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The plight of Southeast Asia’s animals, plants and ecosystems in the face of unsustainable exploitation and habitat destruction has been illustrated in several recent studies, despite often falling outside the global discourse on global conservation priorities. Here, we collate biogeographic and phylogenetic information to argue that this beleaguered region is one of world’s primary macrorefugia, and possibly its best chance of regaining its natural biodiversity distribution patterns after the current Anthropocene upheaval. The region uniquely combines top diversity values in (a) ancient lineage diversity and (b) cosmopolitan lineage diversity, suggesting that it has acted in the past as a biodiversity museum and source of global colonization. This is at least partly due to the interplay between latitudinal diversity gradients and continental connectivity patterns. However, the peak values in South China/North Indochina for cosmopolitan tetrapods and their sister lineages suggest that a key feature is also the availability of diverse climatic conditions. In particular, the north-south orientation of the mountain ranges here has allowed for rapid recolonization within the region following past climatic changes, resulting in high survival values and overall exceptional relict lineage diversity. From this starting point, global colonization occurred on multiple occasions. It is hoped that, with urgent action, the region can once again fulfill this function.
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INTRODUCTION

Most plants and animals alive today belong to lineages that have reached widespread status during the Cenozoic, with small numbers of ancient lineages with relictual distributions (Donoghue and Sanderson, 2015). The latter may be concentrated in isolated areas which have seen more stable climates, and a reduced chance of extinction during global extinction events (Procheş et al., 2015). Spread and diversification have followed each of the major mass extinctions in the past, generally with lineages diversifying on each occasion and most of them going extinct in the next. Which lineages have survived, where, and how soon and how widely they were able to spread has no doubt been influenced by continental arrangement (Donoghue, 2008). This has been the case especially with poorly dispersed groups, but to some extent even with well-dispersed ones. Besides dispersal abilities, which are group-specific, a factor relevant to overall biodiversity loss in mass extinction events has been the distribution of biodiversity at the time of each event, the ideal scenario being one where maximum biodiversity regions were least affected by the cosmic, geological, atmospheric, or ecological processes responsible for the mass extinction itself (see Johnson, 1993).

There is little doubt that human impacts on the environment are bound to leave a long-lasting mark on the global distribution of biotic lineages, and the Anthropocene has already been described as a mass extinction event, with current rates of extinction up to 1,000 times the background extinction rate (Barnosky et al., 2011; De Vos et al., 2015). Given rapid rates of habitat loss and degradation combined with direct species exploitation, there is no reason to assume that this will change without decisive action to prevent the numerous drivers of native diversity loss (Hughes, 2017). Various timeframes have been proposed as to how long anthropogenic activities will continue at the current pace, but irrespective of this, it is likely that, at some point, they will either cease or substantially relent (Watson and Watson, 2020). If measured as number of species, the proportion of biodiversity lost will be severe, but if viewing biodiversity as a number of phylogenetically or ecologically distinctive lineages, chances are that a few species from most of these will survive. This should be the case even in the most pessimistic biodiversity loss scenarios, albeit perhaps in only a fraction of their original ranges.

It is important to understand what the best sources for recolonization under such circumstances may be, by identifying refugia providing resilience to climate change (Keppel et al., 2012, 2015) as well as to other anthropogenic changes, and thus prioritize areas likely to maintain the greatest proportion of phylogenetic diversity (Keppel et al., 2018). Although the comparison is not perfect, a good place to start would be mapping regions that may have acted as refugia during past mass extinctions, or regions that conserve ancient lineages today, whether their survival of past upheavals happened in those precise areas or elsewhere (while keeping in mind the potential mismatch between past and present pressures, and even between diverse concurrent pressures; Mokany et al., 2017; Keppel et al., 2018). A second approach could be to map the greatest present-day concentrations of competitive lineages, such as those that have achieved worldwide distribution, and as such would have global recolonization potential, and try to gather information on their origination. To achieve this globally, it is necessary to collate distribution patterns for distinctive plant and animal lineages following diverse criteria, such as age, range size and ecological niches. Here we present evidence that at this point Southeast Asia appears to be the region conserving the greatest diversity of widespread as well as ancient lineages, and contend that it will consequently represent one of the most likely areas of origination for subsequent global colonization. This is, however, conditional to the relevant biotas surviving in the region, which is questionable given the disproportionate biodiversity loss currently taking place there (Hughes, 2017). Therefore, here we seek to understand the potential role of the Asian region in both acting as a refugium for ancient lineages, in addition to a source of cosmopolitan lineages, and discuss its role in acting as a cradle and museum for global biodiversity into the future.



OVERVIEW OF DIVERSITY MEASURES

In terms of species diversity, Southeast Asia is largely congruent with one of world’s three major tropical rainforest regions, and as such has top biodiversity values by numerous criteria, although in most groups it comes second to the Neotropics (Richards, 1973; Barthlott et al., 1996; Roll et al., 2017). When it comes to measures of phylogenetic and functional diversity, the information is fragmentary, and better mapped globally in vertebrates compared to plants – not to mention invertebrates. Patterns in tetrapod vertebrates differ substantially from one group to another, and depend on the precise metrics used, but Southeast Asia seldom stands out on its own. In amphibians, it is tied at the top with the tropical/warm parts of the Americas (Fritz and Rahbek, 2012). In birds and mammals, the region appears sub-average for a tropical rainforest region with most measures used (Davies and Buckley, 2012; Hawkins et al., 2012; Daru et al., 2019), albeit Borneo and Sulawesi show exceptional phylogenetically standardized trait beta diversity, and high levels of regional endemism may be reflected by small range sizes in some parts of the region (Mazel et al., 2017). None of these measures, however, are particularly relevant to colonization potential per se. High phylogenetic diversity values may reflect a diversity of ancient lineages,.



ANCIENT LINEAGES

The distribution of plant and animal lineages that had already diverged prior to the last two mass extinctions has been analyzed by Procheş et al. (2015), and is re-mapped here in the case of plants, where the Southeast Asia peak is particularly strong (Figure 1). In plants, which are overall better dispersed than vertebrates (with the exception of birds), Southeast Asia represents the center of a continuum between the East Asian flora, itself with many North American links, and the Australasian one, harboring numerous Gondwanan relict lineages. For the deepest levels of divergence (201 Mya), with Southeast Asia, and Australia are the only regions of the planet with 5–6 major seed plant lineages, compared to 1–3 in the Afrotropics and Latin America. The high Southeast Asian plant lineage diversity is not strictly localized, but connected to high values that extend from Japan, through China, all the way to Queensland and New Caledonia. It can be argued that such small numbers, where angiosperms are represented as a single lineage, are not particularly meaningful when looking at the conservation of present-day plant diversity. However, this is the case both when looking at all seed plant lineages delimited at a cut-off value of 201 Mya, coinciding with the Triassic-Jurassic extinction event, and when looking at those that only went through the last mass extinction event, the end-Cretaceous event (66 Mya), in a subset of seed plants (subclass Campanulidae) which has the highest richness in the world with over 14 lineages throughout Southeast Asia.
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FIGURE 1. Global patterns of plant diversity in ancient plant lineages that survived (A) the last, and (B) the last two mass extinctions. In (B), the map comprehensively covers all seed plants; in (A) it is restricted to one selected group, the Campanulidae. Redrawn from Procheş et al. (2015).




COSMOPOLITAN LINEAGES

By definition, these lineages have widespread distributions, which may appear to limit the usefulness of analyzing their diversity patterns. However, if setting cut-off values that allow such lineages to be absent in up to 25–50% of world’s ecoregion-scale units, these absences are sufficient to illustrate what regions hold good potential in retaining a full inventory (Procheş and Ramdhani, 2013). This is particularly important considering that their near-worldwide coexistence has carved characteristic niches that these lineages fill through all or most of their ranges, meaning key roles in maintaining ecosystem function. Sadly, no study has summarized geographic patterns in cosmopolitan plants globally. Multi-regional studies (Stohlgren et al., 2011) indicate that homogenization in plant assemblages is happening far more rapidly compared to animals, and the uncertain status of some species (indigenous or alien) is indeed a hurdle in completing a list of plant lineages that are naturally cosmopolitan, particularly in monocots. In animals, most widespread lineages co-occur through vast areas of Eurasia and Africa, but many are absent in large portions of the Americas, and more than half are not found in Australia, New Zealand, and Madagascar. The greatest concentration, with almost complete inventories, is in South China and North Indochina. The remainder of Southeast Asia also hosts high numbers, but not necessarily higher than elsewhere in Eurasia. Possibly even more importantly, the same region – South China and North Indochina – is also topping the charts when looking at the distribution of lineages sister to cosmopolitan lineages, possibly indicative of origination in this region (Figure 2). Broad geographic range also has the potential of being indicative of specific traits, such as dispersal, fecundity, and niche breadth (Laube et al., 2013; Procheş et al., 2019). This needs to be weighed against the age of lineages – even in the case of species, but more so with multi-specific lineages, as even less competitive lineages may be able to attain cosmopolitan status if given enough time. However, if accounting for age in the mapping of cosmopolitan lineages, there should be good reasons to hope that, in future studies of such lineages, a functional component can be considered.
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FIGURE 2. Global diversity maps for (A) widespread tetrapod lineages and (B) their sister lineages. Redrawn from Procheş and Ramdhani (2013).




DISCUSSION

The patterns described here in detail are focused on two rather specific contrasting methods of measuring biodiversity, and in one group of organisms each, albeit with some replication within that group – in the case of plants ancient lineage diversity across two mass extinction events, and in the case of cosmopolitan tetrapod lineages between the lineages themselves and their sister lineages. As the use of these measures has not been widely explored, additional evidence along either of the two lines would be most welcome. Even so, although Southeast Asia is the most diverse overall in both ancient and cosmopolitan lineages, patterns are somewhat different in the two cases, with the whole region having high values in one case, and only parts of it in the other. The differences suggest that, although the entire region has exceptional conservation value in a present-day context, in the long term, the highest value is to be placed on the northern parts of the region, particularly North Indochina and South China. This is in agreement with studies of evolutionary patterns within the region that are informed by paleoclimatic analyses (e.g., de Bruyn et al., 2014).

The South China/North Indochina hotspot in tetrapod lineage diversity is probably linked to the spectacular topographic heterogeneity found in this part of the region (Lei et al., 2015). This presumably influences biodiversity both directly, and via climatic effects. The latter could happen in two different ways. On a fine scale, topographic heterogeneity means climatic heterogeneity (Copeland and Harrison, 2015). In a broader context, the massive mountain chains at the eastern end of the Tibetan Plateau have also exerted an effect on the development of monsoon systems regionally (Ding et al., 2020). The convergence of multiple such systems here is likely to provide some buffering and to ensure consistently high precipitation (Spicer, 2017), although the precise future trajectories of the monsoon systems involved would need further investigation. It is nevertheless encouraging to see that changes in rainfall over the key Indochinese section of the region are unlikely to decrease due to anthropogenic climate change, and may in fact increase (Tangang et al., 2020).

The presence in this part of the region of deeply dissected landscapes such as the Hengduan Mountains is probably another key to the survival of moisture-reliant biota (e.g., Feng et al., 2020), which represent a large proportion of biodiversity in general, and of ancient lineages in particular. This has been clearly illustrated for the Chinese flora, where this area is no doubt the highest in terms of plant phylogenetic diversity (Lu et al., 2018). The mainly north-south orientation of the valleys and mountain ranges is also important (Li et al., 2011; Lei et al., 2015), meaning that climatic fluctuations can be weathered better by mobile but climate-sensitive biotas by migrating either altitudinally or lengthwise along the valleys (c.f. Médail and Diadema, 2009). This will presumably mitigate the impacts of oncoming climatic changes.

Beyond species and lineages, it would also be interesting to understand how recolonizing biotas may be able to reconstitute biotic communities (c.f. White et al., 2019) comparable to pre-Anthropocene ones. With cosmopolitan lineages being the backbone of most tetrapod vertebrate assemblages worldwide, community composition in this group is likely to be restorable in the post-Anthropocene on the basis of Southeast Asian survival, or conversely disproportionately disadvantaged by its loss. The combination of both high concentrations of regionally endemic and cosmopolitan lineages means that the continued loss of viable habitat in Southeast Asia may drive a disproportionate loss of phylogenetic diversity, which would consequently require millions of years to recover equivalent values should current rates of loss across much of the region continue.

Southeast Asia also has one of world’s most complete inventories of ancient plant lineages (Procheş et al., 2019), but the global mapping of more recent, mainly angiosperm, lineages is far from complete. There is also no information on how cosmopolitan plant lineages are represented there or elsewhere, which could help build an understanding of future plant community dynamics (Harrison et al., 2020), especially in the context of a changing climate. It is worth questioning to what extent the diversity of sister tetrapod lineages is indeed indicative of a Southeast Asian origination for currently cosmopolitan lineages. In terms of ancestral area reconstruction, a single sister lineage occurring in one area is not conclusive evidence of origination in that region, although multiple cases with the same area of sister lineage occurrence are starting to build a fairly strong case in that direction. However, to build a fully compelling case, ancestral area reconstruction analyses (Ree and Smith, 2008) would need to be conducted, and whilst analysis has been conducted within some lineages, it is still missing for the majority of taxa.

Although the information that forms the basis of this conclusion is fragmentary, it appears at this stage that Southeast Asia would indeed represent the highest-ranking region toward world’s recovery of pre-Anthropocene Cenozoic biodiversity distribution patterns. This is not good news. Multiple studies have already shown this region to be severely affected by recent human impacts, including habitat destruction and degradation, hunting and other forms of unsustainable resource uses (Sodhi et al., 2004; Wilcove et al., 2013; Harrison et al., 2016; Hughes, 2017). While some issues, such as the increasing area under oil palm cultivation and the plight of orangutans, are well known across the global conservation community, most other aspects of this environmental disaster remain poorly reflected in the media. Furthermore, it should be noted that whilst diversity of well-studied mammals such as primates may not be comparable to other tropical regions, bats make up over half diversity in many Asian forest systems (Hughes et al., 2012), and yet up to 70% of some taxa in this group may not have been described to date (Francis et al., 2010). Additionally, in terms of higher taxa and broader lineages, relative diversity and turnover have rarely been assessed, and it remains imperative to understand the phylogenetic diversity which could potentially be lost by the continued habitat destruction of this area. In terms of overall conservation research, Southeast Asia is clearly below global standards (Di Marco et al., 2017). All is not lost however; awareness of the dire situation the region finds itself in is improving, and a comprehensive list for research priorities (Coleman et al., 2019) has been compiled. In the context of the current study, we would additionally recommend testing the patterns presented here with data from additional taxa and metrics, to cement the assertion made here that Southeast Asia likely represents one of world’s primary macrorefugia [as defined by Keppel et al. (2012)].

Another key follow-up would be to assemble a list of endemic ancient lineages, including taxa which show relictual and restricted distributions for the region and map them across finer scales (Rossetto and Kooyman, 2005; Mokany et al., 2017), and explore how turnover within the region fits in with global lineage turnover (Kooyman et al., 2011). This, in combination with an improved trait-based approach (Copeland and Harrison, 2015; Ottaviani et al., 2020), would allow building an understanding of how various threats, and in particular climate change would affect them individually, and how effective the current protected area network and various practices may be in preserving them to maximize the conservation of phylogenetic diversity, especially keeping in mind the oncoming climatic change implications, particularly for coastal and montane diversity (Harrison and Noss, 2017). Furthermore, we highlight the need for these alternate metrics of richness to be a more frequent consideration in developing conservation priorities, as they provide the best hope of targeting areas with maximum phylogenetic richness, and also underscores the importance of Southeast Asia as a global priority under threat.
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