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The significance of biodiversity research is to understand the structure and function of the community, and then to protect and monitor the community. The metric of biodiversity is the base of biodiversity conservation. Species richness and evenness are the most common descriptors of biodiversity. Whether it is diversity information measure, probability measure or geometric measure, they all express the combination of species richness and evenness in different ways. This study presents a new biologically meaningful measure of species diversity, which evaluates species richness and evenness independently, designated as DRE. The novelty of our method is to use “absolute discrepancy” to express the dissimilarity between the observed community and the uniform distribution community with the same species composition and same abundance of each species, and then measure the species evenness. The logarithmic transformation of the species number is used to measure species richness with values ranging between 0 and 1. We test the performance of this measure using simulated data and observations of natural and planted forests in different climatic zones. The results showed that the new diversity index (DRE) has superior statistical qualities compared with the traditional indices. Especially, in extremely uneven communities, the new measure describes the causes of diversity changes than the traditional DRE. In addition, DRE is more sensitive to the abundance changes of rare species in the simulated community, and the interpretation of the results is more intuitive and meaningful. It is an improved method to evaluate the species diversity of any ecosystem.
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Introduction

The concept of biodiversity has evolved rapidly during the past decades. It is widely accepted that biodiversity can be divided into three spheres: genetic diversity (within-species diversity), species diversity (number of species), and ecosystem diversity (diversity of communities) (Harper and Hawksworth, 1995; Wilson and Peter, 1988). Typically, the focus is on species diversity. The relationship between biodiversity and ecosystem functioning and productivity has received increasing attention within the scientific community during the past decades (McNaughton, 1994; Hooper et al., 2005). The continuous loss of protophyte biodiversity due to human activities, invasion of alien species and climate change have led to negative effects on ecosystem functions and stability (Naeem et al., 1994; Hooper et al., 2012; Flombaum et al., 2016). Biodiversity research has therefore developed to become an important part of conservation biology and functional ecology (Ma, 2013, 2016). Species diversity is a crucial concept of biodiversity and is intuitively simple yet conceptually complex. A quantitative assessment of species diversity is thus essential for effective biodiversity conservation and management (Magurran, 2004).

Measures of species diversity usually include two components: richness and evenness. Richness represents the total number of species within a given area, while evenness measures how similar species are in their abundances (Hurlbert, 1971; Magurran, 2004). Species richness and evenness are two independent criteria that may differ in their responses to local habitat factors (Fisher et al., 1943; Preston, 1948; MacArthur, 1957; Ma, 2005). Recent empirical studies have demonstrated that the relationship between species richness and evenness appears to be weaker than expected (Wilsey et al., 2005; Soininen et al., 2012). These two diversity components may vary independently and could be influenced by different ecological processes. For example, in a forest ecosystem with highly diversified, extreme weather or natural disasters may cause large-scale species extinction, which reduces species richness, but may increase the evenness of species distribution. A number of studies have shown that species evenness could also exhibit strong impacts on ecosystem productivity and other functions as richness does (Wilsey and Potvin, 2000; Wittebolle et al., 2009; Zhang et al., 2012). For example, Wilsey and Potvin (2000) have shown that plant biomass increased linearly with increasing species evenness in Canadian grasslands. It appears logical therefore, that species evenness and richness should both be considered to gain a deeper understanding of the effects of different species diversity patterns (Weiher and Keddy, 1999; Crowder et al., 2012).

Various indices have been proposed to capture information about the diversity of a plant community (Margalef, 1958; Hill, 1973; Purvis and Hector, 2000; Wilsey and Potvin, 2000; Magurran, 2004; Hui et al., 2011; Chao et al., 2013). The principal objective of a diversity index is to obtain a quantitative estimate of biological variability that can be used to compare biological entities in space or time. Species diversity indices can be divided into simple and composite indices (Morris et al., 2014). The most common simple index is species richness. However, this index always ignores or under-emphasizes abundance information (Wilsey et al., 2005). Composite indices, which combine species richness and evenness into a single value, are widely used in ecology. Such indices have benefits of being simple to calculate and having a long history of application. However, most of them prefer to express the information of only one component between richness and evenness, and sacrifice the information of another component, such as the Shannon–Weaver (H′) (Shannon and Weaver, 1949) and Simpson index (D) (Simpson, 1949), which are the most common indices used for describing species diversity in forest communities (Swindel et al., 1984; Cao and Zhang, 1997; Rubio et al., 2011; Hakkenberg et al., 2016).

The requirement, discussed earlier that species evenness should be calculated independently of richness, is a disadvantage of both these two composite indices (Morris et al., 2014). Combining richness and evenness into a single value may lead to counter-intuitive species diversity results, because such composite indices rely on unequal weight between species richness and evenness. For example, a species-rich community with low evenness could have a lower Shannon–Weaver index value than another community with low richness and higher evenness (Duelli and Obrist, 2003). The Simpson index is ambiguous since the same index value may be obtained for communities with different species frequencies (Buckland et al., 2005). Other evenness indices, which are derived from the Shannon–Weaver or Simpson index, have only limited application predictively because they mathematically correlate with these indices.

An additional major drawback of a composite index is the ambiguity of its definition (Hurlbert, 1971). For example, the Shannon–Weaver index can be interpreted as a measure of the uncertainty in the identity of an individual randomly selected from a community, where a higher degree of uncertainty implies greater diversity (Shannon, 1948). This index seems to be one with no direct biological interpretation. The Simpson index is a probability which also does not have a straight-forward, let alone ecologically meaningful interpretation (Tuomisto, 2010, 2012). Despite a long history of use, doubt appears to still exist regarding both the understanding and interpretation of these indices (Stirling and Wilsey, 2001; Hill et al., 2003). It has been suggested that understanding of diversity lay not the form of the numbers (e.g., probabilities), but in the ecological meaning of the variation in the abundance values which is the basis for calculating such indices (Tuomisto, 2010). From this perspective, it is needed to propose a DRE with meaningful biological interpretation.

Accordingly, this study takes the tree species in the forest as an example and introduce a new diversity measure (called DRE), which should have the following characteristics: (1) It can independently express the tree species richness and evenness in the community; (2) It has the characteristics of classical and can express the general law of community diversity. (3) It is sensitive to the changes of tree species richness and evenness, and can analyses the contribution of tree species richness and evenness to community diversity.



Materials and methods


Simulated data

In order to evaluate the effectiveness of the new tree species DRE, a series of simulated communities were established with the number of tree species ranging from 3 to 100, and their relative frequency ranging from 0.8 to 0.002 (more details are presented in Table 1). These simulated communities are assumed to be representative, i.e., each community included both the dominated and rare species. The simulated datasets were then used to calculate the values of different tree species diversity indices.


TABLE 1    Frequency distributions of different simulated communities with the same absolute discrepancy (dxy).
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Field data

The effectiveness of different species diversity indices was also compared using observed field data. The field data used in this study were collected in 15 plots of different forest types distributed along an environment gradient (Table 2). The vegetation type in the Jiaohe forest region is a temperate coniferous and broad-leaved mixed forest, and the main tree species are Fraxinus mandshurica, Pinus koraiensis, Juglans mandshurica, Carpinus cordata, and Abies holophylla. The Jiulongshan forest is a warm-temperate broad-leaved deciduous forest with artificially planted Platycladus orientalis as the main tree species, and also includes naturally regenerated Quercus variabilis, Broussonetia papyrifera, Ailanthus altissima, Prunus davidiana, and Spina gleditsiae. The Xiaolongshan forest region is situated at the warm temperate-subtropical transitional zone. In this region, the natural forest type is a pine-oak mixed forest composed of Quercus aliena var. acuteserrata and Quercus liaotungensis. The main tree species include Quercus aliena var. acuteserrata, Quercus liaotungensis, Pinus armandii, Pinus tabulaeformis, Populus davidiana, Rhus verniciflua, and Kalopanax septemlobus. The artificial forest type includes mainly Pinus armandii and Pinus tabulaeformis plantations, which are mixed with naturally regenerated Quercus acuteserrata, Tilia paucicostata, Crataegus kansuensis, and Pyrus xerophila. The Liping forest region belongs to subtropical humid evergreen broad-leaved natural forest type, where the main tree species are Castanopsis tibetana, Castanopsis fabri, Cyclobalanopsis glauca, Castanopsis carlesii, Castanopsis eyrei, Castanopsis kweichouensis, Schima superba, Daphniphyllum oldhamii, Liquidambar formosana, and Quercus acutissima. The Jianfengling forest region is a tropical mountane rain forest, and the mian tree species in this area are Cryptocarya chinensis, Gironniera subaequalis, Mallotus hookeriana, Nephelium lappaceum, Livistona carinus, and Schima superba.


TABLE 2    Details of field plots belonging to different forest types locating in different climate zones.
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The Sangati research area in Northern Mongolia represents old growth “dark” taiga forest and is situated near the KhoninNuga ecological research station in the West–Khentii province, near the Eruu River and bordering on the strictly protected area of Khan Khentii. The main tree species in this area are Abies sibirica, Larix gmelinii, Picea obovata, and Pinus sibirica.

The Sainthwar research forest, situated near the village Sainthwar in the Paunglaung watershed of Myanmar, has been classified as a tropical natural deciduous broad-leaved mixed forest. Altogether 30 tree species are found in this forest, including Pterocarpus macrocarpus, Dalbergia oliveri, Mitragyna rotundifolia, Adina cordifolia, Albizia odoratissima, Dalbergia cultrate, Melanorrhoea usitata, Tectona grandis, and Baccaurea sapida.



Indices and measurement of species diversity

Species evenness reflects the relationship between the number of individuals of each species and the total number of all individuals in a community. It refers to the uniformity of the relative abundance of different tree species (biomass, coverage, or other indicators) in the community. Here we give a definition of the absolute uniform community, that is, all species in the community have the same relative abundance, thus the evenness can be expressed by comparing the difference between relative abundance of the number of tree species of the investigated community and absolute uniform community with the same species. The smaller the difference between the observed community species distribution and the community with completely uniform species distribution, the greater the evenness is. Gregorius (1974) proposed a measure of absolute discrepancy (dxy) for measuring the allelic differentiation between two relative frequency distributions:
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where xi is the relative frequency of hereditary form i in the community X; yi is the relative frequency of hereditary form i in the community Y; k denotes the quantity of hereditary forms; it is easy to see that.

[image: image]

Eq. (1) has been widely used to compare the difference between two populations, to identify whether two field plots are from the same totality, or to measure the difference between two ecosystems (Hui and Albert, 2004). In this way, dxy is the sum of the dissimilarity between the observed and the uniform community, and has the following important characteristics: (1) dxy is a non-negative real number; (2) the distance is symmetric, i.e., dxy = dyx; and (3) if the genetic structures of community X and Y are completely consistent, dxy is equal to 0, i.e., the two communities have the same allelic frequencies. The maximum value of dxy is 1.

When the absolute discrepancy formula [Eq. (1)] is used for measuring a forest community, the corresponding variables are defined in the following: xi is relative frequency of tree species i in community X, and yi is the expected relative frequency in absolute uniform community Y which all tree species abundances are homogenous (same frequencies of different species, i.e., yi = 1/k, where k is the number of species), and zi is the absolute difference between xi and yi, i.e.,(xi − yi). Table 1 presented species frequency distributions of a series of simulated communities that consist of 3, 4, 5, 50, and 100 tree species.

As dxy is independent of the distribution of xi – yi, the same value of dxy may be obtained for different species distributions as shown in Table 1. For example, there have same three tree species in communities a1, a2, and a3 and they have the same dxy = 0.467, but they are different in species frequency distributions. The same situation occured in other simulated communities b, c, d, and e, and in these communities also have the same tree species with different distribution frequency. This non-determinacy of the measure of absolute discrepancy reduces its reliability and stringency. At the same time, we also found that the standard deviation(s) of species frequency between communities with the same dxy is different from Table 1 (see the last row in Table 1), which suggests that we can characterize the difference between communities through dxy and its standard deviation of tree species frequency in each community group. Therefore, to overcome this deficiency of the absolute discrepancy, use the following equation to modify dxy through adding the standard deviation (s) of the distribution of the differences xi – yi.
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Where xi is the distribution frequency of tree species in the community X; yi is the distribution frequency of tree species i in the absolute uniform community Y; s is standard deviation of the distribution of the differences xi – yi Eq. (2) thus measures the non-evenness of any community attributes including tree species, tree diameter (or height) and structural variables. Conversely, evenness (SE) can be calculated using the following equation:

[image: image]

where the value of SE ranges between 0 and 1. The greater the value of SE, the greater the tree species evenness is, and vice versa. In addition, when all tree species in an observed community share the same relative abundance as the uniform community does, the tree species evenness reaches a maximum value of 1.

How to combine tree species richness and evenness independently? A simple addition or combination of k and SE will inevitably increase the weight of richness on diversity and reduce that of evenness, because the latter only assumes values between 0 and 1, while the former may assume any great number. Hence, for an effective combination of these two criteria, tree species richness must be normalized to the assumed values between 0 and 1. Logarithmic transforms can be used to eliminate the problem of large orders of magnitude of community tree species number. Here, the specific method is to logarithmically transform tree species number and normalize its values between 0 and 1. The reason for logarithmic transformation is that logarithmic function is a monotonically increasing function in its range of definition, which is consistent with the relationship between tree species richness and species number. Logarithmic transformation not only can reduce the absolute value of tree species number (reducing the variable scale and relatively stabilizing the numerical fluctuation), but also improve the sensitivity to small numbers and keep the relative size relation between tree species numbers. This can be presented as:
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The purpose of dividing k by 2 in formula 4 is that Klog should be 0 when only two species exist (k = 2). This is because that the necessary condition for tree species diversity studies is at least two species existing in a community to represent biodiversity (k ≥ 2). Thus, tree species richness assumes a minimum value when the community has only two species.

After the elimination of magnitude difference in tree species numbers, species richness is normalized by comparing klog with the logarithm of the possible largest species number in a biotic community (Klogmax). This normalization can be achieved by using the following expression:

[image: image]

The logarithm transformation of k greatly reduces the range of klogmax, and the number of tree species in forest communities is assumed to be far less than 1,000, thus klogmax will be less than 3 for forest communities. Previous researches showed, in species-rich forest communities (e.g., tropical rainforest), the number of tree species in a given sample is commonly less than 2000 (Gadow and Hui, 2007; Chuyong et al., 2011). When k reaches 2000 (kmax = 2000), for example, the tree species in the forest community is extraordinarily abundant, [image: image]. Eq. (5) can be simplified as:
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where SR represents the normalized species richness (k). The constraint of Eq. (6) for forest communities is 2 ≤ k ≤ 2000, thus the range of SR is 0 ≤ SR ≤ 1.

After unifying the numerical ranges of species richness and evenness (both are between [0 and 1]), their normalized dimensionless values can be directly mathematically combined, i.e., diversity (DRE) can be expressed by using the mean values of richness (SR) and evenness (SE) as biodiversity is a unification of species richness and evenness. Both the arithmetical mean (addition relationship, Eq. (7)) and geometric mean [multiplication relationship, Eq. (8)] of richness (SR) and evenness (SE) can be used to express biodiversity (DRE).
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DRE [Eq. (7) or Eq. (8)] has the following characteristics: (1) the value of DRE ranges between 0 and 1, i.e., between minimum and maximum biodiversity, respectively; (2) in the case of equal evenness, the greater species richness, the higher the diversity; (3) in the case of equal richness, the greater the evenness, the greater the diversity; and (4) species richness and evenness can be calculated independently.

For comparative purpose, the Shannon–Weaver index (Shannon and Weaver, 1949) [H′, Eq. (9)], Simpson (Simpson, 1949) [D, Eq. (10)] and the Hill Numbers or the effective number (1973) [qD, Eq. (11)] were also calculated for each data set at the same time.
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where s is the number of species and pi is the proportion of the sample belonging to the ith species.
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where pi is the proportion of the sample belonging to the ith species. As biodiversity increases, the Simpson index decreases. Therefore, D′ = 1-D is used in this study.

[image: image]

where s is the number of species, pi is the proportion of the sample belonging to the ith species and q is called the “order” of the diversity measure. Species richness is a diversity index of order 0, Shannon entropy is a diversity index of order one, and all Simpson measures are diversity indices of order two. The order q determines a diversity measure‘s sensitivity to rare or common species (Hill, 1973; Keylock, 2005; Jost, 2007; Chao et al., 2010, 2014).



Sensitivity analysis

A series of simulations were performed to evaluate the relative sensitivity of different species diversity and evenness indices to species richness and evenness. For species richness, we created a series of uniform communities, in which the number of species decreased from 50 to 3, and the relative change rate (RCR) of different diversity indices were compared. For species evenness, we created a series of communities where the number of rare species increased from 1 to 7, and then the RCR of different evenness indices were also compared. The used species diversity indices were H′, D′ and the new constructed richness index SR [Eq. (6)]. The used species evenness indices were the Pielou evenness index [calculated as J′ = H′/ln(k), where H′ is the Shannon–Weaver index, and k is the species number], the Simpson evenness index [calculated as DE = (1/D)/k, where D is the Simpson diversity index and k is the species number], and the new evenness index SE [Eq. (3)]. The RCR was defined as RCR = [(Aj-Ai)/Ai] × 100%, where Ai is the value of index in Ai community, and Aj is the value of index in Aj community. The value of RCR is high when an index varies widely for a set of simulated communities.




Results


Using diversity index to measure the tree species diversity of simulated communities

Table 3 shows the values of the qD, H′, D′, dxy, s, SE, SR, DR + E and DR×E indices of the thirteen simulated communities. The new constructed tree species diversity index (DR + E and DR×E) exhibited variation similar to that of the traditional diversity indices (qD, H′, and D′), where all of these five indices increased with increasing tree species number (k) or richness (SR). In the case of the same k or SR, different tree species evenness values (SE) could result in different diversities, and the diversity increased with increasing SE. Through calculating tree species evenness (SE) and richness (SR) independently, the new diversity index (DR + E or DR×E) could directly indicate the cause for the increase in tree species diversity. The reason that DRE expressed biodiversity effectively could be mainly due to the modification of the discrepancy index (dxy) for measuring the difference between two relative frequency distributions. The modified discrepancy index (d’xy) distinguished between different communities with the same discrepancy (dxy) but different frequency distributions (xi), through adding the standard deviation (s) of the distribution of the differences xi – yi. This modification helped to express the species evenness more precisely.


TABLE 3    Compared the value of different diversity indices using the simulated datasets in Table 1.
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Using DRE to measure the species diversity of natural forests in different climate zones

As shown in Table 4, the new index DRE may be used to describe the general variation of species diversity in natural forests, similarly to the diversity indices of qD, H′, and D′. The biodiversity in the tropical forest (plot 15; DR+E = 0.573; DR×E = 0.574) was the highest, followed by that in the tropical deciduous broad-leaved forest (plot 14; DR+E = 0.494; DR×E = 0.494), the subtropical conifer and broad-leaved mixed forest (plot 13; DR+E = 0.487; DR×E = 0.480), the pine-oak mixed forest in the warm temperate-subtropical transitional zone (plot 10–12; DR+E = 0.428; DR×E = 0.428), the Pinus koreansis broad-leaved forest in the temperate zone (plot 5–7; DR+E = 0.426; DR×E = 0.416), and the taiga forest in the cold temperate zone (plot 1–3; DR+E = 0.265; DR×E = 0.234). For the same climate zone, DR + E≥DR×E (SE and SR ∈ R+).


TABLE 4    Tree species diversity of natural forests locating in different climate zones.

[image: Table 4]

It should be noted that, although the tree species number in the Liping forest region located in subtropical zone was lower than that in the Xiaolongshan forest region located in the warm temperate-subtropical transitional zone, all of these five diversity indices indicated that the tree species diversity of the former forest region was higher than the latter (Table 4). According to Eqs (7, 8), the higher diversity in the Liping forest region was mainly due to the greater tree species evenness. In addition, within the same climatic zone, the rank order of different plots were not the same for different indices (Table 4). This phenomenon might be attributed to the relative importance of evenness and richness in the different diversity indices.



Using DRE to measure the tree species diversity of artificially mixed forests

Table 5 shows the tree species diversity of three artificial mixed forests. In the Jiulongshan forest region, located in the northern warm temperate zone, Platycladus orientalis accounted for 87% of the trees in the artificial P. orientalis mixed forest, while the remaining 13% trees were composed of seven naturally regenerated tree species. All the four diversity indices (qD, H′, D′,DR + E and DR×E) indicated that the species diversity in this forest region was lower than that in the Xiaolongshan forest region, which is situated at the warm temperate-subtropical transitional zone.


TABLE 5    Tree species diversity of different artificial mixed forests locating in different climate zones.

[image: Table 5]

It should be noted that the species diversity of the two plots (plot 8, 9; Table 2) in the Xiaolongshan forest region expressed by the new diversity index (DR+E) was rather different from that expressed by DR×E and the diversity indices (qD, H′, and D′). As shown in Figure 1, plot 8 was composed of Pinus tabulaeformis, Pinus armandii and seven other naturally regenerated tree species, the species frequency of which were 57.5, 21.3, and 21.2%, respectively. In contrast, plot 9 was mainly composed of P. armandii, which accounted for 72.8% of trees, while the remaining trees were represented by fifteen naturally regenerated tree species with relatively low frequencies. The calculated DR+E indicated that the species diversity of plot 9 with sixteen tree species was higher than that of plot 8 with nine tree species [DR+E(16) = 0.349 > DR+E (9) = 0.335]. However, qD, H′, D′, and DR×E exhibited a higher species diversity in plot 8 with 9 tree species. It can be seen from Table 5 that DRE and Hill number were completely consistent when expressing species evenness [SE(8) = 0.342 > SE(16) = 0.245], while the “order” of q was 2 and the Hill number was 2.591 and 1.866, respectively. When the “order” of the Hill number of q was 0, the species richness was 8 and 16, respectively. The SR of sample plot 8 and sample plot 9 was 0.218 and 0.301, respectively, the trend of richness of two indexes also have the same result. However, the new diversity index of DRE exhibited a higher species diversity in plot 9 with 16 tree species, this may be due to the new index assignment higher weight to richness.


[image: image]

FIGURE 1
Distribution of species relative frequency (xi) of plantations in Xiaolongshan mountain.




Sensitivity analysis of different tree species diversity indices based on a set of simulated communities

Figure 2 illustrates the RCR of three species richness and evenness indices with changing compositions of the simulated communities. Different indices show different sensitivities to the variation of the number of species or rare species, and the new richness (SR) and evenness (SE) indices had superior statistical behavior relative to the other two richness and evenness indices, respectively. In a homogenous community, as the number of species decreases from 50 to 3, the value of SR decreases more sharply than the Shannon–Wiener and Simpson diversity indices (Figure 2A). Similarly, with the increase of the rare species in a simulated community from 2 to 7, the new evenness index (SE) also exhibited the highest RCR among the three evenness indices (Figure 2B).


[image: image]

FIGURE 2
(A) Relative change rates of three diversity indices to the variation of species number in a series of simulated communities and (B) relative change rates of three evenness indices to the variation of rare species number in a series of simulated communities.





Discussion

As demonstrated in the results section, the new diversity index is sensitive to different patterns of species diversity in different climatic zones. This result indicates that the climate and disturbance account for a large proportion of the variation of biodiversity (Gaston, 2000; Hawkins et al., 2003). The main practical advantage of the proposed DRE measure over other indices is that species richness and evenness are treated independently, and equal weight is given to richness and evenness. The results of field observed data demonstrated that these characteristics were important for an unambiguous and accurate assessment of biodiversity. When we use the traditional indices (H′ and D′) to assess the diversity in the artificial mixed forest communities (Table 5 and Figure 1), which are dominated by a single planted species and mixed with a few naturally regenerated tree species, such abundance distribution result in a drastic drop of evenness and hence yields low values of traditional diversity indices, in spite of comparatively higher species richness. In contrast, the proposed DRE measure describes richness and evenness independently, and reveals diversity patterns more accurately in these rather uneven communities, without any loss of information. The Simpson and Shannon–Wiener indices are calculated exclusively from abundance values, it is thus difficult to assess the contribution of richness to the variation in D′ and H′ (Yue et al., 2007; Strong, 2016). Therefore, Whittaker (1972) argued that the Simpson index is primarily a measure of dominance, especially of the first 2–3 species, whereas the Shannon–Weaver index is more strongly affected by species in the middle of the rank sequence of species. Thus, the two indices measure different aspects of species diversity. As a result, the actual relationships among species relative abundances are distorted. Such distortion could easily lead to a misinterpretation of diversity (Jost, 2007).

Hill numbers or the effective number of species are increasingly used to quantify species diversity of an assemblage and recently extended to phylogenetic diversity and functional diversity. The Hill numbers are a parametric family of diversity indexes differing among themselves only by the parameter q that determines sensitivity to species relative abundance. It provides the number of equally abundant species that are needed to give the same value of a diversity measures (Chao et al., 2010, 2014). Compare the diversity calculation results of simulated sample plots (Table 4) and the investigated natural forest sample plots (Table 5), it is found that the trend of species richness and evenness of new diversity DRE (SR and SE) with Hill numbers (q = 0 and q = 2) are almost identical. There only few species evenness of sample plots were differences. The main reason may be that SE expresses evenness by comparing the difference of the tree species distribution frequency between investigated community and absolute uniform community, while the Hill number is abundance-based species diversity of the investigated community and it is believed as the best choice to quantify true diversity. Any evenness index should measure the equality of abundances in the community and maximum evenness occurs when all species are equally abundant (Alatalo, 1981). The more the relative abundances of species differ, the smaller is the evenness value. The modified absolute discrepancy formula [Eq. (3)] can measure dissimilarities between an observed community and a uniform community through comparing the species relative abundances. Our evenness index was found to be most easily interpreted: the more similar the observed and the uniform community are, the more even is the observed community. This interpretation reflects the concept of species evenness.

On the other hand, the assessment of richness in the new index is directly related to the number of species. The use of logarithmic transformation in the new species richness index (SR) can effectively describe the real change of diversity when adding a new species to different diversity communities. For instance, as to a species-poor community, adding a new species would make a big contribution to the species diversity. However, for a species-rich community, adding a new species would make only a slight contribution to the species diversity. In general, theoretical ecologists suggested that a satisfactory index of species evenness must assume values between 0 and 1 (Stirling and Wilsey, 2001; Camargo, 2008). Both the new evenness and species richness indexes are a normalized expression to assume values between 0 and 1. By doing this, the normalized dimensionless richness and evenness indexes can be easily combined to express diversity based on the ecological meaning and significance. The general statement “species diversity consists of two independent components, evenness and richness” logically lead us to use the mean values of evenness and richness as a combination method to express diversity; hence, this also produces a new diversity index that have normalized dimensionless values between 0 and 1. Both the arithmetical mean (addition relationship, DR+E) and geometric mean (multiplication relationship, DR×E) of richness and evenness were applied to yield diversity for our simulated and field data. We found that both DR+E and DR×E increased as the climate zone ranging from warm temperate to subtropical transitional zone, but for the same forest community, DR + E ≥ DR×E (Tables 4, 5). One special situation is that the calculated DR+E for the two plots (plot 8, 9; Table 2) in the Xiaolongshan forest region showed discrepant values (DR+E = 0.280 and 0.273, respectively), while DR×E yielded two similar values (DR+E = 0.273 and 0.272) for these two stands with different species richness (9 species for plot 8 and 16 species for plot 9). This is primarily because the geometric mean is biased toward the estimation of the population mean and its value is always less than the arithmetic mean unless all numbers in the dataset are the same producing equal arithmetic mean and geometric mean. The arithmetic mean is easy to calculate and understand, however, the arithmetic mean is more affected by extreme values than the geometric mean. Therefore, we suggest that the new biodiversity index DR×E is more universally applicable, while DR+E may be limited to small sample data subject to lognormal distribution (Parkhurst, 1998).

According to our analysis, the new species index (DRE) has at least two characteristics of other diversity indexes. Firstly, it independently express diversity from the aspects of evenness (RE) and richness of species (SR) and compared with other traditional diversity index it is more sensitive to the abundance changes of rare species. This feature is better than traditional diversity (e g., H′ and D′) and allows us to analyze the causes of diversity changes, which better reflects the concept that diversity is composed of species evenness and richness. Secondly the new index provides minimum value 0 and maximum values 1 and the greater the value, the higher the diversity. The interpretation of the results is more intuitive and meaningful. However, it also has some limitations of new metric that it doesn‘t obey the replication principle like other traditional diversity (e.g., H′ and D′). In this respect, the Hill number has more obvious advantages and it can provide more information. In addition, this study only analyzed the tree species diversity in the forest community as an example, and whether it can be used for analysis of other systems or whether it can be further extended to phylogenetic diversity and functional diversity needs further in-depth study.



Conclusion

This study presents a new approach to measure tree species diversity in forest ecosystem. According to our analysis, the new tree species diversity index (DRE) independently expresses the richness and the evenness of tree species aboundance distribution in the community. These two aspects are combined to express the tree species diversity of the community and its value ranges between 0 and 1. Like other classical DRE (qD,H′, and D′), the new index can express the general law that the tree species diversity of the community increases with the increase of tree species. A remarkable feature of the new index is that it is sensitive to changes in the richness and evenness of tree species in the community, and can analyze the contribution of tree species richness and evenness to tree species diversity, which has important practical significance for understanding the structure and carrying out community monitoring and protection.
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