthopus, and L. hokiensis support 24 and 37; two species, L. oedemeroides and L. matsunagai support 32 and 36; whereas only one species, L. babai and L. suturellus luteipennis support 5, 21, 32 and 21, 32, 36, respectively. The first five areas with the greatest endemicity values contain consensus areas 5, 21, 24, 32, and 36, with the scores of 4.37317, 5.36818, 4.45629, 6.48056, and 5.60346, respectively (Supplementary Table 2).






DISCUSSION


Congruence of Species Richness and Endemism

In this study, the species richness patterns for Lycocerus species and the patterns of AOEs are generally consistent. Congruence between species richness and endemism patterns have been discovered in other groups, not only in plants (López-Pujol et al., 2011), but also in animals, from birds (Jetz et al., 2004; Lei et al., 2007), mammals (Tang et al., 2006) to insects (Huang et al., 2006, 2008; Yuan et al., 2014). This congruence confirmed the hypotheses that AOEs have acted as centers of speciation in the history (Terborgh, 1992), because AOEs characterized by diverse habitats and stable climates could maintain long-term speciation and persistence (Jetz et al., 2004). Both centers of species richness and endemism uncovered in the present study are mostly located in the south edge of Qinghai-Tibet Plateau, south margin of Chinese mainland, and on the mountainous islands of East Asia. Each area has experienced a unique geological history, either tectonic activities or climate changes, which contributed to its rich and always endemic biotas, as suggested by Gao et al. (2018). They are either montane or island systems, which supports the hypothesis of high biodiversity in these areas, with cantharid beetles as the subject for the first time.



Comparison and Evaluation of the Areas of Endemism Defined by Two Approaches

The definition of AOEs in PAE approach are the most-parsimonious tree (or strict consensus areas) as group of area units supported by two or more “synapomorphic species” (Morrone, 1994; Casagranda et al., 2012), its penalization is particularly strict for the absence of species within an area. In comparison, the consensus areas using EA approach are measured by the endemicity value of an area (EIA), which is calculated as the sum of the EIAs of the endemic species included in the area. However, there is no consensus on which approach is most suitable and their exploration should be continued (Escalante, 2015).

In general, the results of PAE and EA are similar in detecting the AOEs of Lycocerus in the global scale under three grid sizes. The consensus tree obtained in PAE resulted in more AOEs (KP and SP) and endemic species than that of EA, and some AOEs (e.g., Himalayas areas, Hengduan Mountains, and Eastern Sichuan Mountains) were detected with similar locations by the two methods but showed different distribution ranges. Both of these issues might be explained by the disparate algorithms under these two methods. EA tends to encompass more species into one AOE, whereas PAE arbitrarily clusters clades depending on shared taxa, which might lead to the results of different AOEs coverage.

In addition, the results of PAE and EA were inevitably influenced by grid sizes, both in constitution and coverage of AOEs (Szumik et al., 2002, 2012). The smaller grid sizes can produce narrow and accurate consensus areas (Moline and Linder, 2006; Gao et al., 2018; Zhao et al., 2021), but if they are too small, it will make all distributions entirely discontinuous, resulting in only very small AOEs. Besides, the grid size is correlated with the number and dispersion of the localities. Grid division of the same distribution site with different grid sizes can lead to different results. The results of our analyses are in concordance with the above expectations. Using the 1° grid size, EA generated the lowest number of consensus areas, while more consensus areas are identified in 1.5° and 2° grid sizes, including HDM, JPN, ECM, and CH, etc. Similar results were obtained under three different grid sizes in PAE. Compared with those detected under 1° and 1.5° grid sizes, more AOEs were identified at 2°, including HMA, HDM, ESM, SP, SEC, ECM, TW, KP, and JPN. Both two methods indicated that the grid size 2° is the best division in detecting the AOEs for the Lycocerus, because the AOEs determined by the smaller grid cells (1° and 1.5°) are too small or discontinuous, which might be the result of the fragmentation of species distribution caused by the latter.

Moreover, the performance of PAE and EA has been widely discussed using real or hypothetical distributions (e.g., Moline and Linder, 2006; Huang et al., 2008; Carine et al., 2009; Casagranda et al., 2012; do Prado et al., 2015; Escalante, 2015; Hoffmeister and Ferrari, 2016; Gao et al., 2018; Noroozi et al., 2019; Zhao et al., 2021). Although different optimality criteria have been developed to compare the performance of the two methods, no consensus has emerged on the appropriate method for identifying AOEs (Linder, 2001; Carine et al., 2009). Moreover, previous studies have proved a single method cannot identify the complete AOEs, and so do as a single grid size (do Prado et al., 2015; Gao et al., 2018; Zhuang et al., 2018; Zhao et al., 2021). Under this consideration, combining the two methods may provide a more comprehensive knowledge of AOEs for Lycocerus on the global scale.



Areas of Endemism of Lycocerus

A total of nine AOEs were detected using two different approaches under different grid sizes, including five montane areas (WEH/SH/EH/CH, HDM, SEC, ECM, and ESM), three islands (TW, JPN, and KP) and one plateau (SP), which is consistent with the previous studies on different organisms (Lei et al., 2003; Tang et al., 2006; Huang et al., 2010, 2012; Noroozi et al., 2019), also including several insect groups (Yuan et al., 2014; Wang et al., 2017; Gao et al., 2018, Zhao et al., 2020, 2021). Here soldier beetles were taken as the subject to identify the AOEs for the first time. Topographic complexity, habitat stability, human disturbance, geological events, and other factors are mainly considered to be the driving forces for the region to be identified as endemic areas.


Areas of Endemism in Montane Areas

Mountainous areas are generally considered to be the hot spots of providing varied habitats for insect speciation due to their complex topography and heterogeneous environments (Tojo et al., 2017; Gao et al., 2018). With the increase of terrain complexity, the amount of habitat diversity is expected to increase and promote the available niche space, in order to increase ecological speciation and species coexistence via adapting to different niches (Rundle and Nosil, 2005; Hendry et al., 2007). Additionally, mountains with steep altitude gradients are more likely to serve as shelters for organisms to adapt to the up and down movement in response to paleoclimate oscillations (Wu et al., 2017).


(i)Himalayan areas (HMA): More consensus areas are identified by PAE in this area, and they are distributed from the western to eastern part (WEH), eastern part (EH), and southeast part (SH), while those detected by EA are concentrated in the central part (CH). The number of species examined from HMA is the second largest following Japan, which may be due to the uplift of the Qinghai-Tibet Plateau. The latter was formed by the collision and compression of the Eurasian and the Indian plates, resulting in different altitude gradient climate (Huang et al., 2008; Gao et al., 2018), which provides intense selection pressures for differentiation of the species (Zhang, 1988; Li, 1995). Besides, several gorges in the HMA may have been important corridors for dispersal of organisms between different biogeographical regions, which, combined with the diversity of habitats, may facilitate accumulation and differentiation of endemic and non-endemic taxa (Huang et al., 2006). Moreover, the stable climate during glacial periods might have been the refugia for the organisms in favor of maintaining high regional endemism (Lei et al., 2015). These factors ultimately resulted in the adaptation and differentiation of Lycocerus within HMA.

(ii)Hengduan Mountains: This area consists of northern Yunnan, and central and southern Sichuan, and the number of species is second only to that of HMA. The HDM are parallel, north-south oriented mountain ranges characterized by the steep elevational gradient (Wu et al., 2017). Combined with the subtropical monsoon influence, HDM has generated highly varied climates and habitats (Gao et al., 2018). The diverse habitats within this area created favorable conditions for maintaining and promoting endemic diversity (Wu et al., 2017). Furthermore, this area is a biodiversity corridor, which is located at the transitional zone of Palaearctic and Oriental regions and facilitates the faunal exchange between these biogeographical regions (Lei et al., 2003, 2007). Moreover, the stable climate and environment maintained during the period of Pleistocene glaciations in this region offered refugia for the biotas (Zhang, 1999; Huang et al., 2006).

(iii)South edge of China: The SEC borders Vietnam and contains the southern Yunnan, and extends from Wuliang Mountains and Ailao Mountain to the south of Yungui Plateau. A total of 28 species are delimited to this area. The endemism of this region has also been reported by some others (López-Pujol et al., 2011; Gao et al., 2018). The relatively high fringe may isolate the fauna of this area from surrounding areas, suggested by Gao et al. (2018). It is influenced by a subtropical monsoon climate, and the warm temperatures and abundant precipitation result in high biodiversity there (Wen et al., 2014).

(iv)Eastern China Mountains: The ECM mainly corresponds to Fujian and Zhejiang, encompassing the Wuyi Mountains, Tianmu Mountains, Daiyun Mountains, and Yandang Mountains. The long geological history and complicated topography of this region resulted in the high biodiversity there, especially the pantropic element (Jiang and Zhang, 2000). However, only 10 Lycocerus species was hitherto reported in ECM, where the number is far from the expected. Probably, it is the result of serious interference of human activities in this region (Luniak, 2004). Human interference has caused major environmental damage, which however cannot satisfy the ecological requirement of insects there any longer.

(vEastern Sichuan Mountains: ESM is adjacent to Hengduan Mountains in the west and Yungui Plateau in the south, and it is located between the first and the second step terrains in China, which is a significant channel for species diffusion and exchange from west to east (Hu et al., 2017).



High level of endemism in this area is also related to the geological events that they have experienced (Zhao et al., 2021). Under the effect of the Himalayan orogenies, a series of mountains were formed in Quaternary. Except for Hengduan Mountains, the formation of Minshan Mountain, Qionglai Mountain, and Daxue Mountain in this range co-occurred (Favre et al., 2015). The existence of multiple habitats in the montane system provided a refugia for biota during the Pleistocene glaciations (Huang et al., 2006; Qu et al., 2014). In addition, mountainous areas have long-term climate stability, which contributed to the persistence of biota, specialization, speciation of small-ranged species, and the reduction of extinction probability (Dynesius and Jansson, 2000; Jansson, 2003; López-Pujol et al., 2011), and hence leads to the further diversification of species.



Areas of Endemism on Islands

Taiwan Island and JPN are isolated islands from the Asia continent, and they once interrelated with the mainland when sea level retraced (Tada, 1994; Kitamura et al., 2001; Kitamura and Kimoto, 2004; He et al., 2018). Islands are relatively isolated regions that are vulnerable to fluctuating sea level, and punctuational connections with the source continent and adaptive radiation may promote species accumulation and separation. For the species occurring there, geographical isolation might have limited their dispersal back to the mainland and consequently promoted the present distribution pattern. The endemic levels of islands are affected by the area, distance and period of isolation from the mainland, historical events, multiple source pools, as well as island ecology and structure (He et al., 2018). Oceanic islands have been postulated as refugia for endemics because of thermal stability and slow biotic turnover (Cronk, 1997; Fjeldså et al., 2012).

(vi) Taiwan Island: Geographically, TW is located at the junction of Palaearctic and Oriental boundaries, and lies in the intersection of Philippine Sea and Eurasian continental plates (Päckert et al., 2009). By the superiority of geographic location, it facilitates the interfaunal exchange which promotes the differentiation of the species there. Besides, it is influenced by the subtropical climate and extensive altitudinal gradients, which result in high heterogeneity of ecological environment in the island, thus providing a diverse habitat for the biotas (Chou et al., 2011; Ito et al., 2017). Additionally, TW is a continental island with unique fauna, which is the result of the specific geological history and paleoclimate scenario of the East Asian continental margin (Lei et al., 2003; Feng et al., 2016). In terms of time, several dispersals and vicariance caused by the formation of land bridges between the continent and TW, enriched the species and quantity of endemic species in TW (Chou et al., 2011; He et al., 2018). In this study, a total of 184 distribution records belonging to 31 species of Lycocerus are obtained in TW, and most of them are endemic species, which confirmed TW is a biodiversity and endemism center.

(vii) Japan: JPN is identified as AOE almost over the whole territory. Within JPN, dozens of consensus areas are existed, and most of them are located in the Honshu Island. As the largest island of JPN, Honshu Island has the mountain ranges running north-south through the island chain, which plays an important role in geographical climate variation and providing diverse habitats for the biotas there (Gao et al., 2018). During the Pleistocene, the Lycocerus species likely immigrated into JPN through Kyushu Island and its affiliated islands (Okinawa Island, Toyama Island, Goto Islands, etc.), by a land bridge connected to the Indo-Malayan region in South China, due to the fact that some species occurring on these islands. Some of the species have since undergone vicariant speciation after the isolation caused by marine straits, and a high degree of endemism is the result (Liu et al., 2008; Gao et al., 2018).

The reason why many Lycocerus species and individuals have been found in Japan may be due to high human population density close to pristine Lycocerus habitat. For example, it is beyond doubt that the highest species diversity shown in Japan because of how much work has been done on this group there, particularly, owing to a comprehensive taxonomic work contributed by Okushima (2005). In the recent past, no new faunistic records have been added to Japan, but the new species and distribution records have been and are going to be discovered and reported in China and adjacent areas (Švihla, 2004, 2005, 2011; Yang and Yang, 2013; Yang et al., 2014; Hsiao and Okushima, 2015, 2016; Hsiao et al., 2016; Okushima and Hsiao, 2017; Kazantsev and Kopetz, 2019; Xi et al., 2021a,b).

(viii) Korean Peninsula: KP is identified as AOE with only one consensus area by PAE alone. It is located in the eastern Asia, and the marine climate formed by the sea from three sides has led to the similar environment as JPN. Three Lycocerus species are found KP, which are also widely distributed in JPN. Previous studies have shown that there was a narrow land bridge between KP and JPN (at the Tsushima Strait), during the Pleistocene glacial periods (Tada, 1994; Kitamura et al., 2001; Kitamura and Kimoto, 2004), which provides the possibility for the diffusion of Lycocerus from JPN to KP.



Area of Endemism in Continental Plateau

(ix) Shan Plateau: Only one consensus area was identified in this region by PAE. It is located at the southeast Myanmar and borders on the Yungui Plateau of China. The SP hosts the most extensive karst of the country and isolated from the surrounding area, with abundant carbonate beds leading to a series of north-south oriented limestone ridges along the dominant structural trend, which are separated by basins flowing southward while steep cliffs are dominant at the edge of the plateau toward the lowlands (Dreybrodt and Steiner, 2015). The complicated topography, combined with the tropical monsoon climates, provide diverse habitats, which may contribute to the high biodiversity in this region (Bird Life, 2014).





CONCLUSION

The geographical patterns of species richness and endemic areas of Lycocerus on a global scale were analyzed based on different approaches. Our results showed that the species richness centers mainly located in montane areas and islands, including Himalayas, Hengduan Mountains, Eastern Sichuan Mountains, Taiwan Island, and Japan Island, which are exactly consistent with the AOEs that identified using the PAE and EA. Our results highlight the importance of montane areas and mountainous islands in conservation and historical biology. The high biodiversity in montane and island systems mainly due to the complex topography and heterogeneous environments or thermal stability and slow biotic turnover, which promotes long-term persistence, speciation, and species accumulation. Future studies should be carried out based on the phylogenetic perspective to reveal the relation between AOEs and evolutionary histories.
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