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Studies of diversity, whether of species richness within regions (alpha diversity) or faunal turnover between regions (beta diversity), will depend heavily on the “bioregions” into which a study area is divided. However, such studies in the palaeontological literature have often been extremely arbitrary in their definition of bioregions and have employed a wide variety of spatial scales, from individual localities to formations/basins to entire continents. Such bioregions will not necessarily be separated by biologically meaningful boundaries, and results obtained at different spatial scales will not be directly comparable. In many neontological studies, however, bioregions are defined more rigorously, usually as areas of endemicity. Here a procedure is proposed whereby this principal may be applied to palaeontological datasets. In each time bin/assemblage localities are subjected to two hierarchical cluster analyses, the first grouping the localities by geographic distance, the second by taxonomic distance. Clusters shared between the two will represent geographically continuous areas of endemicity and so may be used as bioregions. When calculating alpha or beta diversity through time, the spatial scale at which the bioregions are defined needs to be standardized between each time bin. This is done by grouping clusters of localities below a predefined geographic cluster node height. This approach is used to assess changes in beta diversity of Palaeozoic tetrapods and resolve disagreements regarding changes in faunal provinciality across the Carboniferous/Permian boundary. When the bioregions are defined at a smaller spatial scale, splitting the globe into many small regions, beta diversity decreases substantially during the earliest Permian. However, when the bioregions are defined at larger spatial scales, representing areas roughly the size of continents, beta diversity remains high. This result indicates that local environmental barriers to dispersal were decreasing in importance, rejecting previous suggestions that the rainforest collapse caused an “island biogeography” effect. Instead, dispersal at this time is restricted by continental-scale barriers, with the increased orogenic uplift as a possible control.
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INTRODUCTION

Ever since the seminal paper of Whittaker (1960), diversity has been discussed in terms of alpha, beta and gamma diversity. Gamma diversity (the total species richness of an assemblage or time bin) is a function of the species richness within each locality or habitat, or to use a more general term, “Bioregion” (alpha diversity), and the taxonomic differentiation between the bioregions (beta diversity).

When assessing either regional species richness or beta diversity, the definition of the bioregions can have a substantial effect on the results (Hausdorf, 2002; Ferrari, 2017). Unfortunately, the definition of bioregions in palaeontological studies of historical biogeography, beta diversity and regional species richness has been inconsistent and often extremely arbitrary. A wide range of scales has been employed, ranging from individual localities (Sahney et al., 2010; Vavrek and Larsson, 2010), to formations/basins (Sidor et al., 2013) to environmental/climatic zones (Sepkoski, 1988; Tougard, 2001; Qian and Ricklefs, 2007; Brocklehurst et al., 2017) to continents (Murray, 2001; Upchurch et al., 2002; Allwood et al., 2010; Benson et al., 2013, 2016; Upchurch P. et al., 2015; Dunhill et al., 2016; Silvestro et al., 2016). More recently, Button et al. (2017) attempted to remove the subjectivity, grouping localities based on their palaeocoordinates using k-means clustering. While less arbitrary, the bioregions resulting will be based on the spread and density of sampling rather than any biologically meaningful criteria.

The lack of a general framework for defining bioregions in paleontology has greater issues than simply their subjective nature. Not only are the results obtained when analyzing biogeographic patterns at such vastly different scales unlikely to be directly comparable (Welsh, 1994), but spatial patterns of diversity will be different at different scales (Palmer and White, 1994; Rosenweig, 1995; Whittaker et al., 2001; Field et al., 2009; Keil et al., 2012). Moreover, the spatial scale at which particular patterns are observed will be specific to the taxon of interest, influenced by size and dispersal capacity (Keil et al., 2012; Barton et al., 2013).

An illustration of how different definitions of bioregions can affect the results is provided by recent research into the biogeographic patterns in Palaeozoic tetrapods. Dunne et al. (2018) and Brocklehurst et al. (2018a) used different methods to examine changes in faunal provinciality and dispersal patterns and found conflicting signals across the Carboniferous/Permian boundary. Brocklehurst et al. (2018a), using a likelihood-based biogeographic modeling analysis to reconstruct ancestral areas over a phylogeny followed by a stochastic mapping approach to calculate dispersal rates through time, found a decrease in dispersal during the latest Carboniferous. However, Dunne et al. (2018), using phylogenetic biogeographic connectedness to assess the faunal overlap between the bioregions, found an increase in connectedness in the latest Carboniferous and earliest Permian, implying an increase in the dispersal of taxa between bioregions. Brocklehurst et al. (2018a) hypothesized that the different approaches to defining the bioregions might be responsible for the different signals. Their study divided the earth into continental-scale regions, while Dunne et al. (2018) had used a clustering approach which divided both North America and Europe into more numerous subregions. When Brocklehurst et al. (2018a). re-analyzed a subset of their data using their modeling approach but the Dunne et al. (2018) bioregions, they found a late Carboniferous increase in dispersal rate.

Such contradictory signals highlight the need for a more rigorous approach to defining bioregions in studies of historical biogeography and diversity. Here we discuss the theoretical principles that should underpin the definition of bioregions, before proposing a workflow for dividing a palaeontological dataset into bioregions. We also discuss the assessment of beta diversity in the fossil record, proposing a method to correct for heterogeneous geographic spread of sampling. We apply these methods to a study of beta diversity of Palaeozoic tetrapods, examining patterns of faunal provinciality at different spatial scales.

MATERIALS AND METHODS

Theoretical Considerations

Why Define Bioregions?

In recent years there has been an increasing trend toward examining biogeography in a continuous geospace, rather than by dividing the earth into discrete bioregions (e.g., Lemmon and Lemmon, 2008; Brouckaert et al., 2012; Nylander et al., 2014; Lloyd and Soul, 2015; Quintero et al., 2015; O’Donovan et al., 2018). Many of these studies have sought to model dispersal as Brownian motion (a random walk) across geospace (Lemmon and Lemmon, 2008), with advances on this theme including the incorporation of variation in the rate of dispersal (O’Donovan et al., 2018). Others have endeavored to account for the fact that the organisms have ranges rather than being single points, by modeling the diffusion of multiple particles with their start location randomly drawn from the observed range (e.g., Brouckaert et al., 2012; Nylander et al., 2014; O’Donovan et al., 2018) or the infinitesimal number of particles represented by a likelihood surface representing the species’ population density across its range (Quintero et al., 2015).

While the methods used to examine biogeography across a continuous geospace have advanced considerably in their complexity and variety, there has been remarkably little discussion on whether the study of biogeography should actually be carried out in this way. The reasons put forward to justify the use of continuous geographic coordinates over discrete bioregions are generally based on criticism of the arbitrary a priori division of the earth into bioregions, and their poor resolution (e.g., Lloyd and Soul, 2015; Quintero et al., 2015; O’Donovan et al., 2018). While these reasons are valid in principle (as has been mentioned the definition of bioregions, particularly in the palaeontological literature, has been extremely subjective and inconsistent), they are not actually relevant to the biological reality. What is of relevance is whether the dispersal and distribution of organisms really follows a pattern well-represented by Brownian motion. Of course, one should not expect barriers to dispersal to be hard boundaries, and therefore the ranges of different taxa will not overlay each other perfectly (Hausdorf, 2002). Nevertheless, in this section it is argued that, while changes in species composition are not sharp breaks between adjacent areas (Peters, 1955; Kaiser et al., 1972), the division of earth into discrete regions better reflects how species are distributed through time and space than a random walk across continuous geospace.

The random walk is not necessarily an unreasonable starting point for examining changes in species ranges through time. Andow et al. (1990) demonstrated that the range expansion of invasive species followed the predictions of a population spreading by the Brownian motion of individuals. It is important, however, to make the distinction between such a model (where each individual is treated as a randomly walking particle) and models where Brownian motion is treated as a suitable model for the dispersal of an entire population or lineage [as in, for example, O’Donovan et al. (2018)]. Following on from the observation of Andow et al. (1990), Kirkpatrick and Barton (1997) asked the question: if individuals spread by Brownian motion, why does the range-size of a species not continue to increase indefinitely through time? While the obvious answer is that they are restricted by their adaptation to their local environment, Kirkpatrick and Barton (1997) continue by asking why individual populations cannot adapt to their local conditions as the individuals spread into new environments. Their answer, demonstrated in a simulated environment, was that peripheral populations are prevented from adapting to the local conditions by the fact that the greatest gene flow will come from the areas of highest population density. Therefore, peripheral populations will be kept maladapted to their local conditions, and their dispersal from the center of gene flow will be limited (Kirkpatrick and Barton, 1997). This may also prevent these peripheral populations from successfully competing with the incumbent fauna, thus further limiting dispersal.

What follows from these observations is that a population will continue to radiate out from its center of origin until it hits a barrier, either physical or environmental. The limits of range-expansion will be determined by the rate of gene flow and the strength of the selective pressures imposed by the heterogeneous environment (the topology of the adaptive landscape). But whatever these parameters, the species will eventually cover a discrete range with boundaries.

Given a model such as this, how might a lineage shift its location, i.e., disperse? There are four options, but only one produces a dispersal pattern akin to Brownian motion of the lineage.

• Option 1: A barrier to the diffusion of individuals breaks down, either due to climate or geographic changes. This would allow the species’ range to expand until it hits a new barrier. Rather than a shift in range that could be described by Brownian motion of a lineage, this option represents a range expansion.

• Option 2: Development of plastic responses to the environment. Phenotypic plasticity allows individuals’ phenotypes to vary in response to their environment independent of their genotype (Schlichting, 1986; West-Eberhard, 2003). This would allow peripheral populations to maintain their fitness unhampered by gene flow. Again, this option produces a range expansion, not well represented by Brownian motion of a lineage.

• Option 3: Speciation of a peripheral population. The reproductive isolation of one of the peripheral populations removes the influence of gene flow and allows the population to adapt and spread through a new environment. Polly et al. (2015), in a series of detailed simulations illustrating the phenotypic response of organisms to dispersal across a heterogeneous environment, demonstrated that such modes of speciation result in a rapid shift in a lineage’s phenotype as it is drawn to a new adaptive optimum. This effectively describes the mechanism behind the punctuated equilibrium model of evolution (Eldridge and Gould, 1972). Again, this mode of dispersal is not described by Brownian motion across continuous space. Two sister lineages are produced, with adjacent ranges. However, the ancestral area is not intermediate between the two, as would be inferred if one attempts to deduce it using Brownian motion. Instead the ancestral area is the range of one of the two species.

• Option 4: A shift in the adaptive landscape. This is the only mode of dispersal which can produce a lineage dispersal history that can be described using a walk across continuous geospace. If continents move, a lineage may move its range to keep itself within its preferred latitudinal range. Alternatively, if there is a trend in climate change, a lineage might shift its latitudinal range along with the change in temperature.

If we again consider the simulations of Polly et al. (2015), a common feature of the simulation results was that species are limited in the number of ecometric zones (areas with similar adaptive optima defined by the set of environmental parameters) they are able to occupy due to species sorting. In fact, if the rate of extirpation (local extinction) was high, the species would be limited to a single ecoregion. This bears out the results of the earlier simulations of Kirkpatrick and Barton (1997) and has long been observed in empirical data of species ranges: discrete areas of endemicity have been identified throughout the history of biogeographic study (von Humboldt, 1805, 1807; Sclater, 1858; Wallace, 1876; Udvardy, 1975; Pielou, 1979; Dinerstein et al., 1995; Olson et al., 2001). While the definition of such bioregions has been criticized as being arbitrary (Lloyd and Soul, 2015; Quintero et al., 2015; Button et al., 2017), as will be discussed below this does not need to be the case, and if a rigorous method of definition can be applied, the division into discrete regions bounded by environmental barriers better reflects the way species arrange themselves across the earth.

Principles Governing the Definition of Bioregions

While study of biogeography in the palaeontological literature has often used inconstant and arbitrary definitions of bioregions, ecologists and zoologists have been developing more rigorous methods to divide the Earth into bioregions using the ranges of extant taxa for more than 150 years. This long history of research and discussion has produced a consistent set of principles governing such methods.

An early example of such research is the work of Sclater (1858), who divided the earth into six biogeographic regions based on the similarity of faunal assemblages of passerine birds. This study inspired Alfred Russel Wallace to propose a similar scheme based on a wider range of taxa (Wallace, 1876), advancing on the themes put forward by Sclater. While maintaining the division of earth into six biogeographic “realms,” Wallace (1876) added a hierarchical element, with each realm subdivided into four subregions. In a later publication, Wallace clarified a definition of the biogeographic realms: “Zoological regions are those primary divisions of the earth’s surface of approximately continental extent, which are characterized by distinct assemblages of animal types.” (Wallace, 1894, p. 613), as well as suggesting that endemism should be examined above the level of the genus.

The schemes of Sclater and Wallace were updated in subsequent decades (Udvardy, 1975; Pielou, 1979; Dinerstein et al., 1995; Olson et al., 2001). Moreover, the methods used to define the bioregions have advanced, with a variety of quantitative approaches used to identify distinct assemblages (for summary see Table 1), including distance-based clustering (Linder, 2001; Kreft and Jetz, 2010), network algorithms (Dos Santos et al., 2008; Vilhena and Antonelli, 2015; Elder et al., 2017), quantification of range overlap (Oliveira et al., 2015), endemicity indices (Szumik et al., 2002) or parsimony analyses (Rosen, 1988; Wiley, 1988; Brooks, 1990; Morrone, 1994; Brooks et al., 2001). Nevertheless, despite disagreement surrounding the merits of the various methods, the basic principles espoused by Wallace (1894) still underlie these studies. To account for the different patterns observed at different spatial scales, the bioregions are still defined as a nested hierarchy e.g., the scheme of Olson et al. (2001), used by the World Wildlife Fund, divides the earth into eight realms, then 14 biomes, and finally 867 ecoregions. While some palaeontological studies of beta diversity have grouped the regions of study in a hierarchical manner (e.g., Layou, 2007; Patzkowsky and Holland, 2007), the majority have examined biogeographic patterns at a single spatial scale (see section “Introduction”). More importantly (and most neglected in the palaeontological literature), the bioregions are defined as areas of endemicity, based on the taxa under study (Morrone, 1994; Linder, 2001; Oliveira et al., 2015; Elder et al., 2017; Ferrari, 2017). Not only does this ensure that the boundaries between bioregions are biologically meaningful, reflecting the boundaries which limit the dispersal of the taxa, but using the taxa under study to define the regions ensures that the spatial scales employed are relevant to the organisms’ dispersal potential.

TABLE 1. Examples of quantitative methods for identifying areas of endemicity.
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Defining Bioregions in Palaeodiversity Studies

Bringing these principals into a palaeontological framework is certainly possible, but there are a number of issues not impacting neontological data that must be taken into consideration. First, the majority of palaeontological datasets do not represent such fine sampling that bioregions may be defined at the resolution of mapping grid cells as in many modern neontological studies (Kreft and Jetz, 2010; Vilhena and Antonelli, 2015; Elder et al., 2017). Palaeontological datasets usually represent a “point cloud,” and it is individual localities which must be grouped together rather than adjacent grid cells. This precludes using methods such as constrained cluster analyses (e.g., Grimm, 1987) to ensure grid cells are only united with those adjacent to them. The solution is to use two hierarchical cluster analyses. The first one should group the localities or formations into clusters based on the palaeocoordinates in the manner of Button et al. (2017), thus ensuring that the bioregions defined form continuous, non-overlapping geographic areas. To ensure the areas being defined are areas of endemicity, the second cluster analysis should use taxonomic distances between the localities instead of geographic distances. A wide variety of taxonomic distance metrics exist (for summary see Koleff et al., 2003), but most work on same principle: comparing the number of taxa shared between pairs of localities to the numbers of taxa endemic to each.

The two cluster dendrograms are used to define the bioregions (see an example using the early Kungurian in Figures 1A,B; species occurrences and palaeocoordinates in Supplementary Data Sheet 1). We begin with each locality/formation representing a separate bioregion. Then, starting from the geographic dendrogram “tips,” one should work one’s way down the dendrogram toward the root, comparing each geographic cluster one by one to those in the taxonomic cluster dendrogram. If the localities grouped in the geographic clusters are also found to be grouped in a taxonomic cluster, then they represent a geographically continuous area of endemicity and may be grouped as a bioregion. A function has been written in R (Supplementary Data Sheet 1) to automate the comparison of geographic and taxonomic clusters, and also noting the geographic cluster node height of each defined bioregion (this will be of relevance below).
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FIGURE 1. An illustration of the method used to define bioregions, using the early Kungurian tetrapod record as an example time bin. (A) UPGMA (“average”) Cluster dendrogram of formations based on taxonomic (Forbes∗) distances (Alroy, 2015); (B) Cluster dendrogram of formations based on Euclidean geographic distances. Nodes illustrated with black dots in A and B are shared between the two and represent continuous geographic areas of endemicity (bioregions). (C,D) An illustration of how the spatial scale at which the bioregions are defined is controlled. (C) A geographic cluster node height of 1000 km is used, so all formations within 1000 km of each other are united in their bioregions. Four bioregions are defined: those in blue (palaeoequatorial North America), those in red (palaeotemperature South America), and two individual formations colored in gray on the map. (D) A geographic cluster node height of 2000 km is used. Two bioregions are defined: Those in blue (palaeoequatorial formations) and those in red (Southern palaeotemperature formations). Maps from the R package paleomap.



The second issue specific to palaeontological data is that the bioregions will change through time, as new barriers to dispersal develop and old barriers break down. It is therefore necessary that the procedure described above be applied to each time bin under study. This raises another consideration. Since the bioregions vary through time, when creating a curve of beta diversity (taxonomic differentiation between the bioregions) or regional diversity (species richness within the bioregions), one cannot standardize the bioregions themselves. One should instead ensure that the spatial scale of the diversity analyses is consistent in each time bin, by standardizing the geographic cluster node height at which the bioregions are grouped (Figures 1C,D). For example, if one chooses a geographic node height of 200, that means that all localities within 200 km of each other will be grouped into their bioregions (any localities that do not form taxonomic clusters with localities within that distance will be treated as their own bioregion). Multiple diversity curves should be created, each defining the bioregions at a different node height, to ensure that macroevolutionary patterns are examined at a range of spatial scales.

The final issue one must consider when applying this method to a palaeontological dataset is sampling heterogeneity. This issue is not absent from neontological datasets but is considerably more prevalent in the fossil record. Many of the issues surrounding the study of diversity in the fossil record have been discussed in the literature, and methods more robust to their influence have been suggested. When calculating both regional diversity within the bioregions, as well as taxonomic distance between bioregions (beta diversity), one must account for the fact that the bioregions have been sampled heterogeneously, preferably standardizing the sample size by coverage (Alroy, 2010; Chao and Jost, 2012; Close et al., 2018). Beta diversity estimates may be further biased by variations in the evenness of the relative abundance distribution when faunas are incompletely sampled (Beck et al., 2013; Brocklehurst et al., 2018b): with more uneven abundance distributions, where one or a few taxa are considerably more common than others, it is more likely that these taxa will be sampled in multiple bioregions and the beta diversity estimate will be lowered; on the other hand if the abundance distribution is more even it is more likely that different taxa will be sampled in different bioregions and the beta diversity estimates will be artificially raised. Brocklehurst et al. (2018b) suggested a method to correct for this issue by generating a null beta diversity expectation assuming a homogenous fauna sampled to the same extent as the observed fauna (the RAC beta diversity estimate).

Another issue specific to beta diversity study in the fossil record, particularly in a global context, is heterogeneous geographic spread of the sampling. While the geographic spread of sampling is quantifiable [Close et al. (2017) summarized the various metrics, ultimately favoring minimum spanning tree length], thus far no solution has been proposed to the impact this may have on beta diversity estimates. If one starts with a null expectation that greater geographic distance between bioregions will lead to greater taxonomic distance, then increasing the geographic spread of sampling will be expected to artificially increase the beta diversity estimate by adding larger taxonomic distances. Here it is proposed to mitigate this issue by restricting the taxonomic distances included in the calculation of beta diversity, removing the pairwise comparisons between bioregions separated by geographic distances outside an upper and lower bound (Figure 2). These bounds may be defined as the maximum and minimum geographic distance between bioregions observed in the time bin with the most restricted geographic spread of sampling (Figure 2A). Hereafter, this method will be described as geographic-spread-subsampling (GSS).
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FIGURE 2. An illustration of Geographic Spread Subsampling. Each large colored rectangle (white, light gray, and yellow) represents the fossil record of a particular time bin. There are six localities available for sampling (gray rectangles), those unsampled filled white instead of gray. Time bin A is the bin with the lowest geographic spread of sampling. The largest (red) and smallest (blue) geographic distances between the localities define which pairs of localities will be included in beta diversity estimates of subsequent time bins. In B and C, those pairs of localities separated by greater (red crosses) or smaller (blue cross) geographic distances than the bounds defined by time bin A are not considered.



Workflow: Beta Diversity of Palaeozoic Tetrapods

The workflow described above was applied to an analysis of beta diversity of Carboniferous and Permian tetrapods. A dataset of tetrapod specimens present in each formation was compiled from a variety of sources, including the published literature, observations from museum specimens and the Paleobiology Database accessed from the fossilworks website1. Formations were used as the minimum spatial scale in order to minimize the number of singletons; for better sampled records, one might be able to examine groupings at finer spatial scales, like localities, to compare individual habitats. Formations containing a single taxon were discarded. An attempt was made to incorporate specimens not yet assigned to species level. If there were named species of the higher taxon thought to be represented by the indeterminate specimen, the indeterminate specimen was assigned to the most abundant named species of that higher taxon in the same formation. If there were no other species assigned to that higher taxon in that formation, then the specimen would be assigned to the most abundant species of that higher taxon in the geographically nearest contemporary formation. If there are no named species of that higher taxon in that time bin, then the specimen will be assigned to “indeterminate [taxon].” These datasets are present in the Supplementary Data Sheet 1.

For each time bin (informal substages created by dividing the international stages in half), the pairwise taxonomic distances between each formation were calculated using the modified Forbes index (Alroy, 2015), applying the RAC correction (Brocklehurst et al., 2018b). This was done in R version 3.3.2 (R Core Team, 2016), using the functions provided by Brocklehurst et al. (2018b). The pairwise distance matrix was subjected to a hierarchical cluster analysis using the hclust function from the R package vegan (Oksanen et al., 2017), using UPGMA clustering following the recommendations of Kreft and Jetz (2010). The same function was used to perform the cluster analysis using Euclidean geographic distances.

The two cluster dendrograms were used to group the formations into bioregions using the procedure described above. The bioregions in each time bin were defined at three spatial scales: using geographic cluster node heights of 0 (each formation representing its own bioregion), 200 and 2000 km. This incorporated a range of spatial scales, from local to continental. Beta diversity was calculated as the mean pairwise taxonomic distance between the bioregions. Subsampling was incorporated to a coverage of 0.4, following the recommended minimum of Alroy (2010).

Two assessments of beta diversity were carried out at each node height, one incorporating geographic spread subsampling (GSS) and one not. For the assessment using GSS, after bioregions had been defined at each spatial scale, the minimum spanning tree connecting all bioregions was identified using the function spantree, also from the package vegan. The total length of the minimum spanning tree of each time bin was used to identify which bin had the smallest geographic spread of sampling (Figure 3). The maximum and minimum distances between bioregions in that time bin were used to identify which bioregion pairs would be included in the calculation of beta diversity. The upper and lower distance bounds used at each spatial scale are given in Table 2.
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FIGURE 3. Geographic spread of sampling of tetrapods in each time bin, measured as the minimum spanning tree length between bioregions defined at three geographic cluster node heights.



TABLE 2. Details of the time bins used to define the parameters of Geographic Spread Subsampling.
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RESULTS

Using the proposed workflow, very few time bins could be assessed for beta diversity during the first half of the Carboniferous. This is due to the necessity for at least three formations in each time bin to perform a cluster analysis. However, the data is of sufficient quality to provide results for most time bins from the Moscovian onward.

The raw RAC beta diversity estimates (correction by GSS not applied) produce similar results at different spatial scales during the Carboniferous (Figure 4A); not only are the curves showing similar trends, but the absolute values obtained are very similar. All three beta diversity estimates remain above 0.9 during the latest Carboniferous stages. However, during the Cisuralian (early Permian), there is a divergence between the curves. When bioregions are defined at cluster node heights of 0 and 200 km, the beta diversity estimates fall noticeably during the Asselian, Sakmarian and early Artinskian. However, at node heights of 2000 km, the estimates remain high. The late Artinskian does not allow bioregions to be defined at node heights of 200 or 2000 km as the greatest distance between formations is 141 km. Nevertheless, the early Kungurian results at these spatial scales are similar to those in the Asselian and Sakmarian.
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FIGURE 4. Beta diversity of Palaeozoic tetrapods (mean pairwise taxonomic distance between each bioregion). Bioregions defined at three geographic cluster node heights. (A) No geographic spread subsampling; (B) With geographic spread subsampling.



In the Guadalupian (middle Permian), beta diversity curves with bioregions defined at node heights 0 and 200 km rise to produce similar values to when the bioregions are defined at 2000 km. These values remain close to 1 for the rest of the Permian.

The curves produced by the analyses incorporating the GSS method (Figure 4B) to correct for variation in the geographic spread in sampling illustrate a potential pitfall of this method: in cases where the geographic sampling is particularly patchy, many time bins will have to be removed if none of their localities are separated by geographic distances between the upper and lower bounds used for that time series. The Palaeozoic tetrapod record has long been known to have a poor geographic spread in geographic sampling (Kemp, 2006; Benson et al., 2013; Brocklehurst et al., 2013, 2017), and beta diversity estimates calculated at all spatial scales contain substantial gaps. This is particularly problematic when bioregions are defined at a node height of 0 (when each formation represents a separate bioregion). At this node height, the upper and lower distance bounds used in the GSS method are defined by the late Artinskian: the minimum distance is 45 km and the maximum is only 141. This extremely narrow range greatly limits the number of time bins that can be included; no beta diversity estimates are available at this node height from the entire Carboniferous or the Guadalupian (middle Permian).

Nevertheless, the GSS curves calculated when bioregions are defined at node heights of 200 and 2000 km do cover the Carboniferous and Permian boundary, providing information on changes in faunal provinciality at this crucial time at both local and global spatial scales. The two beta diversity curves are both high during the latest Carboniferous. However, in the earliest Permian the two signals begin to diverge. When beta diversity is calculated at more local scales, a substantial decrease is noted during the Asselian and in particular the Sakmarian. However, when bioregions are defined on continental scales (node height of 2000 km) beta diversity remains high.

DISCUSSION

The issue of spatial scale in the study of alpha and beta diversity has been extensively discussed in the ecological literature (Palmer and White, 1994; Rosenweig, 1995; Whittaker et al., 2001; Field et al., 2009; Keil et al., 2012; Barton et al., 2013). Its importance lies not only in the fact that different organisms have different dispersal capacity, but also in the fact that different factors, both environmental and organismal, will control the diversity observed within a particular scale of bioregion (for summary see Barton et al., 2013). Hypothetically, if one started at a particular locality and then slowly increased the sampling area, one would first expect to see a rapid increase in the number of species included in the sample, as new habitats will frequently be added to the dataset. Eventually, the rate of addition of new environments and niches will slow, as will the addition of new species to the pool. Once the sampling area begins to include areas covering multiple continents, isolation by large-scale physical barriers to dispersal, such as mountain ranges and oceans, combined with regional extinction and taxon replacement will again cause the number of species in the pool to increase rapidly with increased sampling area.

In historical diversity and biogeography studies using palaeontological data, the issue of spatial scale is even more critical. Not only will diversity estimates (whether alpha or beta) vary depending on the spatial scale at which the bioregion is defined, but patterns and trends through time will also vary. The dispersal ability of the organisms under study will change through time both due to phenotypic evolution changing locomotion methods and environmental tolerance, and due to geological and environmental changes. The degree of environmental heterogeneity will vary through time as well, meaning that environmental barriers will have varying importance relative to physical barriers e.g., in periods such as the late Cretaceous where latitudinal temperature gradients were reduced relative to today (Huber et al., 1995; Upchurch G. R. et al., 2015; Lunt et al., 2016), dispersal along latitudinal gradients might in theory have been easier and areas of endemicity might be expected to be larger. This is particularly the case for ectothermic vertebrates, whose ranges are heavily constrained by their thermal tolerances, but which during the late Cretaceous were able to occupy wider latitudinal ranges (Markwick, 1998; Amiot et al., 2004). As such, it is important that paleontologists study not only trends in alpha and beta diversity through time, but also study variation in the trends observed at different spatial scales, as this can provide vital information about the dispersal abilities of the organisms and the importance of regional- and continental-scale barriers. Analysis of biogeography where geography is treated as a continuous variable will miss such signals, as the only spatial grain size considered is the smallest possible.

The information that may be obtained from examining beta diversity at different spatial scales (with rigorously defined bioregions) is apparent in the Palaeozoic tetrapod dataset. Similar beta diversity values are obtained at very different spatial scales during the late Carboniferous. The fact that the taxonomic distances between individual formations, which are in some cases geographically very close, are almost identical to the taxonomic distances between bioregions uniting formations up to 2000 km apart, indicates that the principal barriers to tetrapod dispersal were operating at local scales, and presumably represent local environmental heterogeneity. However, during the Cisuralian, there is a divergence between the curves. When bioregions are defined at cluster node heights of 0 and 200 km, the beta diversity estimates fall noticeably during the Asselian and Sakmarian. However, at node heights of 2000 km, the estimates remain high. This divergence indicates a shift in the nature of tetrapod dispersal, with a reduced importance of the more local barriers (leading to the decrease in beta diversity when bioregions are defined at a node height of 200 km) and in increased importance of the large-scale physical/geographical barriers between continents.

These patterns may also be seen by examining the taxonomic cluster dendrograms. During the late Carboniferous there is no distinct separation between the European and North American formations; they do not form discrete clusters. While this is still the case during the Asselian (Figure 4), one interesting grouping is identified in both the geographic and taxonomic cluster dendrograms: a grouping of the formations from western North America (New Mexico, Colorado, Utah and Arizona). These formations are separated from the eastern formations by a shallow inland seaway known as the Hueco seaway (Lucas et al., 2011). This cluster is observed from the Asselian for as long as a record is available from this region (Figure 4). The early Sakmarian represents the first time that the European formations form discrete clusters separate from those of North America, a separation that again continues for as long as a European record is preserved (Figure 5). Again, this may be attributed to physical barriers between the continents: the Variscan orogeny experienced a period of increased uplift toward the end of the Carboniferous that continued through the Cisuralian (Badham, 1982; Dewey, 1982; Rowley et al., 1985; Cleal et al., 2009). The European formations mostly represent intermontane basins within the orogeny (Cleal et al., 2009), and the increased uplift has been suggested to have greatly limited dispersal between these basins and the North American formations during the early Permian. The North American formations do not from a discrete taxonomic cluster solely due to the Speiser Shale, which contains no species overlapping with contemporary formations. The large taxonomic distances between this formation and those geographically close does not appear to be a result of sampling; coverage has been standardized and formations not reaching the requisite levels of coverage would have been dropped. This might be due to taxonomic over-splitting, a problem noted as affected studies of Carboniferous and Permian tetrapods (Brocklehurst and Fröbisch, 2014); genera present in this formation, such as Brachydectes and Acroplous, are present elsewhere. This perhaps indicates that further exploration into methods incorporating phylogeny into the definition of bioregions is warranted.


[image: image]

FIGURE 5. Illustration of the early Sakmarian formations, showing the taxonomic and geographic clustering of the European formations and those in North America west of the Hueco Seaway (seaway not visible on this map). (A) Cluster dendrogram based of taxonomic distances; (B) Cluster dendrogram based on geographic distances; (C) Location of the formations. The blue line represents the division between those west and east of the Hueco Seaway. Numbers on cluster dendrogram labels correspond to labels on the map. Maps from the R package paleomap.



The contradictions between the beta diversity estimates provide an explanation of the discrepancy between the results of Dunne et al. (2018) and Brocklehurst et al. (2018a). The former study, using k-means clustering based on geographic coordinates, grouped localities into smaller areas than the latter, which divided the earth into regions bounded by mountain ranges, inland seaways and latitudinal barriers, with the bioregions mostly being on the scale of continents. The Dunne et al. (2018). study identified the reduced provinciality caused by the breakdown of the more local environmental barriers, while the Brocklehurst et al. (2018a) study identified the increased importance of continental scale barriers, causing reduced dispersal between the bioregions used. Both these studies, and the results obtained here, reject the earlier work of Sahney et al. (2010), who suggested that faunal provinciality at this time was controlled by the rainforest collapse. The idea put forward was that the equatorial rainforests prevalent during the Carboniferous declined during the latest Carboniferous, leaving small islands of forest separated by more open environments, which represented barriers to dispersal and lead to increased beta diversity in the early Permian. This theory is not borne out by the data presented here. The more local environmental barriers are found to break down during the early Permian, and the principal barriers to tetrapod dispersal are found to operate on a more continental scale.

Interestingly, while an “island biogeography” effect, posited by Sahney et al. (2010) is not observed at the end of the Carboniferous, it is toward the end of the Cisuralian. The beta diversity estimates when bioregions are defined at local scales, (node heights of 0 and 200), which had been low throughout much of the Cisuralian, rise rapidly during the Kungruian and Roadian, reaching similar values to those obtained at node heights of 2000 km (Figure 4A). This shift coincides with a substantial turnover of tetrapods, with a fauna characterized by a diverse array of amphibians, pelycosaurian-grade synapsids, particularly carnivorous sphenacodontids and herbivorous edaphosaurids, and captorhinids, transitioning to one dominated by therapsid synapsids, with diversity of parareptiles increased and amphibian diversity substantially reduced (Olson, 1962, 1966; Kemp, 2006; Sahney and Benton, 2008; Ruta et al., 2011; Benton, 2012; Benson and Upchurch, 2013; Brocklehurst et al., 2013, 2017; Brocklehurst, 2018). A mass extinction is also thought to have occurred at this time (Olson, 1982; Sahney and Benton, 2008; Brocklehurst et al., 2017; Brocklehurst, 2018). The sediments of the latest Kungurian Clear Fork Group record an environmental shift toward seasonal dryness and ever-increasing aridity, with a reduction in the number of perennial water sources (Olson, 1958). The uppermost deposits formed almost entirely from anhydrites (Olson, 1958). During this aridification episode, tetrapods became more restricted in their distribution, with their fossils concentrating around the few permanent water sources rather than the intervening sediments. This may explain how the two Roadian formations of North American, the San Angelo (Texas) and Chickasha (Oklahoma), despite being close geographically and having a similar set of higher-level taxa present, in fact show no overlap at the species level (Olson, 1965; Brocklehurst et al., 2017).

CONCLUSION

As the use of “Big Data” in paleontology becomes more common, the importance of automation is increasing. However, certain analytical decisions have required more participation from the researcher, making such analyses more time consuming to apply to global datasets over large timescales. The procedure discussed here for defining bioregions in palaeontological datasets provides automation for a process that would previously have either required the increased input from the researcher, or the use of such arbitrary methods as using the continents as bioregions or treating geography as a continuous character. The data needed for defining the bioregions (taxonomic occurrences/abundances and palaeo-coordinates) are included in widely used sources such as the Paleobiology Database. The Geographic Spread Subsampling method, while perhaps not well suited to the overly patchily sampled Paleozoic tetrapod record studied here, would be better applied to “big data” analyses, and is also easily automated. It is important to remember that increased automation in paleontology does not have to be at the expense of rigor and biological realism.
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