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ABSTRACT



Aim To investigate how Quaternary climatic changes affected the habitats that support endemic tree species distributions in a tropical rain forest. Based on past and present predicted species distributions, we assessed (1) whether climatic conditions may have supported species survival in the same area over the studied period, (2) the effect of ecological niche specialization on speciesspecific responses, and (3) the persistence of current populations in areas that were more climatically stable over time. Location Western Ghats, Western Ghats–Sri Lanka Biodiversity Hotspot, India. Methods We assessed species’ current bioclimatic preferences based on their occurrence data using Maxent distribution modelling. The models were projected onto past climatic conditions of the Last Glacial Maximum (LGM) and the Last Interglacial (LIG) to assess the extent of changes in species’ predicted distributions through time. Further, we tested whether species’ current occurrences were located non-randomly in pixels predicted to have been suitable in the past. Finally, we characterized species-specific responses in relation to plausible biogeographical scenarios. Results We identified three distinct scenarios of species’ responses to past climate changes – stability, contraction and shift – depending on their bioclimatic preferences. For high-elevation species, the cool, dry LGM was less restrictive than for medium-elevation and northern lowland species. Southernmost species requiring minimal seasonality were restricted by higher LIG seasonality, and only predicted to have been present in Sri Lanka at that time. Barring these southernmost narrow endemics, past suitable habitat, within which observed current occurrences are located, were predicted for most species. Main conclusions Palaeoclimate modelling reveals the likely local persistence of most Western Ghats endemics over the last 150 kyr, a relatively recent period in this Paleogene refugium. The large spectrum of bioclimatic preferences probably arose as a result of evolutionary events prior to the Quaternary. Our results highlight the need for further studies based on molecular phylogenetics in this relatively poorly studied biodiversity hotspot.
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INTRODUCTION Understanding the drivers of species distributions is a major goal in biogeography. Much attention has been focused on investigating the effect of contemporary ecological processes ª 2015 John Wiley & Sons Ltd



on species distributions (Guisan & Thuiller, 2005; Elith & Leathwick, 2009). However, historical events are being increasingly recognized as strong determinants of current large-scale biodiversity patterns (Jansson, 2003; Ricklefs, 2004). http://wileyonlinelibrary.com/journal/jbi doi:10.1111/jbi.12682
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R. Bose et al. In particular, fossil, palaeoecological and phylogeographical evidence point to the dramatic effects of Quaternary fluctuations on the distributions of some organisms (Taberlet et al., 1988; Jansson & Dynesius, 2002; Moussalli et al., 2009). In the tropics, varied rainfall regimes affected the distribution of rain forests (Anhuf et al., 2006), but direct information on past occurrences from fossil data is often scarce or missing in these regions. It is therefore a major challenge to investigate the fingerprint of biogeographical processes on current species distributions, such as range contraction or expansion related to past conditions and species diversification generated by past environment (Glor & Warren, 2011). Recently, species distribution models (SDMs) calibrated from both past and current species occurrences have been proposed to gain insights into past habitat dynamics (see Svenning et al., 2011). Reconstructions of refugia during the Last Glacial Maximum (LGM) using SDMs were found to be a useful complement to palaeoecological (Alba-Sanchez et al., 2010; Svenning et al., 2011) and molecular studies (Waltari et al., 2007; Poncet et al., 2013). The SDM approach has been validated in the tropics through pollen records and congruence with phylogeographical data (Hugall et al., 2002; Carnaval & Moritz, 2008). Models representing current suitable habitats can be projected onto past climatic conditions to predict the changes in potential distributions under the assumption of niche conservatism, as defined by Wiens et al. (2010), over the period under study. This predicts the areas where past climatic conditions were compatible or not with the species’ current habitat preferences. Spatial mismatch between the past and present predicted areas could indicate whether there is likely to have been a selective pressure for shift during the period, either in ecological space (niche shift) or in geographical space (range shift). Such a mismatch can also support hypotheses of cryptic refugia in the past based on environmental effects not accounted for in the SDM. Conversely, when the predicted distributions broadly overlap over time, under the assumption of niche conservatism, no selective pressure either for dispersal or niche change should have been exerted, and the species could have persisted locally in the same geographical area. Our aim here is to examine the effect of biogeographical processes on endemic evergreen tree species in the Western Ghats (WG) of India, based on the analysis of climatic changes in the area over a period covering the last major glacial cycle. The evergreen flora of the WG, which form part of the Western Ghats– Sri Lanka Biodiversity Hotspot (Myers et al., 2000), displays a high level of endemism (63%; Ramesh & Pascal, 1997). Strikingly, data are missing on the biogeographical context of the WG, and molecular phylogenetic studies are mainly limited to herpetofauna (Joshi & Karanth, 2013, and references therein). We therefore predicted past and present distributions for 195 tree species endemic to the WG using SDM. Our first objective was to ascertain whether they could have survived in the same area over the last 150 kyr. The Pleistocene was characterized by a complex mix of warm and cold periods, and major variations in the intensity 900



of the monsoon (Fontugne & Duplessy, 1986; Van Campo, 1986). The proportion of wet evergreen versus deciduous and savanna elements of the WG flora varied accordingly, as documented from Arabian Sea sediment cores (Prabhu et al., 2004) and peats in the Nilgiri basin (Sukumar et al., 1995). The regional context of the climatically and topographically heterogeneous WG is especially relevant when addressing the effects of biogeographical processes over this period, because the niches of the selected endemics vary greatly, according to the orographic monsoon regime, and cover a broad range of environmental conditions from low-elevation to middle- and high-elevation evergreen forests (Pascal, 1988). In this regard, cooler and relatively humid mountain valleys and coastal areas could have served as refugia for wet-zone species during the cool, arid LGM, and the lowlands could have been recolonized during wetter interglacial periods (Moussalli et al., 2009; Migliore et al., 2013). Specifically, with the weakening of the summer monsoon in the LGM, we would expect the distributions of species that depend on these seasonal rains to contract. On the other hand, more southerly species that require year-round rainfall may have benefited from the dominance of the winter monsoon. Indeed, in a given biome, organisms can vary in their responses to a common history, resulting in complex and changing community compositions and a diversity of biogeographical scenarios (Graham et al., 1996; Moussalli et al., 2009). In this context, our second objective was to address whether the diversity of ecological niches among the WG-endemic tree species allows possible refugia or rangechange scenarios during the Quaternary to be detected. Many refugia in non-glaciated regions are associated with complex topography such as mountain ranges (Keppel et al., 2012). To address the existence of putative refugia commonly alluded to in studies on the WG, our third objective was to assess whether current populations are located in areas predicted to have been continuously suitable in the past (as opposed to areas that were previously unsuitable and became suitable more recently) more often than expected by chance. Lastly, the proximity and floristic similarity of the wet forests of the Eastern Ghats and southern Sri Lanka (separated from India only by the Palk Strait) to the WG (Gunatilleke & Gunatilleke, 1990) suggest regular regional exchanges over time, which are expected to have influenced range shifts and speciation events in the endemics. We discuss plausible ecological drivers of the biogeographical scenarios and their relationships to species climatic preferences, the presence of putative refugia as well as the nature of floristic affinities with adjoining regions. MATERIALS AND METHODS Study area and endemic tree species distributions The WG form a 1600-km escarpment along India’s southwestern coast at elevations c. 1200 m (highest peak 2695 m), broken only by the Palghat Gap. The areas between 8° N Journal of Biogeography 43, 899–910 ª 2015 John Wiley & Sons Ltd



Quaternary biogeography of Western Ghats endemic trees and 16.4° N cover the major part of the region’s wet evergreen forests, and receive the bulk of the south-westerly summer monsoon rains (Pascal, 1988). These forests are isolated from the evergreen forests of north-eastern India and Indochina by the rapid decline in rainfall towards the leeward east and the north. The atlas of endemic tree species of the WG (Ramesh & Pascal, 1997) reported species occurrences based on three sources: (1) herbarium specimens, (2) published data and (3) results of intensive field surveys conducted in 1970–1990 by botanists from the French Institute of Pondicherry (FIP). We included additional observations from the FIP herbarium (http://ifp.plantnet-project.org/). Our data set comprised 9649 occurrences corresponding to 195 taxa with at least 10 occurrences each. A grid of 5-arc-minute pixels was laid over the study area. Climatic data For a synthetic climatic characterization of the region, we performed a principal components analysis (PCA) of the 19 bioclimatically significant variables and elevation obtained from the WorldClim database (Hijmans et al., 2005) at a resolution of 5 arc-minutes. The first three axes explain 90.4% of the overall climatic variation and yielded synthetic variables devoid of collinearity (see Appendix S1 in Supporting Information). These three synthetic variables summarize the three main environmental gradients formerly identified as major drivers of vegetation change in the WG (Pascal, 1988; Bonnefille et al., 1999; Barboni et al., 2003; Fig. 1c): (1) the temperature–elevation gradient (mean temperature of the coldest month from 3 to 22 °C), (2) the south to north increase in seasonality (from 3 to 8 months of dry season, with monthly rainfall < 100 mm), and (3) the west–east decreasing rainfall gradient (annual precipitation from 484 to 6032 mm). To investigate possible scenarios of species distribution changes, we considered past climates at the Last Glacial Maximum (LGM; c. 21 kyr bp) and the Last Interglacial (LIG; c. 120–140 kyr bp), representing important climatic extremes from the last 150 kyr. The same 19 bioclimatic variables, down-scaled from global circulation models (GCMs), were retrieved for the LGM from WorldClim. The choice of GCM is a major source of uncertainty in SDM projection (Beaumont et al., 2008; Buisson et al., 2010). We compared climatic projections based on the CCSM4, MIROC and MPI models from the PMIP3/CMIP5 project available from WorldClim. CCSM4 was the most consistent with terrestrial and marine palaeoproxy reconstructions for the region, which describe cooler and more arid LGM conditions, attributed to a weakened summer monsoon and a stronger winter monsoon (e.g. Van Campo, 1986; Tiwari et al., 2011). The LIG data (WorldClim; Otto-Bliesner et al., 2006) were aggregated (as means) at a resolution of 5 arcminutes. Values of the climatic variables for the WG in Journal of Biogeography 43, 899–910 ª 2015 John Wiley & Sons Ltd



these two periods were introduced as supplementary observations in the above PCA to obtain projected maps of the three synthetic climatic variables at the LIG and the LGM (Fig. 1a–b). Species distribution modelling SDMs characterize species’ environmental requirements by a statistical comparison of species’ occurrences with environmental layers. They predict areas where a species is likely to be present based on local climatic information (Elith & Leathwick, 2009). Predictions can be made for periods other than that used for model calibration, allowing investigations into past or future distribution change. Here, the sampling of tree species occurrences is spatially comprehensive, because our database provides a complete picture of endemic species distributions, although it consists of presence-only data. In this regard, we applied Maxent 3.3.3, proven to perform well when sampling coverage is neither biased nor deficient (Phillips et al., 2006). The model was trained on present climatic conditions synthesized into the three PCA axes presented above. A random set of 90% of occurrence localities was used to train the model and 10% was used for testing. We performed 10 replicate runs as recommended by Nogues-Bravo (2009), with distinct sets of 10% of pixels for testing to avoid statistical bias due to spatial autocorrelation (Friedlaender et al., 2011). One thousand random background points of putative absences were drawn from the study area. To assess SDM performance, we estimated the area under the curve of the receiver operating characteristic (AUC) of both training and test data for each replicate model. Lastly, we designed a null model to test whether our species were more related to the climatic factors considered than were random occurrence points of equal prevalence (Raes & ter Steege, 2007). AUC scores from observed data were compared to 999 null AUC values generated with this procedure. The null hypothesis was rejected whenever the observed AUC fell outside the 95% confidence interval from the null values. We derived a binary map of predicted presence/absence from the SDM of each species using a threshold that maximized the sum of sensitivity and specificity, as recommended by Liu et al. (2013) for presence-only SDMs. We also considered an alternative lower threshold with zero omission of training and test data to compare between liberal and conservative predictions. The Maxent model for each species was projected onto past climatic conditions to characterize each species’ predicted past distribution. We obtained binary maps of past predicted presence/absence using the same threshold as for the current predictions for each species (Fig. 2). We included the Eastern Ghats and Sri Lanka in our projections into the past in order to test the hypothesis that they could have served as refugia for species currently endemic to the WG. 901
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Figure 1 Main climatic gradients in the Western Ghats biodiversity hotspot, South India, as depicted by the first three principal components analysis axes based on 20 climatic variables (see Appendix S1). These variables are mapped (a) at the Last Interglacial (LIG; 120–140 ka), (b) at the Last Glacial Maximum (LGM; 21 ka), and (c) at present. The light to dark grey colour gradient indicates low to high temperature, seasonality and monsoon rainfall.



Changes in predicted distributions: LIG to the present From the predicted presence/absence maps at the three epochs in the WG, we classified pixels into categories representing whether a given species was predicted to be present (1) or absent (0) under LIG, LGM and current climatic conditions respectively. We thus obtained for each pixel a triplet code (100, 010, 001, 110, 101, 011 or 111), with for instance, 100 meaning that a species predicted to have been present in the LIG in a given pixel was predicted to have been absent from that pixel in the LGM and the present. We then assembled a single contingency table giving the total number of pixels in each of the seven categories above for each species, which we subjected to correspondence analysis (CA) to compare the patterns of change over time across species. The prominent CA axes synthesized the variation of 902



biogeographical histories among species (Fig. 3). We mapped the spatial signatures of these histories across the WG range by summing the current binary distribution maps of each species, weighted by their respective scores on the CA axes (Fig. 4). Effect of species’ climatic preferences We characterized the climatic niche preferences related to these biogeographical histories by multiple regression of the species scores on the CA axes according to their average environmental preferences on the three synthetic climatic variables, including quadratic predictor terms to accommodate non-linear effects. The most important predictors were selected through a stepwise procedure based on the Akaike information criterion comparison of the models with sequential addition and dropping of predictors. Journal of Biogeography 43, 899–910 ª 2015 John Wiley & Sons Ltd
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Figure 2 Three cases illustrating the basic scenarios of predicted distribution change from the Last Interglacial (LIG; 120–140 ka) to the Late Glacial Maximum (LGM; 21 ka) and present in the WG. (a) Rhododendron arboreum displays a relatively stable area of predicted suitable habitat from the LIG through to the present; (b) the area predicted suitable for Diospyros assimilis in the LIG was larger than in the LGM and was further reduced in the present.; and (c) Vernonia travancorica had no area predicted suitable in the WG in the LIG and LGM (0 pixels) compared to the present, whereas it is predicted to be present in Sri Lanka.



Relationship between current occurrences and past predictions We addressed whether species’ current (observed) occurrences were located in areas that were stable over time according to the models, to test the hypothesis of long-term persistence in more stable areas. We performed a multinomial test of the distribution of current observations in each of the seven pixel categories, relative to a random draw over each species’ current predicted distribution (Read & Cressie, 1998). The null hypothesis was that the current observations of a species could be found in any pixel of its current predicted distribution, independently of past predicted habitat history. More specifically, we tested (1) whether populations currently located in suitable habitats (categories 001, 011, Journal of Biogeography 43, 899–910 ª 2015 John Wiley & Sons Ltd



101 and 111) were distributed randomly with regard to past habitats, and (2) whether populations located in currently unsuitable habitats (categories 010, 100 and 110) were relicts from habitat that was suitable in the past. In both cases, a correction for multiple comparisons was applied by controlling the false discovery rate of the multinomial tests (Benjamini & Hochberg, 1995). RESULTS Based on the 195 models of species distributions, we found a significant influence of climatic variables for over 96% of species (based on the null model, P < 0.05). All the models displayed moderate to high predictive power: average of 0.903 training AUC (SD, 0.061) and 0.871 test 903
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Figure 3 Scatter-plot of the correspondence analysis representing the changes in predicted distributions for each Western Ghatsendemic tree species in the three epochs. The pixels of the predicted distribution maps are coded in seven classes representing combinations of predicted presence/absence at the three epochs: the first binary number of the index represents Last Interglacial conditions (LIG; 120–140 ka), the second the Last Glacial Maximum conditions (LGM; 21 ka) and the third number represents present conditions. The relative frequency of these classes for each species determines scenarios of area contraction (larger suitable area at LIG than at LGM and/or present), area expansion scenario (reduced predicted habitat area at LIG as compared to LGM and or present), and area stability (similar areas in the LIG, present and/or LGM). A representative species in each scenario is highlighted (see also Fig. 2).



AUC (SD, 0.081) over 10 replicate models (see Fig. 2 for SDM projections onto LIG and LGM climates for three representative species). Almost all the species had suitable habitat predicted in Sri Lanka at the LIG, whereas very few had suitable habitat in the Eastern Ghats over the three periods. Three main groupings of species emerge from the analysis: (1) high-elevation species, (2) species of mid-elevations and northern lowlands, and (3) species restricted to the extreme southern WG (< 9° N). Changes in predicted distributions: LIG to the present We performed the correspondence analysis of the contingency table giving the total number of pixels for each of the seven possible trajectories from the LIG to the present for each species. The first two CA axes explained over 50% of the overall variance (Fig. 3), and thereby represented contrasting biogeographical scenarios: (1) predominant stability since the LIG (higher frequency of ‘111’ pixels), including cases of transient increase during the LGM (010), exemplified by Rhododendron arboreum subsp. nilagiricum (Fig. 2a), (2) contraction/fragmentation of predicted distribution since the LIG with a majority of pixels in categories 100, 110 and 101, a case exemplified by Diospyros assimilis (Fig. 2b), and (3) expansion since the LIG with a majority of pixels in the categories 011 and 001, exemplified by Vernonia travancorica (Fig. 2c). Noticeably, this last group of species was composed largely of endemics of the southern WG, an area that was devoid of suitable habitat at the LIG – and also at LGM (001) for the 23 south904



ernmost of these species – although all species displayed suitable habitat in Sri Lanka at these times (e.g. Fig. 2c). Using the more liberal threshold (zero omission), only five of these species were predicted to have had suitable habitat in the WG at the LIG, whereas all but three did so at the LGM. In either case, therefore, most of the southernmost endemics did not have suitable habitat predicted in the WG between the LIG and LGM. Biogeographical scenarios and species climatic preferences Our synthetic maps (Fig. 4) represent the spatial signature of these main biogeographical scenarios. They highlight areas where the endemic species that more frequently underwent stability, contraction or shift are currently located, according to their scores on the CA axes. Species’ scores on CA axis 1 increased with their mean temperature and seasonality preferences (multiple regression, R2 = 0.48, Fisher P < 0.001; Table S2 in Appendix S2). This model thereby pointed to the persistence of suitable habitat from the LIG (negative CA axis 1) for species that currently occur at higher elevations and in montane forests below 12° N, i.e. which prefer lower temperatures and lower seasonality (see Fig. 4a). At the other end of the spectrum (positive CA axis 1) are species associated with lower elevations and higher seasonality, for which the predicted distribution contracted after the LIG. They are found along the ridge of the Ghats, exposed to high rainfall due to monsoon convection, and in the drier northern WG (Fig. 4b). Journal of Biogeography 43, 899–910 ª 2015 John Wiley & Sons Ltd
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Figure 4 Mapping of the biogeographical stability, contraction and shift scenarios of Fig. 3 for endemic trees in the Western Ghats, based on the sum of current binary species predicted distributions weighted by their scores along correspondence analysis axes 1 and 2.
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Conversely, the fit along CA axis 2 was weaker but still significant and temperature preference increased, whereas seasonality decreased (R2 = 0.29, Fisher P < 0.00; Table S3 in Appendix S2). The relationship with seasonality was consistent with the extreme positive scores of southernmost species, in a region where seasonality is minimal (see Fig. 4c). Imprint of past predicted distributions on current populations From the multinomial test of the distribution of observed current occurrences in each of the seven pixel categories, we found that populations located in currently suitable habitats of almost a quarter of the species (44) were not randomly distributed with regard to past predicted distributions (adjusted P < 0.05; Appendix S3). Of the species with negative scores on the first CA axis, 16 species displayed more current observations in category ‘111’ than expected by chance, suggesting that these populations could have persisted in the same area since the LIG (scenario of stability). These include species found south of 12° N, and montane species spanning the Palghat Gap (Fig. 4a). Of the species having contracted in area since the LIG (more frequent ‘100’, ‘101’ and ‘110’ pixels; positive CA axis 1), 17 species have more current observations in category 111 (pointing to contraction to stable areas) and five species in 011 (shift, expansion since LIG to areas suitable since LGM) than expected by chance. A number of these species are today distributed predominantly at mid-elevations along the ridge of the WG and the northern lowlands (Fig. 4b). In addition, some species displayed significantly more occurrences than random in category 101, reflecting possible survival at the LGM despite a transient reduction in favourable habitat. The multinomial test results for species with reduced or null distribution at the LIG, like those restricted to the southern WG (Fig. 4c), were not meaningful because the species are not predicted to have been present in most of the four pixel categories. One species, Glycosmis macrocarpa, was significant when testing whether populations currently located in unsuitable habitats were over-represented at LIG and/or LGM (situations 010 and 110), i.e. a possible relict of a habitat that was suitable in the past. Areas in the WG that were predicted to have been suitable throughout the period studied summed over all the species are shown in Fig. 5, in which pixel colour scales with the number of species having a suitable habitat predicted there across the three epochs (111 category). DISCUSSION No evidence of Quaternary refugia within Western Ghats Jackson & Overpeck (2000) suggested that, in order to avoid extinction, a species must either maintain a sufficiently broad fundamental niche or be capable of evolutionary changes 905



R. Bose et al. that are rapid enough to track the realized environmental space. Our analyses of past predicted species distributions provide evidence for the likely persistence of most of the studied endemic tree species in the WG over the last 150 kyr. Over this period, extensive suitable habitats remained in this topographically heterogeneous region. Our results, based on the assumption of niche conservatism, indicate that many species are currently found in habitats that were suitable in the past, suggesting the absence of strong selective pressure for niche change over this period. We suggest that no significant climatic fluctuation influenced biodiversity dynamics after the Cenozoic, implying that the high biodiversity of WG is mainly rooted in evolutionary processes that occurred before the Quaternary (Fjelds a & Lovett, 1997). Our results highlight zones that are more climatically stable than others, but did not reveal restricted late Pleistocene refuges in the WG. Over larger temporal and spatial scales, however, pollen analyses, studies on climate stability and the persistence of other humid-forest-restricted relict taxa (Joshi & Karanth, 2013) support the hypothesis that areas of the WG and Sri Lanka served as refugia at the subcontinental level since much earlier, dating to the late Palaeocene or Early Eocene (Prasad et al., 2009).



Figure 5 Synthetic map highlighting the putative stable zones from Last Interglacial (LIG, 120–140 ka) to present in the Western Ghats. The grey scale represents the number of species for which a given pixel was predicted suitable at the three epochs i.e. LIG, LGM (Last Glacial Maximum, 21 ka) and present. The high-elevation forests span the 30-km-wide Palghat Gap, which otherwise forms a dispersal barrier to species restricted to the southern WG. Protected areas (IUCN & UNEPWCMC, 2014; http://www.protectedplanet.net/) in the WG are superimposed in white outline. The present network of protected areas in the WG does not cover the areas with the highest number of species in stable zones. WG, Western Ghats.
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Scenarios of distributional changes relate to climateinduced habitat dynamics The comparison of the species’ trajectories, however, provided evidence of distinct biogeographical scenarios driving distributional changes within the WG over time and determining the current distributions, namely (1) that species with the most stable predicted distributions are mainly those that occur at higher elevations (stability scenario), (2) that mid-elevation species along the ridge of the Ghats underwent a reduction to more stable climatic areas (contraction scenario), and (3) that no suitable habitat existed at the LIG for the southernmost species that occur in the least seasonal areas, implying recent range shift (shift scenario). Spatial variation in rainfall regimes partly explains the origin of these contrasting scenarios. The CCSM4 GCM hindcasts and the literature both indicate a lower mean annual precipitation at the LGM than in the LIG and the present, especially in areas that receive most of their rain during the summer monsoon (12–15° N). In contrast, probably due to the dominance of the winter monsoon during the LGM (Sarkar et al., 1990), areas south of 12° N experienced higher or similar levels of rainfall, barring local variations. Here, a fall in temperature probably played a relatively important role. The stability scenario (1) concerned montane forests spanning the Palghat Gap as well as species with large elevational amplitudes mostly occurring south of 12° N, and a few widespread species. The transient predicted expansion in the LGM of the latter two types with broader fundamental niches into lower elevations is consistent with the cooler conditions. The stability over time predicted of upper montane species appears to contrast with previous findings based on stable isotope analysis of peat cores in the Nilgiri hills – that forest elements ceded to savanna at the LGM (e.g. Sukumar et al., 1995). The latter findings were, however, generalized across all the southern montane forests, whereas neither climatic nor vegetation changes were uniform (Caner et al., 2007). In the Nilgiri basin alone, the studied peat bogs were located in valleys in the west or centre where forests are restricted to sheltered valleys by strong south-westerly winds or low rainfall, and cooling due to temperature inversions would have been more pronounced here during the LGM. By contrast, the eastern Nilgiris, receiving winter rains and being less sensitive to south-westerly monsoon fluctuations, support larger forest patches that are not confined to valleys according to Caner et al. (2007). Further, floristic composition across montane forests is not homogeneous in terms of dispersal abilities or physiognomy, ranging from frost-tolerant temperate shrubs like Rhododendron to tropical elements. This opens up a host of possibilities for species-specific responses to environmental fluctuations. Many of the montane species currently have relatively wide elevational amplitudes, possibly reflecting their expansion to lower montane forests and transition zones and/or the occurrence of populations there since before the LGM.



Journal of Biogeography 43, 899–910 ª 2015 John Wiley & Sons Ltd



Quaternary biogeography of Western Ghats endemic trees The contraction scenario (2) concerned species with larger latitudinal amplitudes extending into the drier north, and mid-elevation species occurring mostly from 12° N to 15° N and above. The contraction can be explained by the weakened summer monsoon, reducing annual rainfall by up to 15% during the LGM in this area. The distribution of a species that was previously widespread may thus have become fragmented. This is the case for Diospyros assimilis and other species which, having contracted to climatically stable areas after the LIG, currently have observations in the categories 111 (stable across the 3 periods), 011 (stable since LGM) or, for those with northern distributions, 101 (transient reduction in suitable habitat during the LGM). The topographic complexity of the middle-elevation reliefs of the Ghats could have favoured species survival (e.g. Fjelds a & Lovett, 1997), whereas the lowland northern species could have expanded into suitable habitat along the coastline exposed by the lowered sea level during the LGM (Farooqui et al., 2014). The shift scenario (3) concerned the 23 southernmost endemics (< 9° N), specialized to very short dry seasons (< 2–3 months). They all occur in the ecologically diverse Agasthyamalai Biosphere Reserve, a recognized centre of micro-endemism with zones of active speciation (Nayar, 1996). These species were predicted to have been present in Sri Lanka but not in the WG at the LIG or LGM. Using a lower threshold, most of these species were predicted to have been present in the WG at the LGM, pointing to possible suboptimal habitats and cryptic refugia in which populations of these endemics – over half of which are understorey species – survived. At the LIG, seasonality, a major predictor for these species, was higher, and the southern WG diverged from LGM and current conditions. This could suggest a more recent appearance in the zone for some of these specialized endemics. Fifteen of the 17 species-rich genera in question include species common to both WG and Sri Lanka, as well as those endemic to each region. Close phylogenetic relatedness to extant Sri Lankan endemics (e.g. Garcinia thwaitesii), on which more study is needed, could mean that the ancestors of some of these taxa migrated to the WG between the LIG and the LGM and underwent parapatric speciation. In fact the two regions, together forming the Deccan plate, were bridged at several instances of lowered sea levels over the past 500 kyr (Rohling et al., 1998); the only other place 30% of Sri Lanka’s non-endemic tree species are found is the WG (Gunatilleke & Gunatilleke, 1990) and 65% of its flora has affinities to Indian flora. On the other hand, other affinities to more broadly distributed WG endemics are known (e.g. Poeciloneuron pauciflorum, a narrow southern endemic of a genus endemic to the WG), suggesting possible ecological diversification from ancestors present in other parts of the WG. Our results therefore support the idea that the southern WG are a major evolutionary melting pot, where particular conditions have favoured ecological and geographical speciation events, possibly even in recent times. Recent studies support Fjelds a & Lovett’s (1997) theory: Journal of Biogeography 43, 899–910 ª 2015 John Wiley & Sons Ltd



stability permitted the survival of relictual lineages and explains the general lack of diversification in East African forests during the Pleistocene, yet does not preclude some cases of speciation on the periphery of stable areas (Dimitrov et al., 2012). An important issue is whether the three biogeographical scenarios can be attached to distinct lineages, which could reveal other underlying evolutionary forces acting in the Quaternary. Notably, the WG-endemic flora is characterized by a number of species-rich genera, including Diospyros, Garcinia, Humboldtia and Litsea, the species of which occupy a broad range of distinct niches across the WG (Pascal, 1988). In our analysis, species in these genera displayed diverse biogeographical scenarios during the Quaternary, related to the diversity of their abiotic habitat dynamics. Most had rather stable predicted distributions with no strong selective pressure for climatically mediated diversification. The diversity of endemic niches at fine taxonomic scales is thus likely to reflect evolutionary events preceding the last glacial cycle, with the possible exception of the southernmost endemics. We further note that few species were predicted to have been present over the three epochs in the archipelago of eastern hills between the Western and Eastern Ghats, although 20 of the species analysed, about half of which are understorey endemics, currently occur there, even if their populations are small and scarce (Pragasan & Parthasarathy, 2009). Despite the contrasting macroclimatic conditions between these hills and the main WG chain, local microclimatic and/or edaphic conditions could provide localized refugia for evergreen communities. Our SDM modelling captures most major macroecological conditions according to which large-scale species distributions could have been stable or not during the Quaternary. This does not, however, preclude the past or current existence of cryptic refugia at smaller scales (Ashcroft et al., 2012). This hypothesis could also explain the persistence in unsuitable habitat during the LGM of species displaying significantly more occurrences than random in category 101, and the finding that the understorey tree Glycosmis macrocarpa had more occurrences in currently unsuitable habitats. These cases, even if potentially important for explaining diversification events and possible recolonization from cryptic refugia, however, remain minor overall. Finer-scale ecological analyses of abiotic and biotic requirements, as well as phylogeographical analyses of putative relict or sink populations, are needed for further insight into these issues. Limits of the study We are aware of and underline the methodological limitations related to the use of SDMs, both for the present and for projections into the past (Svenning et al., 2011; Varela et al., 2011). We addressed the statistical performance and relevance of our results based on 10 replicate models considering distinct subsets of 10% of occurrence localities for testing. In addition, we designed a specific null model, without 907



R. Bose et al. subdividing the original data, in order to address whether the selected climatic variables were actual drivers of species predicted distributions. Both analyses show that our models captured ecologically meaningful drivers of the species distributions. The set of occurrences could still be biased, however, given the history of deforestation especially at low elevations. Furthermore, despite careful analysis prior to choosing among the available GCM models, the nature and quality of past climate reconstructions remains a possible source of uncertainty in SDM projections. Lastly, the models should ideally have been evaluated using fossil data, but no suitable data for the region, period and species concerned were available. Conclusions and perspectives (1) The predicted distributions of most species, apart from the southernmost narrow endemics, remained stable or contracted to stable areas over the last 150 kyr. (2) Species responses were linked to their location along the environmental gradients, beyond phylogenetic proximity. (3) The imprint of past predicted distributions on current populations are evident for 44 species with significantly more current observations than expected by chance in pixels that have been climatically stable over the three periods or since the LGM, attesting to the long-term persistence of these populations within stable areas. In some areas that have been climatically stable since the LIG, local conditions appear to have buffered species from the effects of climate variability (Fig. 5). Superimposing the current protected areas onto this map shows that these zones are not always targeted by conservation policies. For example, only 36% of pixels where over 30 species experienced climatic stability over the three epochs are protected. Our results can thus help to design useful indicators for the future planning of reserves, with the aim of ensuring the persistence of species-rich evergreen forests in the face of ongoing climatic and anthropogenic changes. ACKNOWLEDGEMENTS This work is part of R.B.’s Ph.D. thesis supported by an international PhD grant from the Institut Francßais de Pondichery. We thank Sara Varela and the anonymous referees for their insightful comments and suggestions, and Vincent Deblauwe for his help with the figures. We express our sincere gratitude  to Bonaventure Sonke who kindly hosted R.B. at the Ecole Normale Superieure in Yaounde during the writing phase of this paper. REFERENCES Alba-Sanchez, F., L opez-Saez, J.A., Benito-de Pando, B., Linares, J.C., Nieto-Lugilde, D. & L opez-Merino, L. (2010) Past and present potential distribution of the Iberian Abies species: a phytogeographic approach using fossil pollen 908
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