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Abstract

:

Tropical forests play a vital role in preserving world biodiversity and supporting ecological services. Moreover, the spatial distribution of species diversity and its causes are one of the core issues in community ecology. Therefore, the aim of this study was to explore the horizontal distribution characteristics of shrub community diversity in the tropical region of Hainan and reveal the relationship between species diversity and environmental factors under anthropogenic disturbances. Based on a survey of 39 shrubland plots, we evaluated shrub community diversity by calculating Hill number and Pielou evenness index. Regression analysis was employed to determine the horizontal distribution pattern, and Pearson correlation and redundancy analysis were applied to reveal the relationship between species diversity and environmental factors. The results reveal that species richness increased from west to east and the horizontal distribution of shrubland species diversity in Hainan was largely determined by rainfall and edaphic factors and not by topographic factors. Rainfall factors were the most influential. Although there was a significant human disturbance in Hainan shrublands, environmental factors were still influencing the distribution of these shrublands, and there was a lower shrub diversity in areas with poor moisture conditions, which should be studied more. Our results are of great significance to the study of tropical vegetation and regional biodiversity conservation.
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1. Introduction


China is one of the world’s “mega-biodiversity countries” providing an abundant habitat for plants and animals serving as a home to more than 30,000 vascular plants (surpassed only by Brazil and Colombia) and 6300 vertebrates [1,2]. However, this biodiversity has suffered severe degradation due to the density of the human population, a long history of cultivation, and an increase in the intensity and extent of human disturbances in the plains and lowland areas [3,4]. Logging and intensive shifting cultivation have caused major degradation of tropical forests and the loss of biodiversity, thus necessitating a comprehensive study to understand the environmental effects on plant biodiversity to fast track the restoration of tropical forests [5,6]. Climatic changes induced by extremes in precipitation and temperature have threatened the biodiversity and habitats of various species and could trigger irreversible changes to tropical forest ecosystems [7,8].



Researchers have found the greatest abundance of threatened plant species in the southwestern region of mainland China (mainly in Yunnan, southeastern Xizang, and western Sichuan), northwestern Guangxi, northern Guangdong, Hainan Island, and the mountainous region of Taiwan; thus, researchers have proposed that nature reserves specifically be designed for threatened plant species in South China, especially in the Yunnan, Guizhou, Guangxi, Xinjiang, Hainan, and Zhejiang Provinces [9]. The associations between plant composition/diversity and the abiotic environment across six vegetation types in the Hainan Island, a biodiversity hotspot in China, have been studied and documented [10,11]. Results demonstrate that temperature and precipitation play an important role in confining the spread of various species across the island, giving the example of the Crofton weed (Ageratina adenophora) that has spread from subtropical areas with higher annual mean temperature and lower climatic fluctuations to much cooler and dryer areas at higher altitudes [11,12].



Species diversity is at the heart of biodiversity research and is considered extremely important by the ecological community [13,14]. Species diversity not only reflects the composition and distribution of species, the community structure characteristics, and adaptation to the environment [15], but it also reveals the ecological processes of a plant community [16]. Its spatial distribution pattern is directly correlated to various ecological factors and processes, i.e., soil nutrients, soil texture, region elevation, and relative dryness (based on slope angle and aspect) [17]. Many studies have found that the species diversity index of large-scale plant communities generally decreases gradually with an increase in latitude [18,19,20], and this trend is an important factor in making a distinction between various plant communities [21,22]. The vertical distribution pattern of species diversity has been shown to vary greatly among species especially those of different life forms, and the law of α diversity decreasing along the elevation gradient has been generally accepted [23], notably with single-peak [24,25], double-peak [26] and an upward trend pattern [27,28], with inconsistencies among different indices [29]. Previous studies have demonstrated that environmental factors that control the spatial distribution of species diversity vary greatly at different regional scales [30]. Generally, at the regional scale, hydrothermal conditions, flora, and soil parent material types jointly influence the distribution of plant communities [31,32]. Altitude has a significant impact on the climate, thus indirectly affecting the distribution of vegetation. Local differences in soil factors and microclimate are determinants of the formation of plant communities and vegetation distribution [33,34].



Hainan Island is in the southern part of China and located on the northern edge of the tropics, significantly influenced by the alternating winter and summer winds. It has a hot and rainy tropical monsoon climate, with two seasons of rain and drought a year, thus creating a superior geographical location endowed with abundant species resources, making it an excellent experimental field for biodiversity research. However, past studies on species diversity on Hainan Island have been mostly focused on tropical mountain forests such as Jianfengling, Bawangling, and Wuzhishan [35,36,37], and few studies have been conducted on shrub and grassland ecosystems [38], which are limited to just small regions and therefore lack systematic investigation. Shrub ecosystems are one of the important components in the terrestrial biosphere and play an important role in maintaining regional diversity, ecological environmental protection, and vital ecosystem functions [39]. The shrub area in Hainan is approximately 120.23 × 104 m2 and is mostly scattered on lowlands and around plains, most of the shrubland having been destroyed for the development of local farming. Moreover, shrub communities on Hainan Island are already experiencing human disturbances, providing an opportunity to study the effects of disturbance history on shrub communities diversity.



At present, studies on the distribution of species diversity mainly focus on the horizontal distribution of large-scale plant communities or the distribution of mountain plants along elevation and slope direction at regional or local scales, neglecting the synthetical analysis of shrub community distribution along longitude, latitude, elevation, and slope direction. Therefore, a systematic study on the spatial distribution characteristics of the shrub community and the species diversity in Hainan is useful in not only expanding the background data of biodiversity but also in providing a reference for the scientific management and maintenance of shrub resources in tropical regions. In this study, we investigated 13 representative shrub plots in Wanning, Qiongzhong, Qionghai, Changjiang, Wenchang, Chengmai, Danzhou, and Lingao, Hainan, China, where shrub communities are widely distributed, and analyzed the horizontal distribution pattern and the species diversity of typical shrub communities on Hainan Island for climate, topography, and soil factors. The main factors affecting the species diversity and the distribution pattern of shrub communities on Hainan Island were documented. It was assumed that although shrub communities on Hainan Island were very badly degraded because of a long period of human activities, the species diversity still had spatial distribution characteristics of forest species diversity on a large scale and regularity in horizontal distribution; moreover, shrub species distribution was influenced by some environmental factors.




2. Materials and Methods


2.1. Study Site


Hainan Island is located between 18°10′ N to 20°1′ N and 108°30′ E to 111°3′ E in the northern margin of the tropics. The annual temperature averages between 22.5~25.6 °C, increasing from the central mountainous areas to the coastal areas [40]. The annual precipitation is averagely 1500~2000 mm and is divided into dry and wet seasons. It is wet season from May to October and dry season from November to April of the following year. There are differences in annual precipitation in different sections of the Island, and the influence of the southwest monsoon in western China is more significant in the dry season [41]. The terrain is mainly flat around the island dome, rising to a peak in the middle. It is a trapezoidal structure composed of mountains, hills, platforms, and plains with an average elevation of 120 m asl. The dominant shrubs are Rhodomytus tomentosa, Baeckea frutescens, Psychotriaasiatica, and Flacourtia indica; herbs include, i.e., Dicranopteris pedata, Imperata cylindrica var. major, Chromolaene odorata L., and so on.




2.2. Community Surveys


Eight counties in Hainan, Wanning, Qiongzhong, Qionghai, Changjiang, Wenchang, Chengmai, Danzhou, and Lingao, with a wide shrub distribution area, were selected for investigation in December 2019 and July 2020 to accomplish a comprehensive survey of Hainan shrubs. A typical plot investigation method was adopted in the study area and the representative shrub communities with a contiguous distribution and a patch area greater than 100 m × 100 m or a noncontiguous distribution area greater than 25 m × 25 m and a radius < 250 m were selected from 13 plots that had relatively uniform habitat and community structure. The plot distribution is as shown in Figure 1. The minimum distance between the quadrants was no less than 5 m while the maximum was no more than 50 m, and a total of 39 shrub quadrants were laid out. The indexes of the shrub species name, height, base diameter, and the canopy width’s long and short axes were recorded. In addition, to ensure the adequacy of the species survey, we estimated the sample coverage for each site. The accumulation curves of each studied site are presented in Figure S1. GPS was used to record the longitude, latitude, and altitude information of the sample plots, and the slope direction and inclination were measured using a compass. The basic information of the sample plots is shown in Table 1.




2.3. Soil Physicochemical Properties


We removed undecomposed or semi-decomposed litter on the surface and then adopted the five-point sampling method in each shrub plot. Soil samples from a depth ranging from 0~20 cm were drilled with a soil drill and mixed evenly and placed into marked and sealed plastic bags, which were then taken back to the laboratory for processing and analysis. After screening using a 2 mm sieve, the soil was air-dried. The soil organic matter was measured using the potassium dichromate-sulfuric acid oxidation external heating method. The total nitrogen (TN) in the soil was analyzed by semimicro-Kjeldahl methods [42], and total phosphorus (TP) in the soil was determined by the molybdenum antimony resistance colorimetric method [43]. The pH value of the soil was measured using a Sartorius PB-10 pH meter in a 1:2.5 soil/water suspension [44].




2.4. Analytical Approach


2.4.1. Measurement of Shrub Community Diversity


The importance values of each species in the shrub layer were calculated. Due to the replication and linearity principle, Hill numbers are used commonly to quantify abundance-based species diversity [45,46,47]. Hill numbers and the Pielou evenness index were selected to reflect the α diversity and the functional status of a shrub community. According to the plant community inventory method, the species importance value and α diversity index are determined as follows:


  I  V i  = ( R a i + S d i + R h i ) / 3  



(1)




where IVi is the relative importance of the ith shrub species in the corresponding community, Rai, Sdi,, and Rhi are the abundance, basal area, and height of the ith shrub species, respectively [48].


   H ′  = −   ∑   i = 1  s   P i  ln  P i  ,  



(2)




where H′ is the Shannon–Wiener index, Pi is the proportion of the ith shrub species importance value in the quadrat, ln is the natural log (2.178), and S is the number of species in the survey sample [49].


   D ′  = 1 −   ∑   i = 1  s   P i 2  ,  



(3)




where D′ is the Simpson dominance index [50].


  J = (  H ′  ) / ( ln S ) ,  



(4)




where J is the Pielou evenness index [51].



On this basis, we calculated the Hill numbers of the Hainan shrub community. The Hill numbers combine rich information on species richness, species rarity, and species dominance [52,53].


     q  D =    (    ∑   i = 1  S   P i q   )    1 /  (  1 − q  )      ,   q   ≥   0   ,   q   ≠   1 ,   



(5)




where qD are the Hill numbers and q is the parameter that determines sensitivity to species relative abundances [47,52].




     0  D =   ∑   i = 1  S   P i 0    = S ,   



(6)





When q = 0, the Hill number N0 0D represents species richness [47,52].


     1  D = exp  (  −   ∑   i = 1  s   P i  ln  P i   )    =    e  H ′   ,   



(7)







When q = 1, the Hill number N1 1D represents the exponential of Shannon diversity [47,52].


    2  D = 1 /   ∑   i = 1  s   P i 2    = 1 / ( 1 − D ′ ) ,  



(8)







When q = 2, the Hill number N2 2D represents the inverse of Simpson diversity [47,52].




2.4.2. Data Processing and Analysis


Sample coverage was calculated using the iNext package of the R 3.6.2 (R Core Team 2019; Vienna, Austria) and species accumulation curves were plotted using ggplot2 [54,55,56]. Temperature and precipitation data were obtained from the WorldClim database, species importance value was calculated in the R software, and the α diversity index was calculated using the Vegan package of the R software and Microsoft Excel. The horizontal distribution pattern of α diversity was tested using the unary regression analysis, the correlation between the α diversity index and environmental factors was analyzed using the Pearson correlation analysis, and the relationship between the α diversity and environmental factors was investigated using the Detrended Correspondence Analysis (DCA) and the Redundancy Analysis (RDA). Before the analysis, the species richness values underwent a natural logarithm conversion, and other environmental factors were analyzed after standardized processing. Particularly, the slope conversion was utilized to convert the azimuth value to between 0 and 1; this formula is as follows:


  T R A S P =  {  1 − cos  [   (   π  180    )   (  a s p e c t − 30  )   ]   }  / 2  



(9)




where TRASP is the slope aspect index and aspect is the slope azimuth value measured using a compass [57].



The unary regression analysis was performed using SPSS 25.0 for Windows software, setting the significance level to 0.05. Sigmaplot14.0 was used to plot all the data analysis graphs. Correlation analysis, community ordination, model correction test, and visualization were all carried out using R software. The Vegan package in the R software was used to conduct DCA and RDA [58], and the Rsquare Adj function was used to calculate the R2 [59]. The envfit function was used for the permutation test [60], the ordiR2step function was used for the forward selection of the model [61], and ggplot2 was used for data visualization.






3. Results


3.1. Horizontal Differentiation of Species Diversity Index


The species diversity index of the Hainan shrubs was spatially inconsistent (Figure 2). Species richness was positively correlated with longitude (R2 = 0.57, p < 0.05), that is, species richness increased from west to east, while the Pielou index gradually decreased, but the trend was not significant (p = 0.25). The exponential of Shannon diversity and the inverse of Simpson diversity fluctuated greatly in the east–west direction and did not show a clear trend (p > 0.05). In the north to south direction, species richness fluctuated significantly, but there was no significant correlation (p > 0.05). The Shannon–Wiener index, Simpson index, and Pielou index showed a slight upward trend from south to north (p = 0.39, p = 0.34, and p = 0.49). Consequently, we recorded that shrub species richness increased significantly from west to east, the exponential of Shannon diversity and the inverse of Simpson diversity increased from south to north, and the Pielou index slightly increased from southeast to northwest.




3.2. The Correlation between Species Diversity Index and Environmental Factors


The correlation analysis between species diversity index and environmental factors is shown in Table 2. Except for precipitation variation coefficient, the other three climatic factors, i.e., annual precipitation, precipitation in the driest season, and precipitation in the wettest season, were significantly positively correlated with species richness (r = 0.729, p < 0.01; r = 0.745, p < 0.01; r = 0.678, p < 0.05), and there was a significant negative correlation between the precipitation variation coefficient and species richness (r = −0.701, p < 0.01). The Pielou evenness index was significantly negatively correlated with soil organic carbon (r = −0.595, p < 0.05) and significantly positively correlated with soil total nitrogen and N/P ratio (r = 0.561, p < 0.05; r = 0.642, p < 0.05). Precipitation and soil factors were correlated with the four indexes in different degrees, while temperature and terrain factors were not correlated with the four indexes.




3.3. The Sequencing Analysis of Species Diversity and Environmental Factors


To ensure the accuracy of the model, the variance expansion factor method was used to screen out multicollinearity factors, leaving seven environmental factors (Table 3), including annual temperature, annual precipitation, slope aspect, soil organic carbon, soil total nitrogen, soil total phosphorus, and soil pH. DCA operation results show that the maximum gradient in the four axes was 0.476 fewer than 4, therefore the linear model RDA was used to explore the relationship between shrub species diversity and environmental factors. The characteristic values of the first two axes of the RDA analysis were 0.5266 and 0.1710, respectively, which could explain 62.6% and 2.0% of the relationship between the shrub species diversity and the environment, and the cumulative variance explanation rate was 64.6%, indicating that the first two axes contained most of the ranking information and could reflect the relationship between the shrub species diversity and environmental factors in a relatively complete way.



The RDA ranking results show (Table 3) that the correlation degree (absolute value) between the environmental factors and the first ranking axis was (from high to low) annual precipitation > soil total nitrogen > soil organic carbon > slope aspect > annual temperature difference > soil total phosphorus > soil pH. The first ranking axis mainly reflected the change in annual precipitation (r = 0.325). The correlation degree (absolute value) between environmental factors and the second-ranking axis was (from high to low) soil total nitrogen > soil total phosphorus > soil organic carbon > soil pH > slope aspect > annual precipitation > annual temperature difference. The second-ranking axis mainly reflected the change in soil total nitrogen (r = −0.229).



Species diversity and environmental factors have been represented in a two-dimensional sequence diagram (Figure 3); the arrowed line represents the environmental factors and the quadrant represents the positive and negative relationship between the environmental factors and ordination axes. The environmental factors distributed in quadrants 1 and 4 are positively correlated with axis 1(x-axis), those distributed in quadrants 2 and 3 are negatively correlated with axis 1. Similarly, the environmental factors distributed in quadrants 1 and 2 are positively correlated with axis 2(y-axis), and those distributed in quadrants 3 and 4 are negatively correlated with axis 2. Meanwhile, the line angle represents the degree of correlation. The longer the line and the smaller the angle, the greater the contribution of the environmental factor to species diversity and vice versa. Axis 1 mainly reflects the impact of annual precipitation on species diversity, with an increasing trend from bottom to top. Axis 2 (y-axis) mainly reflects the impact of soil total nitrogen on species diversity, with an increasing trend from left to right. At the same time, the distance between quadrats reflects the degree of similarity between the factors. The closer the distance between quadrats, the higher the degree of similarity and the more similar their impact is on environmental factors. To avoid the conjugation effect caused by redundant variables, forward selection, and the Monte Carlo replacement test were used in the RDA analysis to screen the main influencing factors of species diversity. Annual precipitation was the first factor selected, followed by soil total nitrogen, slope aspect, soil organic carbon, soil total phosphorus, annual temperature difference, and soil pH. The annual mean precipitation and soil total phosphorus significantly affected species diversity (MAP: R2 = 0.588, p = 0.021; TN: R2 = 0.531, p = 0.025).





4. Discussion


4.1. The Horizontal Distribution of Shrub Species Diversity in Hainan


At different scales, the spatial distribution of species diversity varies greatly due to different controlling factors [30]. The Hainan shrub community species diversity index has a positive correlation with longitude (R2 = 0.57, p < 0.05), and the species richness increases significantly from west to east. This result is consistent with the research on the distribution of species diversity [62]. The spatial variations of the Shannon–Wiener index, Simpson index, and Pielou index are complex and are not significantly correlated with latitude and longitude. The Pielou index shows a decreasing trend from west to east. The exponential of Shannon diversity, the inverse of Simpson diversity, and Pielou index showed a slight upward trend from south to north. Previous research on Hainan Island recorded the greatest influence on species distribution from environmental and anthropogenic disturbance compared with other spatial influences [62]. The elevation is the second most important factor affecting the patterns of species diversity, closely followed by soil physical factors such as density, water holding capacity, and porosity [62].



The Hill numbers and Pielou index are all based on individual abundance [47,63]. The exponential of Shannon diversity (Hill number N1), for instance, is a comprehensive indicator reflecting diversity, representing both the number of plant species and the uniformity of spatial distribution of different species [52,64]. The inverse of Simpson diversity (Hill number N2), on the other hand, can better reflect community dominance [65,66], and the Pielou index mainly represents species density and evenness in a community. The exponential of Shannon diversity showed no regularity in the east–west direction, while the Pielou index was opposite to the trend of species richness, indicating that precipitation was no longer the main controlling factor of species evenness. The specific reasons for our observations need further study. The exponential of Shannon diversity, the inverse of Simpson diversity and Pielou index all show an increasing trend from south to north, which is consistent with the research on the shrub of Rosa chinensis in north China [67] and contrary to the large-scale spatial pattern across the world [68,69]. This may be due to the low latitude of Hainan, so there is little difference in the annual average temperature in all regions. As a result, negative correlation between species diversity and latitude mainly caused by light and temperature could not be reflected.



Microenvironmental differences may be the main reason for differences in community species composition and structure, especially for relatively small plant communities [70]. The difference between the latitude and longitude in Hainan Island is less than 3°, the horizontal spatial scale is small, and the geographical environment is relatively consistent, leading to a strong dependence of the shrub community species on the microenvironment. The growth, reproduction, and competition of shrub species in different habitats may be the main reason for the nonsignificant spatial distribution of the α diversity index, which is consistent with some research about old-growth forests [71,72].




4.2. The Relationship between Shrub Species Diversity and Hydrothermal Factors in Hainan


The spatial distribution pattern of species diversity on a large regional scale was mainly influenced by the cumulative effect of hydrothermal factors [73], and the spatial variation of moisture and heat was manifested through the spatial differentiation of annual mean temperature and annual mean precipitation. The greater the spatial variation of annual mean temperature and annual mean precipitation, the more complex and diverse the water and energy gradients are to support the survival of more species. From our findings, we assert that the spatial pattern of shrub community diversity in Hainan was at least partially correlated with hydrothermal factors. Specifically, annual precipitation, precipitation in the driest season, and precipitation in the wettest season were significantly positively correlated with shrub species richness, and the precipitation variation coefficient was negatively correlated with species richness, and the redundancy analysis showed that the annual mean precipitation had a significant impact on the species diversity. This is also the main reason for the significant increase in shrub species richness from west to east in Hainan, indicating that although Hainan is generally a humid and rainy region, the moisture factor still has a strong limiting effect on the distribution of shrub community species diversity. This is consistent with the research on species diversity in both small and medium-scale areas [74,75].



In addition, the average annual temperature, the average temperature in the warmest season, and the average temperature in the coldest season were not correlated with the species diversity index of the shrub community in Hainan. This is similar to geographic patterns of species richness [76] and contrary to spatial patterns of species diversity of plants in China [20,21]. Perhaps because Hainan is in a low latitude area with abundant energy, shrub communities can grow and reproduce quite successfully under appropriate temperatures. Energy is therefore not the main limiting factor of shrub species diversity.




4.3. The Relationship between Shrub Species Diversity and Edaphic Factors in Hainan


Soil is the product of the long-term interaction between climate, parent material, terrain, and organisms and stores a large amount of carbon, nitrogen, phosphorus, and other nutrients [77]. Meanwhile, physical and chemical properties in the soil can restrict the growth and development of plants. Soil fertility level was significantly correlated with tropical plant community diversity [78]. The results of the correlation analysis show that the Pielou evenness index was significantly negatively correlated with soil organic carbon and was significantly positively correlated with soil total nitrogen and the nitrogen and phosphorus ratio, suggesting that soil organic carbon was beneficial to increasing the number of individuals, and soil total nitrogen was not conducive to increasing the number of individuals. This result is consistent with the research about evergreen broad-leaved forests [79] and contrary to the research on typical plant communities in the Miao Archipelago and the source of the Yellow River in China [80,81]. Research has established that on the Hainan Island, species diversity increases and is positively correlated to increasing soil fertility with the total phosphorus value being one of the best indicators of soil fertility and important in succession and recovery [82].



Different types of vegetation may have different requirements for soil nutrient types and levels. The shrub community in Hainan showed that the more the abundance of plants, the more the soil organic carbon was absorbed, and therefore less of it is available in the soil. The more the number of individual plant species, the more the soil total nitrogen that is absorbed, and therefore less of it is available in the soil. In plants, studies have shown that increased soil nutrients lead to increased plant productivity, increased competition among species, and the eventual gradual elimination of species with narrow ecological niches, thus reducing community diversity. Therefore, for the Hainan shrub community, it is necessary to pay attention to the location of vegetation types and to supplement nutrients promptly to establish a dynamic balance between tree species growth and nutrient storage. The redundancy analysis showed that soil total nitrogen was the main factor affecting species diversity of the Hainan shrub community and was significantly positively correlated with each diversity index. It may be that because Hainan shrubs have been a secondary tropical vegetation disturbed by human activities for a long time, soil conditions have not improved completely. The contents of soil total nitrogen of Hainan shrubs are still less, remaining a constraint on plant growth [78,83].





5. Conclusions


In this study, we investigated the spatial distribution characteristics and factors influencing the shrub community diversity in Hainan Province. The results show that the spatial distribution of the shrub community was mainly affected by rainfall and edaphic factors and had no significant correlation with topographic factors. First, the distribution of species diversity along the change in longitude also reminds us to pay more attention to the conservation of species in areas with poor hydrothermal conditions, especially under serious anthropogenic disturbances. Previous studies have shown that the slope angle and aspect usually have important effects on species diversity. However, this study showed that the influence of slope on species diversity is weak. Over the years, anthropogenic activities have caused significant damage and greatly contributed to the proliferation of secondary vegetation. Consequently, the impact of human disturbance on species diversity has far exceeded that of aspect, slope, and other topographic factors. In addition to human disturbance, the relationship between species diversity and plant characteristics may also be attributed to seed dispersal, interspecific competition, and plant functional attributes. Additional studies on the relationship between species diversity and plant characteristics can provide a more comprehensive reference for species diversity conservation and vegetation restoration in Hainan.
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Figure 1. The distribution of sample plots. Note: The distribution of 13 sample plots in Wanning, Qiongzhong, Qionghai, Changjiang, Wenchang, Chengmai, Danzhou, and Lingao, Hainan, China. The specific information of the sample is listed in Table 1. 
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Figure 2. The species diversity indices change along the longitude and latitude. Note: • represents one of 13 sample plots. 
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Figure 3. The Redundancy Analysis ordination diagram of species diversity indices and environmental factors. Note: AVMAT: annual variation of mean annual temperature; MAP: annual mean precipitation; As: aspect; SOC: soil organic carbon; TN: soil total nitrogen; TP: soil total phosphorus. Numbers 1–13 represent the 13 samples listed in Table 1. 
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Table 1. The physical characteristics of the sample plots.
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	Plot No.
	Latitude
	Longitude
	Elevation

(m−1)
	Exposure

(°)
	Slope (°)
	Dominant Species





	1
	18.79
	110.53
	15
	245
	10
	Embelia laeta, Flacourtia indica



	2
	18.81
	110.52
	235
	160
	25
	Pandanus tectorius



	3
	18.89
	109.81
	347
	40
	30
	Rhodomyrtus tomentosa



	4
	19.07
	110.29
	56
	280
	5
	Rhodomyrtus tomentosa



	5
	19.12
	110.23
	18
	147
	3
	Flueggea virosa



	6
	19.37
	108.69
	5
	208
	0
	Opuntia, Clerodendrum inerme



	7
	19.38
	108.68
	8
	208
	0
	Opuntia, Pandanus tectorius



	8
	19.57
	110.76
	20
	140
	5
	Mallotus paniculatus



	9
	19.65
	109.88
	110
	118
	5
	Rhodomyrtus tomentosa, Ternstroemia microphylla



	10
	19.68
	109.21
	4
	278
	0
	Rhodomyrtus, Vitex trifolia



	11
	19.70
	109.98
	94
	88
	10
	Rhodomyrtus tomentosa



	12
	19.83
	109.80
	108
	80
	0
	Rhodomyrtus tomentosa



	13
	19.90
	109.52
	2
	279
	0
	Rhodomyrtus
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Table 2. The correlation between species diversity indices and environmental factors.
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	Variable
	ln (Species Richness)
	Exponential of Shannon
	Inverse of Simpson
	Pielou Evenness Index





	MAT/°C
	−0.336 ns
	−0.029 ns
	0.049 ns
	0.055 ns



	MTWQ/°C
	−0.310 ns
	0.045 ns
	0.139 ns
	0.149 ns



	MTCQ/°C
	−0.286 ns
	−0.116 ns
	−0.071 ns
	−0.093 ns



	AVMAT/°C
	0.140 ns
	0.305 ns
	0.326 ns
	0.290 ns



	MAP/mm
	0.729 **
	0.225 ns
	0.075 ns
	−0.321 ns



	PDQ/mm
	0.745 **
	0.149 ns
	−0.025 ns
	−0.335 ns



	PWQ/mm
	0.678 *
	0.211 ns
	0.075 ns
	−0.350 ns



	Pcov
	−0.701 **
	−0.122 ns
	0.044 ns
	0.356 ns



	Elevation
	0.125 ns
	−0.021 ns
	−0.069 ns
	−0.243 ns



	Aspect
	−0.254 ns
	−0.335 ns
	−0.314 ns
	−0.149 ns



	Slope
	0.013 ns
	−0.235 ns
	−0.288 ns
	−0.355 ns



	SOC
	−0.067 ns
	−0.486 ns
	−0.491 ns
	−0.595 *



	TN
	−0.349 ns
	0.295 ns
	0.434 ns
	0.561 *



	TP
	−0.089 ns
	−0.411 ns
	−0.409 ns
	−0.478 ns



	C/N
	0.294 ns
	−0.173 ns
	−0.274 ns
	−0.309 ns



	N/P
	−0.247 ns
	0.406 ns
	0.523 ns
	0.642 *



	C/P
	0.062 ns
	0.239 ns
	0.245 ns
	0.240 ns



	pH value
	−0.043 ns
	0.137 ns
	0.170 ns
	0.283 ns







Note: * p < 0.05; ** p < 0.01; ns, p > 0.05. MAT: annual mean temperature; MTWQ: mean temperature of the warmest quarter; MTCQ: coldest season mean temperature of the coldest quarter; AVMAT: annual variation of mean annual temperature; MAP: annual mean precipitation; PDQ: precipitation of driest quarter; PWQ: precipitation of wettest quarter; Pcov: precipitation variability coefficient (seasonality of variation); SOC: soil organic carbon; TN: soil total nitrogen; TP: soil total phosphorus.
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Table 3. Results obtained through the Redundancy Analysis ordination and the Monte Carlo permutation test.
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Factor

	
Correlation with RDA Ordination Axes

	
Monte Carlo Permutation Test




	
Axis1

	
Axis2

	
R2

	
p-Value






	
AVMAT/°C

	
0.053

	
−0.001

	
0.103

	
0.576




	
MAP/mm

	
0.325

	
0.107

	
0.588

	
0.021 *




	
Aspect

	
0.112

	
−0.113

	
0.346

	
0.114




	
SOC

	
−0.175

	
−0.194

	
0.265

	
0.215




	
TN

	
0.276

	
−0.229

	
0.531

	
0.025 *




	
TP

	
0.011

	
0.201

	
0.180

	
0.376




	
pH value

	
0.000

	
0.141

	
0.049

	
0.779




	
DCA

	
0.476

	
0.208

	

	




	
RDA

	
5.266

	
0.171

	

	




	
Percentage explainable of species data

	
62.6

	
2.0

	

	




	
Cumulative proportion of species–environment relationships

	
62.6

	
64.6

	

	








Note: * Represents significant correlation (α = 0.05); AVMAT: annual variation of mean annual temperature; MAP: annual mean precipitation; SOC: soil organic carbon; TN: soil total nitrogen; TP: soil total phosphorus; DCA: Detrended Correspondence Analysis; RDA: Redundancy Analysis.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
30
~ 25}

—_ = NI
o th O

[n(species richness
®

<
)

R’=0.57 P<0.05

0.0
108.5
12;

o

exponential of Shannon
EEN (@) oo

109.0 1095 110.0 110.5 11i.0
R°=0.01 P=0.76

R (@) o>

Inverse of Simpson

(N

109.0 1095 1100 1105 111.
R’=0.01 P=0.87

0
108.5

1.0,

0.8+

0.6 |

04|

Pielou index

021

109.0 1095 110.0 1105 111.0

R’=0.04 P=0.25

0.0
108.5

109.0 109.5 1100 1105 111.0
Longitude/(°)

In(species richness)

Pielou index

4 B R°=0.02 P=0.67

251 ) e . .
2.0} L,QJJ,_,F_F_,::#,_.
1.5} * .

1.0+

0.5+

0.0 —
18.6 18.8 19.0 192 19.4 19.6 19.8 20.0

12 R’=0.07 P=0.39

o

glO- °

o

=

7 St

G

o

= S

§4 i :,Hfr""”‘#‘#.ffﬁ

2. Sl g

52 - ® @ ®
18.6 18.8 19.0 19.2 194 19.6 19.8 20.0
10, R=0.09 P=0.34

5 :

9]

7 0

G

o

94l e

o :{ﬁ,#uff#

E ) f—;"‘ﬁ.;’f# s

18.6 18.8 19.0 19.2 194 19.6 19.8 20.0

1.0 R’=0.04 P=0.49
08 ° : ..

0.6 e T
04} ) .
02 o

0.0 S S S
18.6 18.8 19.0 19.2 194 19.6 19.8 20.0
Latitude/(°)





nav.xhtml


  land-11-01047


  
    		
      land-11-01047
    


  




  





media/file0.png





media/file2.png
19°30'0"N

18°45'0"

Legend

A Sampling Site
I:l County Border
— Highway

= Main Rivers

0 20 40 km

| | |
Study Region —» >
| I I

108°45'0" 109°30'0" 110°15'0" 111°0'0"E






media/file5.jpg
mAP

2

00 Axesl

o3





media/file6.png
MAP
05T 8
4
3 A
SOC A
. TP
S 13 -
0.0} 10 2AA1 / "
54 9
AVMAT
pH
7A
—0.5 AS
6
A
TN
X 0.0 Axesl 0.5






media/file3.jpg
30, F=057 peoos
2 3
gt

fu

b | K001 P-076
gm .
ED
5 .
L P

K002 P07

e rihnes)

i 158 190 192 194 196 198 200

fos im0 ims 0w 05

L Fe001 1087

a
loss w90 1095 00 1105 1o

" 004 Pe02s

g : 4

o .
T

Longitude/®)

" Pe07 P03
g0 A
&
MR
Y56 s 190 192 4 96 195 200
i K009 P034
o] ]
i
5ol
5
8 W
i ot

a
56 153 150 192 54 6 08 200

w0 -0t pas0
Jod
“oa -

Latdel)





media/file1.jpg
18°45'0'

Legend
A sampling site

] Couny Borter

—— Highway

e Main Rivers

a
>
1
s
o @ om i
— Sty Region- 4
108°45'0" 109°30'0" 110°15'0" 111°0'0"E






