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At present, the relationship between the diversity distribution patterns of different taxonomic levels of plants and climatic factors is still unclear. This paper explored the diversity pattern of vascular plant families, genera, and species in China at the municipal scale. It also studied the effects of accumulated temperature ≥ 10°C, annual precipitation, and hydrothermal base which reflect the effect of hydrothermal resources on the plant diversity pattern. The results showed that: There were extremely significant correlations among the diversities of plant families, genera, and species, and the interpretation degree of diversity between adjacent the taxonomic levels was more than 90%. The diversity pattern of plant families was mainly affected by dominant climatic state indicators such as the maximum value of accumulated temperature, annual precipitation, and hydrothermal base, and the gradient range of the hydrothermal base, which showed a clear latitudinal gradient law. The diversity pattern of plant species was found to be mainly dependent on the climatic heterogeneity indicators, being closely related to the heterogeneity indicators and sum indicators of the hydrothermal base. It was also affected by the range of precipitation gradient range. Plant genus and its diversity pattern are not only significantly affected by heterogeneity and sum indicators but also closely related to climate state indicators. In comparison with the humidity index in vegetation ecological studies, the related indicators of the hydrothermal base proposed in this paper excelled at revealing the relationship between climate and diversity patterns of plant families, genera, and species, and could effectively solve the species-area relationship issue in arid and low-temperature areas. The results of this paper have presented important theoretical and practical values for comprehensively understanding the correlation between climate and diversity of plant families, genera, and species, clarifying the impact of climate difference and climate change on plant diversity.
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Introduction

The spatial distribution pattern of biodiversity and its causes are one of the research hotspots in regional ecology and biogeography (Guisan et al., 2013; Paquette et al., 2021). So far, more than 100 theoretical hypotheses have been proposed supporting the biodiversity pattern (Palmer, 1994). The fact that numerous hypotheses have been put forward, it highlights the complexity of the internal mechanism of biodiversity, and also, demonstrates that a general hypothesis has not yet been formed. The latitudinal gradients in species diversity, which is widely recognized by the academic community, explains the causes of biodiversity patterns from the perspective of heat. This hypothesis has been gradually developed into productivity hypothesis (Brown, 1981), ambient energy hypothesis (Turner, 2004), and water-energy dynamic hypothesis (O’Brien, 2006). To study the biodiversity distribution pattern, many long-term studies were conducted to reveal and verify the latitude gradient law of biodiversity, and the biological groups involved including insects, birds, and mammals (Xu et al., 2015; Zou et al., 2020; Barreto et al., 2021; Zhao et al., 2021; Parr and Bishop, 2022). Thereinto, many studies have focused on plants (He et al., 2020; Testolin et al., 2021; Qian et al., 2022).

Numerous studies have confirmed the close relationship between biodiversity and environmental factors in certain regions (Wang et al., 2007; Xu et al., 2019). However, the dominant environmental factors affecting the biodiversity distribution pattern in different regions are significantly different, among which temperature and precipitation play a dominant role in the spatial distribution pattern of plant diversity (Walck et al., 2011; McLaughlin et al., 2017; Chen and Su, 2020; Song et al., 2021). In most of the studies related to plant diversity patterns and climatic factors, many scholars have chosen the mean value of climatic factors in their research, such as annual mean temperature and annual mean precipitation (Chu et al., 2019; Gu et al., 2020). Some studies have also used indicators, such as maximum temperature of the warmest month and minimum temperature of the coldest month, and precipitation of the wettest month and driest month to study the effects of temperature and precipitation on plant diversity under extreme conditions (Shrestha et al., 2018). Chen selected the standard deviation of mean monthly temperature, the range of mean annual temperature, the standard deviation of mean monthly precipitation, and the range of annual precipitation on the time scale to study the impact of habitat heterogeneity on the diversity pattern (Chen et al., 2015). However, these studies all used point data of the survey areas, while biodiversity pattern is a regional ecological issue. According to Shelford’s law of tolerance and the latitudinal gradients in species diversity, the level of biodiversity in a region is closely related to its geographic location, hydrothermal gradient range, and spatial heterogeneity of the climate and environment (Shelford, 1931).

Due to the unique climatic conditions and topography, complex and diverse habitats have been formed in China, allowing a great wealth of species to survive and represent excellent materials for the study of large-scale geographic patterns of biodiversity (Ge et al., 2015; Zhang M. et al., 2017). Currently, most of the research focuses on the impact of climatic factors on the species-level diversity distribution of different floras. The distribution of seed plant diversity in China is mainly affected by temperature and precipitation seasonality, potential evapotranspiration, and humidity index, of which temperature seasonality is the most important factor (Li et al., 2015). In bryophytes, however, the effect of water is greater than that of the temperature (Qian and Chen, 2016). An investigation showed the use of woody plants as ideal taxa to study the relationship between diversity and climate. Wang believed that mean temperature of the coldest quarter was the most prominent predictor of woody species richness (Wang et al., 2010). Whereas Qian’s research on the provincial scale in China suggested that temperature seasonality was the optimal predictor of woody species richness in China (Qian, 2013). There are also some studies that focused on a certain family of plants, such as Orchidaceae and Primulaceae (Zhang et al., 2015; Bai et al., 2020), or a certain genus, or both plant families and genera (Huang et al., 2016) or plant families, genera, and species (Huang et al., 2021). In the above studies, the dominant climatic factors of different taxa are distinct, and there are few studies focusing on the correlations on the diversities at different taxonomic levels (Wang et al., 2012; Fang et al., 2022). Limited research has been conducted to reveal the dominant climatic factors that determine the diversity pattern of plant families, genera, and species in China and its consistencies. In this context, clarifying the dominant climatic factors of plant diversity facilitates a better understanding of latitudinal diversity patterns and the identification of priority areas for plant diversity conservation on a global or regional scale based on spatial and temporal patterns of climatic factors.

To study the distribution pattern of plant families, genera, and species and their relationship with climatic factors, plant data (335 families, 3326 genera, and 25,213 species) were collected to conduct research at the municipal-level in China. The study aimed at exploring two main aspects: (a) the diversity distribution patterns of plant families, genera, and species in China and their correlations, and (b) the dominant climatic factors restricting the diversity of plant families, genera, and species in China.

It was hypothesized that:


1.The diversity distribution patterns of plant families, genera, and species are closely related.

2.There are significant differences in terms of the dominant climatic factors affecting the diversity patterns of plant families, genera, and species.

3.The hydrothermal base reflecting the hydrothermal coupling effect has broad application prospects in the study of biodiversity patterns.





Materials and methods


Plant diversity data

To clarify the relationship between the distribution pattern of plant diversity and climate, vascular plant data in China were downloaded from the Global Biodiversity Information Facility (GBIF) database. First, in the basic records, preserved specimens were selected as the primary data source. Second, for mainland China data, data recorded by the Chinese Academy of Sciences (CAS) were selected to ensure the consistency of data sources. The data of Taiwan Province was sparse in the CAS data, and thus the data source was expanded. Finally, according to Hou’s vegetation map of China (1:1 million) (Hou, 2019), the areas with too little plant data were merged according to similar vegetation types, and the units with too small areas were merged. Among them, Taiwan Province and Hainan Province were counted separately because they are islands. Finally, 237 study units were counted, with a total of 335 families, 3326 genera, and 25,213 species of plants, and 1,364,986 events occurred. Details data is shown in Supplementary materials.



Environmental data

According to Shelford’s law of tolerance, based on the habitat heterogeneity hypothesis, and regional ecological connotation of biodiversity pattern, several regional climate indicators were designed and employed. Shelford’s law of tolerance (Shelford, 1931) states that the existence and reproduction of organisms depend on a variety of ecological factors, but when a certain factor is insufficient or excessive, it will exert a limiting effect on the organism. In other words, organisms have upper and lower limits of tolerance to each of the ecological factors, and the range between the upper and lower limits is the tolerance range of organisms to this ecological factor. This is referred to as the ecological amplitude of organisms. The latitudinal gradients in species diversity is of the opinion that biodiversity is closely related to the geographic location and climate status. Whereas the habitat heterogeneity hypothesis presumes that areas with higher heterogeneity often have higher biodiversity. Therefore, six regional climate indicators were proposed in this paper, including the ones that reflect the gradient variation range and intensity of hydrothermal climate factors in the region, and the maximum, minimum, and sum of climate factors that reflect the geographical location of the region. At the same time, this paper also proposed a factor reflecting the abundance of hydrothermal resources, the hydrothermal base, to study the effect of hydrothermal coupling and its effect on biodiversity. On this basis, the correlation between biodiversity patterns and climate was studied in depth. Firstly, the main climatic factors were spatially interpolated at a certain resolution, which enabled each geographic unit to contain a large number of basic units. Secondly, the maximum value (MAX), minimum value (MIN), mean value (MEAN), climate gradient range (RANGE), standard deviation (STD), sum value (SUM), and other indicators of various climate factors were extracted in each study unit. These indicators included not only the climatic mean indicators of the study unit used in the previous studies, but also represented the indicators reflecting the climatic state and geographical location of the study units (MAX, MIN, and MEAN), the climatic gradient range indicator (RANGE), the climate heterogeneity indicator (STD), and climate resource sum indicators (SUM). To facilitate a more comprehensive and in-depth exploration of the impact of climatic factors on plant diversity patterns, MAX and MIN of climatic factors were selected within the study area to represent the upper and lower limits of regional climatic factors. RANGE of the study unit was taken to indicate the ecological amplitude of plant families, genera, and species. STD and SUM indicate the fluctuation and total amount of climatic factors in the region, respectively. The above six indicators of different climatic factors could be divided into three categories according to their own attributes— (1) state indicators: MIN, MAX, and MEAN; (2) heterogeneity indicators: STD and RANGE; and (3) environmental sum indicator: SUM (Figure 1).
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FIGURE 1
Regional climate indicator. Zone raster: defines the zones, same number for the same area, different numbers for different areas. Value raster: contains the climatic input values used in calculating the output for each zone. Output raster: the result of the statistic applied to the climatic value input. Refer to the zonal statistics description in ArcGIS. MAX, the largest value of all cells in the value raster that belong to the same zone as the output cell will be calculated; MEAN, the average of all cells in the value raster that belong to the same zone as the output cell will be calculated; MIN, the smallest value of all cells in the value raster that belong to the same zone as the output cell will be calculated; RANGE, the difference between the largest and smallest value of all cells in the value raster that belong to the same zone as the output cell will be calculated; STD, the standard deviation of all cells in the value raster that belong to the same zone as the output cell will be calculated; SUM, the total value of all cells in the value raster that belong to the same zone as the output cell will be calculated.


The core of plant diversity pattern research revealed the regional distribution pattern of the plant groups. Climate factors with regular distribution, such as heat (temperature and solar radiation) and precipitation, have significant impacts on plant growth, development, and distribution (Jiao et al., 2017; Öder et al., 2021). Three main climatic factors, the annual mean accumulated temperature ≥ 10°C, the mean annual precipitation, and the hydrothermal base reflecting the abundance and shortage of hydrothermal resources and the hydrothermal coupling effect, were selected in this study. The climates from a total of 825 meteorological stations, ranging a total of 70 years (1951–2020), were retrieved from China Surface Climate Data Daily Value Dataset (V3.0) on the China Meteorological Data Service Centre.1 Annual cumulative precipitation and annual accumulated temperature ≥ 10°C of each station were obtained. The layer of annual mean accumulated temperature ≥ 10°C, annual mean precipitation, and hydrothermal base were acquired [hereafter referred to as accumulated temperature (T), precipitation (P), and hydrothermal base (TP), respectively]. The cell size of accumulated temperature (T), precipitation (P), and hydrothermal base (TP) was 5 km.



Hydrothermal base and climate data processing

Firstly, the meteorological data were processed using SQL language in Access 2016 to obtain the annual accumulated precipitation and the annual ≥ 10°C accumulated temperature at each station. Secondly, a spatial resolution of 5 km was achieved using kriging interpolation in the spatial analysis module of ArcGIS 10.8. The layer of annual mean accumulated temperature ≥ 10°C, and annual mean precipitation, ranging a total of 70 years (1951–2020), were acquired, respectively. Since the hydrothermal base is the layer superposition (based on the pixel with a spatial resolution of 5 km) of the ≥ 10°C accumulated temperature and the annual precipitation, its value is the product of the two factors, and it is a new climatic factor indicating the coupled effect of water and heat. TP using the following equations:
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Finally, using a raster calculator, the average value of both the ≥ 10°C accumulated temperature and the annual precipitation throughout the 70 years were obtained using the following equations:
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where T10 represents the average annual ≥ 10°C accumulated temperature from 1951 to 2020; aTEMi represents the annual ≥ 10°C accumulated temperature in year i, n = 70; P represents the average annual precipitation between 1951 and 2020, and aPRCPi represents the cumulative value of precipitation in year i; TP represents the average hydrothermal base between 1951 and 2020, and aTPi represents the cumulative value of hydrothermal base in year i.



Data analyses

The “corr” package was used to analyze the correlation between climatic factors and the diversity patterns of plant families, genera, species, determining the main constraints corresponding to their diversity patterns. The random forest (RF) model can effectively deal with the collinearity problem between variables and does not require the data to follow strict assumptions, such as homoscedasticity and error normality. To solve the collinearity problem among climatic factors, climatic factors were used as predictors of plant diversity. The RF models for plant families, genera. and species were separately established. The importance of various climatic factors was estimated using “Inc Node Purity” (increase in node purity), where the sum of residual squares represents the effect of each variable on the heterogeneity of the observations on each node of the classification tree. The larger the value, the more important is the variable. At the same time, the significance of each predictor on the response variable was assessed using the “rfPermute” package (Breiman, 2001).




Results


Diversity distribution patterns and correlations of plant families, genera, and species in china

The diversity distribution patterns of plant families, genera, and species in China showed a higher trend in the south and lower in the north, which conformed the latitudinal gradients in species diversity. The Hengduan Mountains in southwestern China is the center for plant diversity. Plant species diversities were found to be higher in Shannan area of Tibet, Sichuan, Yunnan, Guangxi, Hainan, and Taiwan as compared to the northwest, north, and northeast regions (Figure 2C). Similar to the diversity of plant species, the diversities of plant families and genera both showed a clear overall trend of latitudinal gradient (Figures 2A,B). However, the actual distribution showed a decreasing distribution pattern from southwest to northeast and toward the central and eastern coastal areas. At the same time, the degree of disparity in plant diversity within each study unit increased rapidly as the taxonomic level decreased. The study unit with the highest plant family diversity was 9 times than that of the lowest study unit, and the difference in plant genus diversity was 16 times. The difference in species diversity could be as high as 36-fold.
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FIGURE 2
Plant diversity distribution patterns at family (A), genus (B), and species (C). (D) plant family diversity vs. plant genus diversity, (E) plant genus diversity vs. plant species diversity, (F) plant family diversity vs. plant species diversity.


There were clear relationships among plant families, genera, and species. Among them, there were obvious exponential relationships between the plant family diversity and genus diversity, and between plant family diversity and species diversity, which explained 91.3% and 82.5% of the changes in species diversity, respectively (Figures 2D,E). There was a significant linear relationship between plant genus diversity and species diversity, and plant genus diversity explained 90.3% of species variation (Figure 2F). The results showed that the correlation between the diversity of plant families and genera was the strongest, followed by plant genera and species, and plant families and species.



The diversity patterns of plant families, genera and species, and the correlation with climatic factors

Our correlation analysis revealed that the diversity of plant families in China was closely related to three state indicators (MAX, MEAN, and MIN), which reflected the annual accumulated temperature, annual precipitation, and hydrothermal base in the region. Among them, the maximum accumulated temperature (TMAX, r = 0.74, p < 0.001) had the greatest impact on plant family diversity patterns. The diversity of plant families was not significantly correlated with temperature heterogeneity indicators. The significance of its correlation with annual precipitation heterogeneity decreased. However, it showed a very significant correlation (p < 0.001) with heterogeneity indicator of the hydrothermal base reflecting the hydrothermal coupling effect, which was consistent with state indicators.

In contrast, the correlation between plant genus diversity and state indicators of climatic factors (MAX, MEAN, and MIN) in China were relatively higher, and the range of hydrothermal base (TPRANGE, r = 0.66, p < 0.001) had the greatest influence on the diversity pattern of plant genera. Meanwhile, the standard deviation and sum of the hydrothermal base (TPSTD, TPSUM) in the region also had an important influence on the diversity of plant genera.

Unlike the case of plant families and genera, in the correlation between plant species diversity and climate in China, the relationship between the diversity and state indicators (MAX, MEAN, and MIN), which reflect the regional climate factors, were significantly lower. While the correlation between diversity and indicators reflecting the climate and habitat heterogeneity showed significant improvement. The range of hydrothermal base (TPRANGE, r = 0.61, p < 0.001) was the optimal predictor of species diversity pattern.

As shown in Table 1, both plant family divert and genus diversity showed a negative correlation with the regional area indicator (COUNT), showing a high level of significance with family and genus diversities (p < 0.05). At the same time, there was a significantly negative correlation between the sum of accumulated temperature (TSUM) and family diversity (p < 0.05). However, no significant correlation was found between TSUM and genus diversity (r = -0.02) or species diversity (r = 0.03).


TABLE 1    Correlation between the diversity patterns of plant families, genus, and species and climatic factors.
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Dominant climatic factors affecting the diversity patterns of plant families, genera, and species

To solve the collinearity problem among climatic factors, RF was used to analyze the effect of 18 climatic factors on the diversity patterns of plant families, genera, and species. The interpretation degrees of climatic factors to the diversity distribution of plant families, genera, and species were found to be 70.7, 52.5, and 46.0%, respectively. In general, climate was found to be the main environmental factor affecting plant distribution, and it was closely related to the diversity pattern of plant families. Among all the climatic factors, TMAX, TPRANGE, the maximum hydrothermal base (TPMAX), and the maximum precipitation (PMAX) were the most important ones affecting the distribution of plant families (Figure 3A). As the most basic taxonomic unit, plant species are affected by TPRANGE, TPSUM, TPSTD, and the range of precipitation (PRANGE) (Figure 3C). The climatic factors that restrict the distribution of plant genera are similar to the climatic indicators that affect the plant families. On the other hand, they are consistent with the climatic indicators that restrict plant species (Figure 3B). In general, the distribution pattern of plant family diversity was mainly affected by the state and heterogeneity indicators in the climatic factors, whereas the plant species were jointly restricted by heterogeneity and sum indicators. Plant genus was in between, affected by state, heterogeneity, and sum climatic factors.


[image: image]

FIGURE 3
The random forest (RF) predictor importance of plant diversity distribution patterns at family (A), genus (B), and species (C). Significance levels are as follows: red represents P < 0.05 and blue represents P > 0.05. TMIN, minimum accumulated temperature; TMAX, the maximum accumulated temperature; TMEAN, mean of accumulated temperature; TRANGE, the range of accumulated temperature; TSTD, the standard deviation of accumulated temperature; TSUM, the sum of accumulated temperature. PMIN, minimum value of annual precipitation; PMAX, the maximum annual precipitation; PMEAN, mean of average annual precipitation; PRANGE, the range of annual mean precipitation; PSTD, the standard deviation of annual precipitation; PSUM: the sum of the average annual precipitation. TPMIN: minimum value of hydrothermal base; TPMAX: maximum value of hydrothermal base; TPMEAN: mean value of hydrothermal base; TPRANGE: The range of hydrothermal base; TPSTD: the standard deviation of the hydrothermal base; TPSUM: the sum of hydrothermal base.





Discussion

Accurate delineation of biodiversity patterns often requires detailed information on all plant species in the region. Although data acquisition is time-consuming, labor-intensive, and expensive (Balmford et al., 1996; Williams and Gaston, 1998), the gradual establishment and refinement of the correlation between the diversity of different plant taxa is conducive to a more comprehensive understanding of the distribution law of biodiversity (Mi et al., 2021). In this paper, 335 families, 3,326 genera, and 25,213 species of vascular plants with recorded specimens in China were analyzed which showed that there were very significant correlations among the diversities of plant families, genera, and species. The plant families and genera contained a large number of species with similar biological traits and ecological niches, as well as species with similar responses to energy and water (Huang et al., 2021). In the study of biodiversity, the use of high taxonomic ranks instead of species-level studies have yielded remarkable results in different biological groups (Negi and Gadgil, 2002). However, there are questions about the replacement of lower taxonomic ranks by high taxonomic ranks classes. For example, high taxonomic ranks does not accurately reflect species-level responses to environmental change (Rosser and Eggleton, 2012). Our results shown that diversity relationships between plant genera and plant families, species could be explained to over 90% and that the dominant climatic factors governing the diversity of plant genera are similar to those of plant families and species. This suggested that plant genera are used as a surrogate for plant species in the absence of sufficient sample data and detailed surveys.

China has a wide range of hydrothermal gradient range as well as a complex and diverse geographical environment, providing an ideal place to carry out research on the diversity patterns of plant families, genera, and species and their relationship with climate (Huang et al., 2011). In this study, the diversities of plant families, genera, and species all showed a very significant correlation with the mean value of each climatic factor. This result is consistent with the previous studies on plant diversity patterns using point data (Holger, 2007; Godoy-Bürki et al., 2017; Testolin et al., 2021). However, as shown in Table 1, from families to genera to species, with the decrease in the taxonomic level, the correlation and interpretation degree of the mean value of various climatic factors to the diversity rapidly decreased. It is possible that the ecological range of plant species is narrower, while the ecological range of plant families and genera is wider, which is consistent with a gradual decrease in plant threat levels with increasing latitude (Peng et al., 2021). Fluctuations in the external environment may allow plant species to acquire higher tolerance in order to cope with the effects of unfavorable conditions on themselves (Zhang and Tielbörger, 2019; Perez and Feeley, 2021).

Although plant families, genera, and species were closely related, the overall distribution pattern of plant diversity in China was in line with the latitudinal gradients in species diversity. However, the results presented in Table 1 and Figure 3 showed that without using the mean value alone, there were significant differences among the climate indicators that dominated the diversity distribution patterns of plant families, genera, and species. The plant family diversity pattern was mostly affected by the maximum accumulated temperature (TMAX) in the region, implying its abundancy in low latitude areas with high accumulated temperature, with an obvious latitudinal gradient of plant family diversity. This result is in line with ambient energy hypothesis (Turner, 2004). Studies on different regions and taxa also suggested that the diversity pattern is largely controlled by energy factors (Clarke and Gaston, 2006). On the global and regional scales, temperature seasonality is the main factor affecting the distribution of plant families (Huang et al., 2021), and some studies suggested that the daily maximum temperature might be more important (Vonlanthen et al., 2006). Plant genus was found to be closely related to climate state indicators (especially TMAX). At the same time, the diversity pattern of plant genera was more affected by climatic heterogeneity indicators and total precipitation.

The diversity pattern of plant species was mainly restricted by climatic heterogeneity, total amount of hydrothermal resources, and the range of precipitation gradient. Compared with families and genera that contain several plant types and have a wider distribution range, species-level taxa of plant species have a narrower range of physiological tolerance to climatic factors (Bruelheide et al., 2018; Gong and Gao, 2019). The growth of individual plants and the spread and distribution of populations require a more specialized and suitable climate and environment, which is often associated with topographical changes (Večeřa et al., 2019). The diversity distribution pattern of low-level plant taxa is more suitable for the habitat heterogeneity hypothesis (Shmida and Wilson, 1985). The results showed that the climatic temporal heterogeneity (annual temperature difference) in the study area played an important role in the distribution of Theaceae plants in southern China that indirectly supports the conclusions of this paper (Zhang et al., 2016). The three hotspot regions with abundant plant diversity (Hengduan range, C. China and Lingnan region) identified by Ying are all areas displaying high habitat heterogeneity with complex topography and diverse climate (Ying, 2001). The characteristics of topography and hydrothermal changes in China make the diversity pattern of plant species. In some cases, the diversity pattern of genera shows a gradual decrease in the distribution pattern from southwest to northeast.

Therefore, it was concluded that the dominant climatic factors affecting the diversities of plant families, genera, and species were different; As a result, it also showed a certain degree of difference. In this study, after introducing regional climate indicators (state, heterogeneity, and sum indicators), it was found that the climatic mean values were not the most suitable climate indicators for studying the diversities of plant families, genera, and species. At present, the research of biodiversity mainly focuses on plant species level (Wang et al., 2010). The biggest problem of selecting the average value of environmental factors is to weaken the spatial differences within the study area, and it is difficult to reflect the impact of environmental factors on biodiversity in the region. The biodiversity of the Hengduan Mountains in Yunnan Province of China is significantly higher than that of the surrounding areas due to terrain diversification and climate heterogeneity, but the average value of climatic factors is not much different between the Hengduan Mountains and the surrounding areas (Zhang et al., 2009; Cai et al., 2021). North Asia covers an area of about 3.5 million square kilometers more than China, but its plant species are only 6961 (Xue et al., 2020), while Chinese plant species are as high as 38,000 (Xie et al., 2021). The magnitude of the thermal gradient range is a major reason for the difference in plant diversity between China and North Asia. At the same time, RANGE is often used in altitudinal and precipitation to indicate the effect of heterogeneity on biodiversity (Kubota et al., 2007; Stein et al., 2014). Regional climate indicators can show the internal differences of climate factors in space, can better reflect the overall characteristics of the climate of the study unit and the impact of the total amount and area of climate resources on plant diversity, and can more accurately reflect the distribution pattern of biodiversity. The SUM can better reflect the same latitude or the same climate zone, and the number of climate resources in the research unit is difficult to reflect. For example, the climate types of China and the United States are similar in the same latitude zone, but the difference between China and the United States is difficult to reflect when using the average value (Qian et al., 2017; Yin et al., 2021). The SUM value is directly related to the total climate and area of the research unit. Climatic factors are often the main factors restricting the pattern of biodiversity (Zhang X. et al., 2017; Chu et al., 2019; Subedi et al., 2020). The data of annual average temperature, ≥ 10°C accumulated temperature and annual precipitation at global or regional scales can often be obtained by interpolation of climatic stations (Xu et al., 2022). Selecting different regional climate indicators to reveal the formation mechanism of biodiversity patterns on a larger scale can also determine the key protected areas of future biodiversity through future climate data. Regional climate indicators show the internal differences of climate factors in space, and more accurately reflect the distribution pattern of biodiversity.

Currently, the commonly used warmth index (WI) and moisture deficit (WD) reflect the dryness of a region and the Moisture index (MI) reflects the wetness of a region, but the combined effects of water and heat were not yet well explained (Fang and Yoda, 1989, 1990a,b). For annual actual evapotranspiration (AET) its numerical magnitude, although representing both energy and moisture, indirectly reflected the role of hydrothermal (Hawkins et al., 2003). The hydrothermal base proposed in this paper was derived from the product of the annual accumulated temperature and annual precipitation of each pixel, which was used to characterize the abundance of hydrothermal resources and the hydrothermal coupling bearing capacity of biodiversity for each pixel. Essentially, the hydrothermal base is a climatic factor that is independent of accumulated temperature and precipitation. For example, for a pixel located in a tropical desert area, although it has abundant heat and high accumulated temperature, its hydrothermal base will eventually become very low due to extreme drought and little rainfall. The objective manifestation is that the biodiversity in these areas is extremely scarce, which indicates that energy and water have a cumulative impact on plant diversity. In desert areas that has abundant energy but extremely dry climate and little rainfall, or wet and cold deserts with sufficient rainfall but extremely low temperature (e.g., the desert areas of Xinjiang and areas above the snow line of the Qinghai-Tibet Plateau in China), the vegetation development was extremely worse resulting in the deficiency of the plant species (Gao et al., 2012; Zhang et al., 2021). In a number of previous researches focusing on vegetation ecology, many scholars have used the humidity index (or Aridity index) (Hao and AghaKouchak, 2013; Kozlowski et al., 2015) reflecting the water-heat matching condition to carry out the research on the distribution law of vegetation based on the comprehensive effect of hydrothermal and climate factors (Coomes and Grubb, 2000). The natural zone theory proposed by V. V. Dokuchaiev, the distribution law of vegetation zone, and the ideal continental vegetation map proposed by H. Walter are all classic cases, effectively revealing the alternative distribution laws of the forest, grassland, and desert vegetation on the hydrothermal gradient (Richards et al., 1975; Simonson, 1995). Although rainy tropical rain forests with high-temperature and relatively drier cold temperate coniferous forests with low temperature are both forest vegetation, they display extremely significant differences in vegetation productivity, vegetation structure complexity, and plant species abundance. The hydrothermal base indicator reflecting the hydrothermal coupling bearing effect can effectively reveal this difference law.

Results in Table 1 and Figure 3 showed that among the 12 climate indicators dominating the diversity distribution patterns of plant families, genera, and species, hydrothermal base indicators accounted for 2/3. Among them, TMAX, which reflects the energy state of the study unit, was the main climatic indicator responsible of plant family and genus diversities. PMAX, which reflects the water state, had an important impact on the family diversity. PRANGE, which is a water heterogeneity indicator, had an important impact on the species diversity. According to these indicators, higher energy can speed up the plants’ metabolism, thereby increasing the rate of species evolution and higher diversity in the region (Gillooly et al., 2002; Allen and Gillooly, 2006). Moreover, these results also indicate the importance of precipitation factors, which are consistent with the water-energy dynamic hypothesis (O’Brien, 1998; Currie et al., 2004). In contrast, hydrothermal base indicators, which reflect the hydrothermal coupling effect, played a more important role in the diversity. TPRANGE, which reflects the abundance and shortage range of hydrothermal resource gradient, had an important impact on the diversity of plant families, genera, and species. At the same time, the hydrothermal resource state index TPMAX, heterogeneity index TPSTD and the sum index TPSUM were all identified as dominant climate indices. Finally, the introduction of hydrothermal base can effectively solve the numeric relationship between the level of plant diversity in the study unit and its area. For example, in Table 1, the diversities of plant families, genera, and species were inversely proportional to the area of the study unit, and were inversely proportional to or not correlated with TSUM of the study unit. This result contradicts the species-area relationship “S = CAZ” in island ecology, which was proposed by MacArthur and Wilson (2001), and it also differs from Wright’s “species-energy theory” (Wright, 1983) [area (A) is replaced by energy (E), S = kEz, where S denotes species diversity; E denotes the energy input of a certain trophic level in a given area; c, k, and z are constants]. This situation could be well avoided when the corresponding TPSUM indicator was used. Replacing regional area (A) or total energy (E) with TPSUM might be an effective option when investigating the diversity of primary producers at the lowest trophic level plants.



Conclusion

The diversities in plant families, genera, and species in China were correlated, showing a high distribution pattern in the south and low in the north. Among them, the correlation between plant family and genus diversities was the highest, followed by plant genus and species, and that of plant family and species being the lowest. The distribution of plant families was mainly affected by climatic state indicators, and had the highest correlations with the maximum value of climatic factors and the variation range of hydrothermal base, showing an obvious latitudinal gradient law. The distribution of plant species showed a decreasing trend from southwest to northeast, and the climatic heterogeneity indicators were the main predictors. Plant genera were between families and species, and climate state and heterogeneity indicators jointly affected the diversity pattern of plant genera. In this paper, the concept of the hydrothermal base was proposed to represent the hydrothermal coupling effect. The related indicators of the hydrothermal base performed well in revealing the climatic mechanism of biodiversity patterns, and can effectively solve the species-area relationship in arid areas with low temperature, which has broad application prospects in the studies of global biodiversity distribution law and its responsive mechanism to climate change.
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