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Ecological communities are assembled by various mechanisms, including a tradeoff between colonization and extinction processes. However, it is still unclear how this tradeoff influences pairwise beta diversity patterns. Herein, we propose a novel likelihood framework to disentangle the compound impacts of species’ colonization and extinction rates on community-level compositional dissimilarity, which are ignored by traditional indices. The framework infers two parameters of colonization and extinction rates, allowing ecologists to study their latitudinal or broad-scale spatial variation patterns and test the relative influences of associated environmental factors. More importantly, the likelihood-based model showed that multi-site beta diversity is essentially identical to the local colonization failure or extinction rate of species in newly colonized sites but is not related to species’ colonization rates. Profoundly, the present likelihood model allows ecologists to explicitly infer the independent species’ colonization rate parameter and test its underpinning mechanisms, as it can be proven that this parameter would be only implicitly measured if used to compute multi-site beta diversity indices.
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INTRODUCTION

Beta diversity, which characterizes between-site differences in species compositions, has become a key biodiversity component in understanding the maintenance of biodiversity and the community structure of species assemblages (Condit et al., 2002; Baselga, 2010; Anderson et al., 2011; Kraft et al., 2011; Legendre and Legendre, 2012; Baselga and Leprieur, 2015; Chen, 2015). However, its underlying ecological mechanisms have not been well elucidated (Xu et al., 2015; Xing and He, 2018). Previous studies showed that some biotic and abiotic factors, like species abundance distributions, environmental heterogeneity, and distributional aggregation, can influence broad-scale or latitudinal beta diversity patterns (Kraft et al., 2011; Qian et al., 2013; Xu et al., 2015; Ulrich et al., 2017; Xing and He, 2018). However, little is known about the impacts of other ecological mechanisms, particularly dynamic biological processes, on beta diversity and community patterns. More importantly, beta diversity indices developed in most previous studies (Koleff et al., 2003; Diserud and Ødegaard, 2007; Baselga, 2010; Chen, 2015; Ensing and Pither, 2015) are non-parametric, making it difficult to deeply quantify the influences of the underpinning biological mechanisms on structuring community patterns of ecological assemblages.

Among the many non-parametric beta diversity indices, Jaccard (βJac) and Sorensen (βSor) indices (Jaccard, 1912; Sorensen, 1948) might be the most widely used ones in ecology and evolution in both pairwise and multi-site calculations of beta diversity (Table 1). In comparison to the Jaccard index (Jaccard, 1912), the denominator of which is the total number of species found in a pair of sites, the Sorensen index (Sorensen, 1948) gives more weight to the number of shared species (Table 1). In addition, Baselga (2010) presented and developed many useful metrics that can be computed at the multi-site setting. Two of these metrics, which will be compared in the present study, include βBalsega, which was the extension of the Sorensen index for the multi-site setting, and the βLennon, which was the extension of the Lennon richness-based dissimilarity index (Lennon et al., 2001; Koleff et al., 2003; Baselga, 2010). Some multi-site indices are computed without pairwise comparison (Chen, 2016), and a typical one was the Whittaker’s beta diversity metric denoted by βWhittaker (Whittaker, 1960). Calculation formulas for all the mentioned indices (βJac,βSor,βBalsega,βLennon,βWhittaker) are presented in Table 1.


TABLE 1. Multi-site beta diversity indices used in the present study.

[image: Table 1]There are indeed other beta diversity indices at both pairwise and multi-site settings (Koleff et al., 2003; Diserud and Ødegaard, 2007; Baselga, 2010; Chen, 2015; Ensing and Pither, 2015), but many of them presented some degrees of similarity or correlation. For simplicity, the present study only used the above metrics to compare with the novel parametric likelihood model as proposed below.

Biodiversity is maintained by various dynamic processes, including species- or population-level colonization and extinction processes (MacArthur and Wilson, 1967; Levins, 1969; Hanski, 1998, 1999; Dune and Williams, 2009; Leibold and Chase, 2018). Beta diversity reflects the turnover of species between sites, implying that both local colonization and extinction events can contribute to spatial variations in community compositions (Podani and Schmera, 2011; Carvalho et al., 2013; Baselga and Leprieur, 2015). Further, it can be hypothesized that if more species are expected to actively colonize different sites, compositional similarity will become high, and thus beta diversity is expected to be low. In contrast, if more species are expected to go extinct within sites, more species are expected to be uniquely found in some specific sites, resulting in higher beta diversity patterns.

However, particularly from a quantitative perspective, it is still unclear how the tradeoff between colonization and extinction influences beta diversity and community structure (Lu et al., 2019; Ontiveros et al., 2019), even though their influences on metapopulation or metacommunity dynamics are generally well appreciated (MacArthur and Wilson, 1967; Hanski, 1999; Leibold and Chase, 2018). In this study, we developed a novel but simple statistical framework that can explicitly incorporate the independent influences of colonization and extinction on pairwise beta diversity patterns. We will compare the proposed parametric likelihood model for characterizing pairwise beta diversity patterns to the previously discussed non-parametric indices (Table 1) at the multi-site setting, in order to show the similarities and differences among them through mathematical derivation and numerical simulations.



MATERIALS AND METHODS


The Proposed Likelihood Model

For a pair of sampling sites with total ST species, the probability of observing a species shared by both sites i and j, conditioned on the fact that each, from the targeted site, can colonize and survive in another site in the pair (two possible independent events), is given by [2r(1−e)]a. The probability of observing b (or c) species that are unique to sites i (or j), respectively, conditioned on the fact that each tries to colonize but fails to survive in the other site j (or i), is given by [re]b (or [re]c). Finally, the probability of observing d species being absent from both sites is given by [1−2r]d. Note that ST = a + b + c + d. Figure 1 provides a visual cartoon demonstrating the calculation of the above probabilities and relevant colonization and extinction events in a hypothetical example with only four species in a pair of sites.


[image: image]

FIGURE 1. A schematic map showing the modeling framework of the colonization and extinction events in a pair of sites. Solid lines with arrow endpoints denote respective dispersal directions, while lines with circle endpoints denote no event. These events in our study follow the parsimonious principle.


The probability of observing d species being absent from both sites can be intuitively understood as follows: because the colonization rate is a one-direction parameter, the probability of observing one species being absent from both sites in a pair is the complement of the summed probability that the species colonize one site from another site with rate r (two independent evens here, regardless of the extinction status), which is specifically given by 1-2r. Alternatively, one may think that the sum of all probabilities (as shown in Figure 1) should be 1. According to this, the probability that a species colonizes and survives in two sites is given 2r(1−e), and the summed probability that a species colonizes and survives in only one site is given by 2re. Therefore, the probability that the same species cannot colonize and survive in both sites is given by 1−2r(1−e)−2re = 1−2r. Because there are d species being absent from both sites, the joint probability becomes [1−2r]d.

In the above description, e is the mean extinction rate of a species in the other site which emigrates from the target site of a pair of sites. r is the mean colonization rate of a species to the other site from the target site (but this species is still present in the target site). Note that the following constraints are required: 0≤e≤1 and 0≤r≤0.5. Based on these constraints, one can see that the colonization rate, r, is actually asymmetric and only quantifies the emigration rate of species from one site to another. Accordingly, 2r measures the symmetric dispersal rate by integrating both immigration and emigration rates. For simplicity, in the present study, we only studied the emigration rate, r.

If a species’ extinction rate, e, in a newly colonized site from an original target site is high, then it can be expected that it would contribute more to between-site dissimilarity while contributing less to between-site similarity (as this species will ultimately be absent from the newly colonized site) and vice versa. In contrast, a species’ colonization rate, r, being high will contribute more to between-site similarity. However, this corresponding multi-site beta diversity is not related to the colonization parameter.

To demonstrate this, two widely used indices are employed as follows:

(a) the Jaccard dissimilarity index:

(b) the Sorensen dissimilarity index:
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and

One can see that in all the conventional beta diversity indices demonstrated, the colonization parameter is canceled out, implying that ecologists are less likely to detect a signal of the colonization process in conventional beta diversity modeling. Only the present likelihood framework can allow ecologists to accurately quantify the influence of the colonization process on community structure and conduct hypothesis testing.

For a species-site matrix with T sites, there will be Npairs = T(T−1)/2 distinct pairs of sites. Therefore, the joint probabilities can be formulated as

[image: image]

By maximizing Eq. 1, we can accordingly obtain the estimated colonization and extinction parameters. R scripts for calculating estimates of e and r from Eq. 1 are provided in Supplementary Material.



Numerical Simulation

We conducted numerical simulations to test the estimation power of the likelihood function (Eq. 1). First, we simulated 1,000 species-site matrices (containing 50 species and 50 sites) for different combinations of colonization rate r (ranging from 0 to 0.5) and extinction rate e (ranging from 0 to 1). 10,000 simulation steps are used to generate each simulated matrix. At each simulation step, we randomly picked two sites for allowing each species to colonize and inhibit with the following probabilities: (1) both sites are colonized and occupied without extinction with a probability 2r(1−e); (2) only one site is successfully colonized without extinction with a probability 2re; (3) a species fails to occupy both sites with a probability 1-2r. For each simulated matrix derived from a preset combination of colonization and extinction rates, we then applied Eq. 1 to fit the two parameters. Since we have 1,000 simulated matrices for a preset combination of colonization and extinction rates, we then obtain 1,000 estimated values for each of the two parameters. Furthermore, for each parameter, we compute its mean of over 1,000 estimates and its estimation bias measured by the difference between the estimation mean and the preset true value. The estimation power of estimators from Eq. 1 can be assessed based on the estimation bias regarding its magnitude and direction. Specifically, the estimation was highly favorable when the corresponding estimation bias was low (i.e., close to 0). However, when the bias was negative, underestimation was implied. By contrast, overestimation was concluded while the estimation bias was positive.

We also conducted numerical simulations to verify the accuracy of the proposed likelihood model (Eq. 1) in measuring multi-site beta diversity patterns (i.e., pairwise beta diversity that is applied to multiple sites). In detail, we designed a simulated data matrix with 30 species × 30 sites (i.e., ST = 30 and T=30); we then applied the above likelihood model (Eq. 1) to the simulated data matrix and fit the colonization and extinction parameters. Accordingly, beta diversity was measured and computed using the Jaccard and Soresen formulae as

[image: image]

For comparison, as mentioned above, other multi-site beta diversity indices were also computed using the MBI package (Chen, 2015), details of which are introduced in Table 1. The simulation was repeated 1,000 times, in which the incidence of each species in each site for each simulated matrix was simulated using a Bernoulli distribution with success rate, p, that varies from 0.1 to 0.9. To evaluate whether the proposed likelihood-based beta parameters and indices are sensitive to changes in richness, we also varied species richness for each simulated matrix size from 11 to 1,000, while keeping the Bernoulli parameter and site number fixed as p = 0.5 and 30, respectively.



Empirical Application

On a global scale, we utilized Gentry forest transect data to study the relative contributions of colonization and extinction processes to beta diversity and evaluated how colonization and extinction rates would vary across geographic locations and at a global scale. In total, 197 forest plots, each 0.1 ha in size and with ten 0.01 ha subplots, were used, from a dataset that is available online1. Species with stems of ≥2.5 cm in diameter at breast height were recorded and identified (Phillips and Miller, 2002). Gentry’s dataset includes the number of individuals of each species in each of the 10 subplots in each forest plot. In our study, we fit the proposed likelihood framework to each plot and computed the corresponding colonization rate, extinction rate (or Jaccard index), and Sorensen index using Eqs 1 and 2.



RESULTS

The estimation accuracy for the colonization rate was relatively high, as the estimation bias was no more than 0.12 and no less than -0.12 over all the combinations of true colonization and extinction rates in the parameter space (Supplementary Figure S1). As a comparison, the estimation of the extinction rate was a bit less accurate. When both the true values of the extinction rate and the colonization rate were set to be low (e.g., less than 0.1), the estimation bias for the extinction rate parameter could reach 0.8. However, the estimation of the extinction rate was still accurate in many combination cases of the parameter space (Supplementary Figure S2).

In the numerical simulation, the fitted colonization rate was positively and significantly related to the Bernoulli success rate. The latter is an indicator of data matrix saturation or the filling level (Table 2). In contrast, there should be a decreasing trend in the estimated multi-site beta diversity indices, [image: image] and [image: image] (the former is almost identical to the fitted extinction rate as expected), which are derived from the proposed framework and the data matrix saturation (Table 2 and Figure 2).


TABLE 2. Relationships (measured by the correlation coefficient) of the colonization rate, extinction rate, and the multi-site beta diversity estimated using the proposed likelihood model with other multi-site calculation methods in a numerical simulation when the matrix filling degree (p) varies.

[image: Table 2]
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FIGURE 2. Relationships of the colonization rate and extinction rate with multi-site beta diversity indices inferred using the proposed likelihood model and matrix filling degree (p) in a numerical simulation.


Using the likelihood-based framework, the fitted multi-site beta diversity indices, [image: image] and [image: image], were positively and significantly associated with all of the other conventionally used multi-site beta diversities, though the correlation strengths varied (Table 2). In particular, the extinction rate and [image: image] were identical to the mean Jaccard dissimilarity index (Table 2). Both [image: image] and [image: image] had close correlations with the most conventional multi-site beta diversity index (Table 2). Finally, neither the proposed colonization rate, [image: image], nor the multi-site indices, [image: image] and [image: image], were sensitive to species richness (Figure 3 and Table 3), which is a desirable property. Interestingly, among the multi-site metrics, βLennon was less correlated with the rest of the metrics, while the others (βBalsega and βWhittaker) were strongly correlated to the estimated colonization and extinction rates (Tables 2 and 3).


[image: image]

FIGURE 3. Relationships of the colonization rate and extinction rate with multi-site beta diversity indices inferred using the proposed likelihood model and species richness (labeled as “matrix size”) in a numerical simulation.



TABLE 3. Relationships (measured by the correlation coefficient) of the colonization rate, extinction rate, and multi-site beta diversity estimated using the proposed likelihood model and other multi-site calculation methods in a numerical simulation when species richness (S) varies.

[image: Table 3]In the empirical test, it was observed that the colonization rate, extinction rate, [image: image], and [image: image] of the proposed indices had significant relationships with latitude (Figure 4). In particular, the fitted colonization rate was high in high-latitude areas, while the extinction rate and beta diversity indices were high in tropical areas (Figure 4).
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FIGURE 4. Estimated colonization rate for global Gentry forest plots.




DISCUSSION

Previous studies showed that beta diversity is expected to be high in tropical ecosystems, because of the coexistence of many species with narrow range sizes and the high degree of habitat heterogeneity (Condit et al., 2002; Xing and He, 2018). Our present modeling framework, using global forest plots, confirmed such an observation using a likelihood framework (Figure 4). In addition to beta diversity, our study showed that extinction and colonization rates can vary spatially across geographic locations and environmental gradients, and that the colonization rate was high in temperate or cold regions (Figure 4). Our observation of high colonization rates of species in high latitudes (Figure 4) is useful in explaining Rapoport’s rule, which hypothesizes that species inhabiting high-latitude areas usually have large range sizes (Stevens, 1989, 1992, 1996; Chen and Srivastava, 2015; Xing and He, 2018), even though it is not confirmed or partially supported in many empirical studies (Kerr, 1999; Bhattarai and Vetaars, 2006; Feng et al., 2016; Zhou et al., 2019).

In our likelihood model, extinction rate contributed to species richness difference between a pair of sites (that is, species turnover) (Figure 1). Our results showed that higher species turnover existed in tropics than in other places (Figures 5, 6). This observation was consistent with preceding literatures, which worked on other taxonomic groups (e.g., amphibians and birds) (Buckley and Jetz, 2008; Baselga et al., 2012; Jankowski et al., 2012). One biotic reason of observing high turnover in tropics could be due to the intensified interspecific competition (Jankowski et al., 2012), which will lead to an asymmetric local extinction pattern (Figure 1) and result in the checkerboard pattern of species spatial distribution (i.e., high species turnover) (Stone and Roberts, 1990, 1992; Gotelli, 2000; Dallas et al., 2019). Another abiotic reason of high turnover in tropics is the high environmental turnover and climatic heterogeneity in the region, which has been identified previously (Buckley and Jetz, 2008; Svenning et al., 2011). In summary, based on the above discussions, the proposed likelihood framework can allow ecologists, for the first time, to explore and disentangle spatial variations of colonization and extinction processes when investigating spatial community patterns.


[image: image]

FIGURE 5. Extinction rate (or Jaccard index) for global Gentry forest plots.



[image: image]

FIGURE 6. Sorensen index for global Gentry forest plots.


Through the numerical simulations, it was found that the fitting of the colonization rate seemed reasonably accurate in all cases, as all bias values were in a range between -0.12 and 0.12 (Supplementary Figure S1). However, the estimation bias was a bit large for the extinction rate when the corresponding true values of both rates were not very high in the simulations (Supplementary Figure S2). To this end, our model and simulation results were in line with some previous studies, which had consistently found that extinction rate was difficult to estimate (Rabosky, 2010; He and Hubbell, 2011; Greenberg and Mooers, 2017). The mechanisms for explaining such an observation (i.e., estimation for colonization rate was not so accurate) can be multifaceted. Here, we focused on an explanation related to the difference between the random simulation scheme and the associated likelihood model structure. In our paper, we did not strictly follow the model structure used in the likelihood model. In the likelihood model (Eq. 1), it is expected to use species occurrence information from pairs of sites directly without referring to the original species-site matrix. However, in the present study, the random species-site matrix was generated firstly, and then species presence and absence information from the pairs of sites of the simulated matrix was derived. Such a simulation and estimation procedure might obscure the influence of extinction on pairwise beta diversities that are derived from multiple sites.

The empirical application of the proposed likelihood framework also demonstrated that colonization and extinction frequencies of species across different geographic gradients differed. Because of the decoupling of colonization and extinction processes in our model, it could be shown that colonization (the fitted r value) and extinction (the fitted e value) rates are not, as expected, directly and positively correlated. In both the numerical test and empirical application (Figures 2–4), there was a close negative relationship between the fitted colonization and extinction parameters for different ecological communities.

Colonization and extinction rates were both related to multi-site beta diversity patterns, but the correlation directions were totally opposite (Tables 2 and 3). This provides support for the hypothesis mentioned within the section “Introduction.” Indeed, as seen in Table 2, it is true that if more species are expected to successfully colonize different sites, the compositional similarity will become high, and accordingly, beta diversity will become low (Table 2), even though the influence of colonization on the estimated beta diversity was not implicit (Eq. 2).

Among the compared beta diversity metrics, it was found that βLennon was less correlated with the rest of the metrics (Tables 2 and 3). The discrepancy was largely due to the fact that the numerator of the index βLennon was species richness difference between a pair of sites, while the other indices gave more weights on the number of species that contribute to the difference of two sites (i.e., species that are present in only one site of the pair), which included βJac,βSor,andβBalsega. Additionally, the Whittaker’s metric βWhittaker was not necessarily related to species richness difference, but it was strongly related to the total species richness over all the sites. Due to this, there was a greater correlation with βLennon in comparison to the other metrics when matrix filling degree was varied in the numerical simulation (Table 2). However, both metrics still remained quite different, which resulted in their low correlation when species richness was varied in the simulation (Table 3).

The present likelihood-based framework demonstrated that multi-site beta diversity is essentially equivalent to the colonization failure of species (i.e., extinction in newly colonized sites) or conversely, the colonization success of species. If the colonization success of different species across different sites is high, then beta diversity or the turnover rate of species between sites is expected to be low as different sites should have similar sets of species occupying them. To this end, the present study presents the first theoretical model linking species colonization success and species turnover, even though previous empirical studies reported that successful colonization of non-native species can lead to biotic homogenization (Olden and Poff, 2003; Schwartz et al., 2006; Smart et al., 2006; McKinney and La Sorte, 2007; Winter et al., 2009).

For future research, it would be interesting and worthwhile comparing native and non-native species communities and differences in their colonization and extinction frequencies, to provide better understanding of how non-native species change biodiversity patterns of local native ecosystems. Moreover, it would also be interesting to compare the colonization and extinction rates of different functional groups with different traits (Zhou et al., 2019), and partition the proportional contributions of colonization and extinction in structuring community dissimilarity. Finally, inspired by spatial metapopulation theory (Hanski and Thomas, 1994; Hanski, 1998, 1999), it would be valuable to develop a spatially explicit colonization-extinction model to quantify spatial beta diversity patterns and provide insights for systematic conservation planning (Hanski and Thomas, 1994) when more-detailed information about locations of detected species is available and incorporated into the employed model.

In conclusion, the present study presents a statistical framework that can accurately and quantitatively evaluate the separate impacts of species colonization and extinction processes on the community structure in terms of multi-site beta diversity patterns. The proposed method is simple and can immediately be applied in field settings to identify mechanistic links among colonization-extinction dynamics, community patterns, and environmental filtering.
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