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The rapid extinction of species is of considerable concern for biodiversity conservation. Identifying the drivers of species diversity and hotspots is beneficial for developing conservation strategies. Studies on insects have mainly focused on terrestrial species and rarely on semiaquatic species. Using 135,208 georeferenced occurrence records of 296 damselflies across North America, their species richness and endemism (represented by weighted endemism) patterns were mapped in a 100 × 100-km grid size, and the effects of environmental variables on species richness and endemism were investigated using generalized linear models and hierarchical partitioning. Subsequently, the top 5% grids with species richness and weighted endemism were separately selected as hotspots and their congruence was evaluated. Finally, species diversity hotspots were identified by integrating two types of hotspot grids, and gap analysis was performed to evaluate their conservation status. Temperature conditions and water availability had the strongest influence on species richness and endemism, respectively. Low congruence among species richness and endemism hotspots was observed. Moreover, four species diversity hotspots were identified, namely, region of the eastern United States and southeastern Canada, southwestern United States, central Mexico, and southernmost North America. Approximately 69.31% of the hotspot grids are not a part of the existing protected areas, presenting a significant conservation gap. The habitats of taxonomic groups should be considered while identifying the most common driving mechanisms of endemism. Strengthening the establishment of protected areas in regions with conservation gaps is urgently needed to promote the conservation of damselflies in North America.
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Introduction

Species richness is the most common metric of species diversity and a fundamental measure of community and regional diversity (Gotelli and Colwell, 2001). It also plays an important role in conservation strategies owing to its effectiveness in conserving the highest number of species in small regions (Xu et al., 2017). Endemism is another critical metric of species diversity and is represented by various measures (Linder, 2001; Laffan and Crisp, 2003; Laffan et al., 2013; Guerin et al., 2015). Similar to species richness, endemism has attracted great attention of conservationists (Lamoreux et al., 2006; Laffan et al., 2013; Huang et al., 2016; Noroozi et al., 2019a; Shrestha et al., 2021) because of its inherent properties, such as high extinction risk due to climate change (Sandel et al., 2011). An increasing number of studies have suggested that both species richness and endemism must be considered while developing conservation strategies for species diversity (Zhao et al., 2016; Xu et al., 2017; Yu et al., 2017; Liu et al., 2018a; Xie et al., 2022).

In insects, the most common driving variables of species richness are contemporary climate variables, whereas those of endemism patterns are topographic or historical climate change variables (Schuldt and Assmann, 2009, 2011; Zhao et al., 2020a). Investigating these variables can aid in the understanding of underlying mechanisms that generate species diversity patterns (Jetz and Rahbek, 2002; Schuldt and Assmann, 2009). Studies on simultaneous quantification of determinants of insect species richness and endemism patterns have been mainly conducted in Western Palaearctic and China (Schuldt and Assmann, 2009, 2011; Zhao et al., 2020a) and rarely in other regions, especially at the continental scale. In addition, these studies focused only on terrestrial insects and not on other habitat groups, such as semiaquatic insects. Xu et al. (2015) observed that the most prominent environmental variable of species diversity varied among different habitat groups. Thus, insects from other habitats should be used to validate the findings regarding different underlying mechanisms of species richness and endemism patterns.

Considering the ongoing species extinction crisis and limited conservation resources, priority areas for conservation should be identified. An effective approach for this is to identify “hotspots” (Myers et al., 2000), i.e., regions hosting high species diversity. Interestingly, there is no consensus on the spatial congruence of hotspots for species richness and endemism (Linder, 2001; Orme et al., 2005; Ceballos and Ehrlich, 2006; Lamoreux et al., 2006; Feng et al., 2011; Collen et al., 2014; Daru et al., 2015; Luo et al., 2015); this directly affects the selection of priority areas for conservation. If species richness and endemism hotspots are highly consistent, then any single hotspot type can be considered as a priority area for conservation as it can act as a useful surrogate for another hotspot type (Orme et al., 2005). However, low congruence between species richness and endemism hotspots necessitates the development of other conservation strategies. Identifying priority areas is only the first step in the conservation of species; hence, measures to protect species should also be developed and implemented. Creating protected areas is one of the most effective ways to protect species in situ (Heywood and Dulloo, 2005). Unfortunately, several studies suggest that existing protected areas are ineffective in protecting species and that there is a certain degree of conservation gap (Zhang et al., 2015a; Chi et al., 2017; Noroozi et al., 2019b; Yang et al., 2021). Therefore, existing protected areas should be optimized on an urgent basis.

Damselfly, a small, slender insect species, belongs to the superfamilies Lestidae, Platystictidae, Calopterygidae, and Coenagrionidae in the suborder Zygoptera in the order Odonata (Dijkstra et al., 2013). Damselflies are semiaquatic insects because their larvae live in freshwater habitats and adults live on land. A previous study revealed that damselflies are on the verge of extinction (Clausnitzer et al., 2009), and thus their conservation needs to be increased. Unfortunately, although taxonomic studies on damselflies have markedly increased in the last few decades (e.g., Dumont et al., 2010; Dijkstra et al., 2014; Bybee et al., 2021; Suvorov et al., 2022), studies regarding its species conservation, such as those on the identification of driving factors of species diversity patterns and hotspots, are relatively less, thereby hindering the development of appropriate conservation strategies. Damselflies are widely distributed and are found on every continent except Antarctica. North America is one of the continents with the highest number of damselflies, making it an ideal area for conducting studies on their macroecology and conservation biogeography.

Based on the distribution data of North American damselflies, this study aimed to (1) explore the most prominent factors of species richness and endemism patterns, (2) evaluate the spatial congruence of species richness and endemism hotspots, and (3) identify species diversity hotspots for conservation priority areas and evaluate their conservation status.



Materials and methods


Species distribution data

A total of 135,208 occurrence records of 296 North American damselflies were compiled from the Global Biodiversity Information Facility (GBIF)1 and literature (Ball-Damerow et al., 2015). For the occurrence records obtained from GBIF, only those with geographical coordinates of spatial uncertainty of <10 km were selected. Furthermore, we removed duplicates and ambiguous occurrence records. The species name was standardized using Catalog of Life.2



Species diversity patterns

Species richness and endemism patterns were visualized using a 100 × 100-km grid size. This grid size was chosen because it is ideal for mapping macro patterns of species diversity (Hortal, 2008) and has been widely used in North America (e.g., Wang et al., 2009; Feng et al., 2019). Species richness refers to the total number of species in each grid. Endemism was measured as weighted endemism in each grid (Linder, 2001), which was calculated using Equation 1. The weighted endemism value in a grid is calculated by summing up the weights of each species (inverse of the number of grids occupied by species) within it. Only grids with at least 50% land area were used in subsequent analysis.
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where Mi is the number of grids occupied by each species.



Environmental variables

We divided 11 environmental variables into the following four categories: (1) temperature: mean annual temperature (MAT), mean temperature of warmest quarter (MTWQ), and annual potential evapotranspiration (PET); (2) water availability: mean annual precipitation (MAP) and precipitation of warmest quarter (PWQ); (3) habitat heterogeneity: range of the mean annual temperature (MATR) and mean annual precipitation (MAPR), elevation range (ER), and slope (SP), with MATR, MAPR, and ER defined as the difference between their respective maximum and minimum values in a 100 × 100-km grid; and (4) historical climate change: MAT and MAP changes since the last glacial maximum (MATC and MAPC) calculated as MATC = |modernMAT − LGMMAT| and MAPC = |modernMAP − LGMMAP|. Due to uncertainty of the past climate model, MAT and MAP in the last glacial maximum were computed using the mean of the Model for Interdisciplinary Research on Climate Earth system and Community Climate System Model version 4 models.

MAT and MAP in the modern and last glacial maximum, MTWQ, PWQ, and elevation were obtained from the WorldClim database.3 PET was downloaded from the CGIAR-CSI database.4 The resolution of all environmental variables was 30 arc-seconds, except for MAT and MAP in the last glacial maximum (2.5 min). The environmental variable values in a 100 × 100-km grid were computed as the mean of all pixels (30 arc-seconds or 2.5 min) within that grid using ArcGIS 10.7 (ESRI, Redlands, CA, United States)5.



Data analysis

To evaluate the effect of sampling bias on species richness, a linear regression model was developed (Zhao et al., 2020a,b) based on the log10 (x + 1) transformed number of records and species richness in each grid. If the ratio of observed richness to expected richness based on the linear regression in each grid was >70%, it was considered well sampled (Sánchez-Fernández et al., 2008; Romo and García-Barros, 2010). Generalized linear models (GLMs) with quasi-Poisson residuals were used to assess the relationships between species richness/endemism and environment variables (Liu et al., 2017, 2018b) because these models can handle overdispersed problems better than negative binomial residuals (Ver Hoef and Boveng, 2007). First, univariate analysis was performed using GLMs, and coefficients of determination (R2, %) were estimated using Equation 2 (Wang et al., 2011). The significance test of the aforementioned models was recalculated using modified t-tests (Dutilleul et al., 1993) because spatial autocorrelations may inflate the rate of type I errors (Diniz-Filho et al., 2003). Only p < 0.1 was considered significant in GLMs (Liu et al., 2017, 2018b).
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Furthermore, hierarchical partitioning was performed to assess the relative importance of environmental variables, identify the most likely causal factors, and effectively alleviate collinearity (Chevan and Sutherland, 1991; Olea et al., 2010). The variance inflation factors of environment variables for species richness and weighted endemism were found to be <18. Before performing hierarchical partitioning for species richness, non-significant environmental variables in univariate analysis were excluded (Table 1). To avoid the influence of different numbers of variables on the results, eight environmental variables were used to assess weighted endemism. PET, MAPC, and SP were excluded because their R2 value was lower than that of other variables (Table 1). The relative role of each environment variable was expressed by its independent effects. The significance of hierarchical partitioning was assessed using a randomization test with a repeated number of 100, and the significance is based on the upper 0.95 confidence limit. Statistical analysis was performed using R 4.2.1 (R Core Team, 2022) with lm and glm functions and car (Fox et al., 2022), hier.part (Walsh and Mac Nally, 2020), and SpatialPack (Osorio et al., 2022) packages.



TABLE 1 Relationship between species richness/weighted endemism and each environmental variable identified using GLMs.
[image: Table1]

The top 5% grids (most commonly used threshold value) of species richness and weighted endemism were defined as species richness and endemism hotspots, respectively (López-Pujol et al., 2011; Yuan et al., 2014; Zhao et al., 2016; Chi et al., 2017). Two types of hotspots (i.e., total grids of two hotspots) were integrated as final species diversity hotspots, i.e., conservation priority areas (Zhang et al., 2021), due to low spatial congruence among hotspots (see results below). Furthermore, gap analysis was used to assess conservation gaps. We overlaid the species diversity hotspot layer with a protected area layer and defined conservation gaps as grids with a protected area coverage of <10% of the grid area (Xu et al., 2017).




Results

Using linear regression models, we determined that the species richness was >73.67% of the predicted value in each grid (Figure 1). This result indicates a relatively good sampling completeness. High species richness and endemism were consistently observed across central and southern areas of North America (Figures 2A,B).

[image: Figure 1]

FIGURE 1
 Linear regression (y = 0.55× + 0.243) for log10 (× + 1) transformed number of records and species richness in a 100 × 100-km grid.
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FIGURE 2
 Patterns of species richness and weighted endemism in a 100 × 100-km grid size.


The results of GLMs demonstrate that species richness is positively associated with MAT, MTWQ, PET, MAP, PQW, and MAPR but negatively with ER and SP (Table 1). Furthermore, MATR, MATC, and MAPC did not significantly affect species richness (Table 1). Finally, weighted endemism was found to be negatively correlated with MATC but positively with other remaining variables (Table 1).

Hierarchical partitioning analysis revealed that MTWQ, representing temperature, is the most important environmental variable affecting species richness. PWQ, MAP, MAT, and PET showed moderate contribution to species richness, whereas habitat heterogeneity variables (SP, MAPR, and ER) showed relatively low contribution (Figure 3A). The rank order of the effects of environmental variables on weighted endemism was different from that of species richness (Figure 3B). MAP, representing water availability, had the largest influence on weighted endemism, followed by PWQ and MAT. Moreover, MTWQ, MATC, and the three habitat heterogeneity variables—ER, MATR, and MAPR—had a low influence on weighted endemism (Figure 3B).

[image: Figure 3]

FIGURE 3
 Independent effects of environmental variables for species richness (A) and weighted endemism (B). All environmental variables were significant.


Cumulatively, species richness and endemism hotspots accounted for 88 grids; of these, only 38.63% (34) grids were common to species richness and endemism hotspots and showed low spatial congruence. By integrating species richness and endemism hotspot grids (Figures 4A,B), we obtained four species diversity hotspots (Figure 4C): region of the eastern United States and southeastern Canada (No. 1), southwestern United States (No. 2), central Mexico (No. 3), and southernmost North America (No. 4). Moreover, a large conservation gap was observed (Figure 5). Approximately 69.31% (61) of the total grids were not a part of the existing protected areas. We also found that the number of grids with and without protection in each priority area was different (Table 2).

[image: Figure 4]

FIGURE 4
 Grids of species richness (A) and weighted endemism (B) hotspots and conservation priority areas (C).
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FIGURE 5
 Conservation status of the grids of four species diversity hotspots. The black arrow indicates a grid with threatened species.




TABLE 2 Number of total grids with and without protection.
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Discussion

Our study results indicate that the most prominent environmental factor influencing species richness and endemism of damselflies across North America varies. MTWQ, representing temperature, is the most important environmental variable affecting species richness. Temperature conditions have been reported to improve physiological activities in organisms, such as reproduction (Turner et al., 1987, 1988, 2004), thereby leading to larger population sizes, lower extinction rates, and ultimately higher species richness (Wang et al., 2009; Luo et al., 2012). Some empirical studies have shown the effect of temperatures on physiological activities of damselflies. For example, the rate of development of eggs and larvae increased with an increase in temperature (Rivard et al., 1975; Pickup and Thompson, 1984). In addition, most species exhibited an increase in the number of generations per year in areas with higher temperatures, such as the members of the Calopterygidae and Coenagrionidae families (Corbet et al., 2006). The mortality rate was significantly lower at low temperatures and reached 100% at 15°C (Rivard et al., 1975). In the present study, we observed that central and southern North America with high temperature generated great species richness, whereas northern North America with low temperature resulted in low species richness. Another reason that temperature determines the pattern of species richness is that it controls the species rate (Fine, 2015). In general, higher temperatures lead to higher rates of speciation (Clarke and Gaston, 2006; Brown, 2014). Thus, high species diversity of damselflies in central and southern North America is associated with higher speciation rates induced by high temperatures.

Previous studies on terrestrial insects have determined that endemism patterns are driven by historical climate change or topographic variables (Schuldt and Assmann, 2009, 2011; Zhao et al., 2020a); the reason for this is that endemic species cannot track historical climate change or the role of topographic variables as a historical process, respectively. However, our results clearly indicated that endemism patterns are not controlled by historical climate change or topographic variables but by MAP, which represents water availability (Figure 3). This result is not consistent with that of previous studies and may be largely related to larval habitats. The larvae of damselflies are almost entirely aquatic, and they move to a place near water and develop into adults (Nair, 2011). However, low dispersal capacity of endemic damselfly species (Svenning and Skov, 2007; Schuldt and Assmann, 2009; Zhao et al., 2020a) keeps them close to areas near the water; thus, their endemism is highly associated with water availability. Our results, together with previous findings, imply that the formation mechanisms of endemism patterns between semiaquatic and terrestrial insects are different. Therefore, the habitats of taxonomic groups should be considered before drawing conclusions on the driving mechanisms underlying endemism patterns.

To effectively protect species diversity, conservationists focused on identifying priority areas for conservation (Tang et al., 2006; Zhang et al., 2015b; Huang et al., 2016; Hu et al., 2017; Xie et al., 2021; Xia et al., 2022). Species diversity is measured using several metrics, with species richness and endemism being the most commonly used metrics for developing conservation strategies (Zizka et al., 2019; Noroozi et al., 2019a; Xie et al., 2021; Moreira-Munoz et al., 2022; Qin et al., 2022). The spatial congruence of species richness and endemism hotspots is the basis for identifying priority areas for conservation (Orme et al., 2005) but is rarely evaluated in insects. The results of the present study revealed that the species richness and endemism hotspots of North American damselflies demonstrated a low degree of spatial congruence. This result was consistent with that of previous studies conducted on birds (Orme et al., 2005) and terrestrial vertebrates worldwide (Lamoreux et al., 2006) as well as on plants in Australia (González-Orozco et al., 2011), indicating the low congruence of the species richness and endemism hotspots in different taxonomic groups. Other studies have shown that the low number of grids defining hotspots show low congruence among hotspots (Feng et al., 2011; Zhao et al., 2016); however, this cannot be considered an actual reason. One reasonable explanation for this is that the most vital environmental variable in regulating species richness and endemism patterns differs (representing different formation mechanisms), as shown in the present study. The low congruence among hotspots prompted us to integrate two types of hotspots to determine four species diversity hotspots for damselflies across North America (Figure 4) that contain a large number of species and endemic species. Although a large number of protected areas have been currently established in North America, they have not effectively protected North American damselflies (Figure 5). Three out of the four hotspots had grids with conservation gaps, i.e., the region of the eastern United States and southeastern Canada, southwestern United States, and central Mexico (Figure 5), showing that the existing protected areas of these hotspot areas are insufficient. Furthermore, a previous study demonstrated the distribution patterns of extinction risk for North American damselflies (Rocha-Ortega et al., 2020). In the present study, we identified that the hotspot grids having conservation gaps were located in high extinction regions identified in the abovementioned study. In addition, three threatened species proposed in the IUCN Red List were also found in the hotspot grids with conservation gaps, i.e., Paraphlebia zoe, Lestes simplex, and Ischnura gemina. Previous studies have revealed that habitat suitability areas of Paraphlebia zoe and Ischnura gemina decreased in the future (Sánchez-Guillén et al., 2014; Cuevas-Yáñez et al., 2015), indicating that these species are highly at the risk of extinction. These findings indicate that the pace of establishing protected areas in hotspots areas with conservation gaps should be accelerated.



Conclusion

This study analyzed the key determinants of species diversity, hotspots, and conservation status of North American damselflies. Our results showed that species richness was most strongly affected by temperature. However, endemism patterns were strongly associated with water availability, which is inconsistent with the findings of previous studies on terrestrial insects. Therefore, we propose considering the habitats of taxonomic groups for understanding the mechanisms underlying endemism patterns. Our results also revealed that the low spatial congruence among species richness and endemism hotspots is attributable to differences in their dominant driving mechanisms. Furthermore, four species diversity hotspots (conservation priority areas) were identified; these hotspots should be given the highest attention while developing conservation strategies. This large conservation gap also indicates the need to accelerate the establishment of protected areas.
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