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ABSTRACT

Aim We tested the influence of Pleistocene climatic fluctuations and the
potential effect of future climate change on Southeast Asian small mammal dis-
tributions using two forest-dwelling (Leopoldamys herberti and Leopoldamys
sabanus) and one karst (Leopoldamys neilli) endemic rodent species as models.

Location Southeast Asia.

Methods We used presence—absence data of genetically identified individuals,
bioclimatic variables and species distribution modelling techniques to predict
potential distributions of the three studied species under current, past [Last
Interglacial (LIG) and Last Glacial Maximum (LGM)] and future conditions.
We applied a variety of modelling techniques and then used consensus tech-
niques to draw up robust maps of potential distribution ranges at all stages.

Results According to our models, these three Leopoldamys species did not
experience significant range contraction during the LGM. Our models revealed
substantial range contraction during the LIG for L. herberti in northern Indo-
china, while its distribution expanded in southern Indochina. Evidence of a
southward range expansion during that period was also obtained for L. neilli,
whereas L. sabanus remained widely distributed in insular Southeast Asia but
experienced a range contraction on the Thai-Malay Peninsula. The two future
climate change scenarios used predicted that large climatically suitable areas
would still be available in the future for the three species.

Main conclusions Our model predictions contradict the well-established
hypothesis that Southeast Asian forest-dwelling species were confined to small
refugia during the LGM. Moreover, our results suggest that some Southeast
Asian taxa may have been distributed in their refugial state during the LIG
rather than the LGM. This could be because of vegetation changes that may
have occurred at that time as a result of the increased seasonality observed dur-
ing the LIG. These Pleistocene refugia may have been localized in northern
Indochina but our study also revealed that southern Indochina could provide
major potential refugia.

Keywords
Climate change, Last Glacial Maximum, Last Interglacial, Leopoldamys,
Murinae, Pleistocene, rodents, Southeast Asia, species distribution modelling.

INTRODUCTION

The distributional response of plant and animal species to
Pleistocene climate changes has been studied widely in Eur-
ope and North America. In these temperate regions, the con-
traction of the northern range of many species during glacial
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periods, followed by northward recolonizations from south-
ern refugia during interglacial periods, has been frequently
documented (Hewitt, 2004; Michaux et al.,, 2005; and refer-
ences therein). However, recent studies have demonstrated
that this pattern does not always apply. For example, north-
ern regions of central and eastern Europe have also acted as
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refugia for some temperate plant and animal species (Kotlik
et al., 2006; Stewart et al., 2010). In the tropics, the effects of
the Pleistocene cyclic glaciations were less intense than in
temperate regions but it has been suggested that the cooler
arid climate during glacial periods led to the formation of
isolated rain forest refugia in mountainous areas (Brandon-
Jones, 1996; Haffer, 1997). However, little is currently known
regarding the distributional consequences of Pleistocene
climatic fluctuations for tropical species, especially in Southeast
Asia.

Southeast Asia encompasses four biogeographical subre-
gions that host around 18% of all plant and animal species
on Earth (Myers et al., 2000). A complex geological history
and repeated climatic fluctuations over the last few million
years have influenced the biogeographical patterns of many
species in the region and created a unique fauna character-
ized by high levels of endemism (Woodruff, 2010). In Asia,
the glacial advance was less extensive than in Europe or
North America. Two main climate-related events may have
contributed to diversification and population divergence dur-
ing the Pleistocene in Southeast Asia. First, drastic changes
in the Southeast Asian landscape occurred throughout the
Pleistocene as a result of sea-level variations. Parts of the
Sunda shelf were repeatedly exposed and submerged during
this time period (Voris, 2000). Consequently, temporary land
bridges were frequently created between the mainland and
insular regions of Sundaland, possibly enabling biotic migra-
tions from the mainland to the archipelago (Heaney, 1986).
Second, Pleistocene climatic fluctuations also contributed to
vegetation changes in Southeast Asia. However, the Quater-
nary distribution of forest types in this region is still uncer-
tain and highly debated (Hope et al., 2004; Bird et al., 2005;
Cannon et al., 2009; Wurster et al., 2010).

Many Sundaic bird and mammal species did not seem to
experience significant population fragmentation during the
Last Glacial Maximum (LGM; 19-26.5 ka; Peltier & Fair-
banks, 2006) (Gorog et al., 2004; Lim et al., 2010; Lim &
Sheldon, 2011) but Indochinese forest-dwelling mammals
(Brandon-Jones, 1996; Luo et al., 2004; Patou et al., 2010),
birds (Fuchs et al., 2008) and insects (Morgan et al., 2011)
may have been restricted to allopatric rain forest refugia in
some northern Southeast Asian mountain ranges during
Pleistocene glacial periods before expanding southwards dur-
ing interglacial periods. However, recent studies combining
phylogeographical analyses and species distribution model-
ling (SDM) have revealed, surprisingly, a severe range con-
traction for several bird species in southern China during the
Last Interglacial (LIG; 116-130 ka; Shackleton et al., 2003),
while similar distributions have been noted for these species
when comparing present-day and LGM patterns (Dai et al,
2011; Zhao et al,, 2012; Wang et al., 2013). The invasive
mosquito, Aedes albopictus, was also distributed widely in
Southeast Asia during the LGM according to SDM projec-
tions (Porretta et al., 2012). However, SDM approaches have
never been applied to past distributions of Southeast Asian
forest mammals, and the effects of Quaternary climate
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changes on mammal distributions in Southeast Asia are not
yet clearly understood.

In this study, we selected three long-tailed giant rat species
belonging to the genus Leopoldamys (Rodentia, Muridae) to
assess the influence of Pleistocene climatic fluctuations and
the potential effect of future climate change on small forest
mammal distributions in Southeast Asia using SDMs. These
are interesting model species because their distinct distribu-
tions span a large portion of Southeast Asia and they have
contrasting ecological and forest habitat requirements. Leo-
poldamys sabanus (Thomas, 1887) (lineage L5 in Balakirev
et al., 2013) is semi-arboreal and found in lowland Sundaic
forest habitats. Leopoldamys herberti (Kloss, 1916) (lineage
L1) occurs in primary and secondary evergreen lowland and
montane forests of Indochina. Leopoldamys neilli (Marshall,
1977) (lineage L2) is endemic to limestone karsts of Indo-
china. These giant rats may also play an important role in
forest regeneration as they are better seed dispersers than
many other rodent species in Southeast Asia and China
(Wells et al., 2009; Chang & Zhang, 2011).

The taxonomy of Leopoldamys species has been reviewed
recently and is now better understood. Six species were rec-
ognized by Musser & Carleton (2005). Balakirev et al. (2013)
and Latinne et al. (2013a), however, suggested that an addi-
tional species existed in the Indochinese region, i.e. L. her-
berti, a phylogenetic lineage that was previously thought to
belong to Leopoldamys edwardsi (Pages et al., 2010). Evi-
dence of L. herberti has been found in northern Thailand,
Laos, Vietnam and Cambodia, but its occurrence in neigh-
bouring countries has not been documented. Leopoldamys
neilli has been described in Thailand but has also recently
been discovered in northern Laos and Vietnam (Balakirev
et al., 2013; Latinne et al., 2013a). The distribution of L. sab-
anus was previously thought to encompass both the Indochi-
nese and Sundaic subregions, but Balakirev et al. (2013) and
Latinne et al. (2013b) have shown that it is probably a Sun-
daic species with southern Thailand the northern limit of its
range: it does not occur further north in Indochina. These
molecular studies have therefore revealed important misclas-
sification errors in previous studies, showing that current
knowledge of these species distributions is uncertain, as is
the conservation status of the three species. Leopoldamys neil-
li was previously classified as Endangered on the ITUCN Red
List but is now considered Data Deficient because of the lack
of knowledge regarding its distribution and ecological
requirements (Lunde & Aplin, 2008). Leopoldamys sabanus is
listed as Least Concern because of its presumed large distri-
bution and populations (Lunde et al., 2008). The conserva-
tion status of L. herberti has never been assessed separately
because this lineage was previously thought to belong to L.
edwardsi.

Our study, involving SDM techniques, had two main
objectives. First, we wanted to assess the influence of Pleisto-
cene climatic fluctuations on L. neilli, L. herberti and L. sab-
anus distributions. The aim was to determine whether they
were confined to small forest refugia during the Pleistocene
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glacial or interglacial periods and, if so, to localize these
potential refugia. Maps of projected past and current distri-
butions of these species provide a link between current envi-
ronmental occupancy and biogeographical hypotheses based
on molecular data that have been proposed in previous stud-
ies. Our second objective was to assess the potential impact
of future climate change on the distribution of the three
species.

MATERIALS AND METHODS

Species occurrence data

We focused only on occurrence data of genetically identified
specimens because of the identification problems described
above. We used a combination of locality points that we
gathered during several field surveys and additional records
from previous studies for which sequences were available.
Field surveys in Thailand, Laos and Cambodia were carried
out between 2002 and 2012. Most of the surveyed regions
were sampled at least twice (during dry and rainy seasons),
1 or 2 years apart. Several habitat types, including human
settlements, forests, cultivated areas and limestone Kkarsts,
were surveyed using georeferenced lines of live-capture cage
traps during three consecutive nights. The cytochrome b
gene (cytb) and/or the cytochrome ¢ oxidase subunit I gene
(COI) were amplified for all Leopoldamys samples, as
described in Pages et al. (2010) and Latinne ef al. (2013b).
Besides our own sampling, we added five Laotian L. herberti
specimens from the Australian National Wildlife Collection
(CSIRO, Canberra, ACT) and two L. sabanus specimens
from Borneo collected by Wells et al. (2007), as well as Gen-
Bank records for which geographical coordinates or a precise
geographical locality were specified (as of 15 June 2013).
These GenBank sequences included those published in
Gorog et al. (2004) and Balakirev et al. (2013) as well as
three unpublished sequences of specimens from the Royal
Ontario Museum (Toronto, ONT) (see Appendix S1 in the
Supporting Information for GenBank accession numbers of
all sequences).

Phylogenetic analyses were then performed on the com-
plete dataset using Bayesian inference and maximum likeli-
hood approaches (see Appendix S1 for more details). These
phylogenetic analyses allowed us to assign each individual
unambiguously to one of the genetic lineages defined in Bal-
akirev ef al. (2013) and Latinne ef al. (2013a). All samples
belonging to the lineages L1 (L. herberti), L2 (L. neilli) and
L5 (L. sabanus) were included.

The data were represented in a geographical information
system using ARCGIS 9.3 (ESRI, Redlands, CA, USA). They
included 42 positive records for L. neilli (31 in Thailand, five
in Laos, five in Vietnam and one in China), 42 for L. herberti
(25 in Thailand, eight in Laos, seven in Vietnam and two in
Cambodia), 25 for L. sabanus (17 in Thailand, one in Malay
Peninsula, six in Borneo and one in Sumatra) and a total of
428 surveyed sites (268 in Thailand, 72 in Laos, 11 in Viet-

Journal of Biogeography
© 2015 John Wiley & Sons Ltd

A. Latinne et al.

nam, 68 in Cambodia, one in China, one in Malay Penin-
sula, one in Sumatra and six in Borneo). These localities
were overlaid on a 10'-resolution grid corresponding to the
environmental data resolution (see below). Any points falling
within the same grid cell were coded as a single presence or
absence location. Absence records corresponded to the sur-
veyed sites where the Leopoldamys species were not encoun-
tered. After the overlay, we were left with 31, 32 and 20
presence records for L. meilli, L. herberti and L. sabanus,
respectively, with 122 grid cells overall having a presence or
absence record (Fig. 1).

Environmental variables and climatic scenarios

For potential distribution projections, we considered an area
including the Indochinese and Sundaic subregions, as well as
Bangladesh and north-eastern India (Fig. la). This area
encompasses two relevant biogeographical regions where the
genus Leopoldamys is currently distributed and where fossils
of this genus have been discovered (Medway, 1977; Zheng,
1993; Chaimanee, 1998; Storm et al.,, 2005; Bacon et al.,
2006).

Current, past and future climatic scenarios were down-
loaded from the WorldClim database (Hijmans et al., 2005;
http://www.worldclim.org). Past scenarios were those of the
LGM (19-26.5 ka) and LIG (116-130 ka). These two time
periods correspond to two opposite climatic extremes during
the Pleistocene that may represent key events in the evolu-
tionary history of forest-dwelling species in Southeast Asia
and may have strongly affected their distribution.

We selected future climate projections for the end of the
century (data centred on 2080 and averaged across a decade),
when several studies have predicted that the impacts of cli-
mate change will be more pronounced than earlier in the
century (e.g. Butler er al., 2012; Bertelsmeier et al, 2013), in
order to explore potential long-term range shifts of the spe-
cies. To explore uncertainties related to future climate pro-
jections, we compared two scenarios from the Canadian
Center for Climate Modeling and Analysis (Gatineau, QC)
repository, i.e. B2A and AlB, which cover a moderate to
medium range of future greenhouse gas emissions and socio-
economic developments. The AlB scenario is one of very
rapid economic growth associated with a projected global
average surface warming of 2.8 °C (1.7—4.4 °C) and an esti-
mated sea level rise of 0.21-0.48 m for the end of 21st cen-
tury. The B2A scenario is more conservative and based on
local environmental sustainability: it produces a less dramatic
climate change projection, with an estimated warming of
2.4 °C (1.4-3.8 °C) and an estimated sea level rise of 0.20—
0.43 m (IPCC, 2007).

Nineteen bioclimatic variables representing annual trends,
seasonality and extreme or limiting environmental factors
were used (http://worldclim.org/bioclim). Data were down-
loaded and used at 10’ resolution or resampled at that reso-
lution (in the case of the LGM and LIG) by using block
statistics in ARCGIS.
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Figure 1 (a) The study area used to
investigate the effect of past and future
climate changes on the distribution of three
Southeast Asian murids: the yellow area
represents the projection zone of the
potential distributions of the study species
under current conditions and during the
Last Interglacial (LIG). The grey area
corresponds to the exposed Sunda shelf
during the Last Glacial Maximum (LGM),
when the sea level was 120 m below the
current level (sea level representation from
WorldClim; Hijmans et al., 2005; http://
www.worldclim.org). The Kra Isthmus
represents the approximate northern limit
of the Sundaic region. (b, ¢, d) Presence—
absence (black/white dots, respectively) data
for the three study species, Leopoldamys
neilli, L. herberti and L. sabanus.

Species distribution modelling

We built SDMs using present-day environmental variables
before projecting the best models to past (hindcasting) and
future (forecasting) climate scenarios. We started by carrying
out a principal components analysis (PCA) with all World-
Clim variables under present-day conditions, to choose a
subset of environmental variables that explained the most
variability in environmental gradients in the study region.
This variable selection was carried out independently of the
presence—absence data, in order to select environmental vari-
ables that represented meaningful gradients across the study
region. The first three PCA axes explained 98% of the vari-
ance in the 19 bioclimatic variables used as predictors. We
examined further the variables that contributed the most to
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these three axes and eliminated those that were highly corre-
lated between them (Pearson’s r > 0.8). This left the follow-
ing list of predictors: temperature seasonality (BIO4), annual
precipitation (BIO12), precipitation of the warmest quarter
(BIO18) and precipitation of the coldest quarter (BIO19).
The functional responses of the study species to these four
environmental predictors and the variations of these biocli-
matic variables during the LIG and the LGM are depicted in
Appendix S2.

We then ran a variety of models in the R 3.0.1 statistical
package (R Core Team, 2013) to predict the current distribu-
tion of the three species using the four environmental pre-
dictors. We used seven different statistical models to include
variability between strategies within an ensemble forecasting
framework (Aratjo & New, 2007). These models included

Journal of Biogeography
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regression-like techniques [generalized linear regression
(GLM) and generalized additive models (GAM) (mGcv pack-
age)], tree-like techniques [classification trees (CART)
(RPART package) and boosted regression trees (BRT) (GBM
package)] and presence-only methods. Two of the presence-
only methods [DOMAIN and BIOCLIM (pismo package)]
rely on statistical characterizations of the environment occu-
pied by the species, while MaxenT 3.3.3k (downloaded from
http://www.cs.princeton.edu/~schapire/maxent/ and  run
using the pismo package) relies on maximum entropy.

We assessed the model performance by calculating classifi-
cation errors for each model using the area under the recei-
(AUC), sensitivity,
specificity and true skill statistic (TSS; sensitivity + specific-

ver operating characteristic curve

ity — 1) and a cross-validation strategy. We used 90% of the
data to calibrate the models and 10% to calculate perfor-
mance measures. This provided a reasonable trade-off
between having enough testing points and not eliminating a
number of occurrences from the calibration set that would
be limiting for model calibration, particularly when there
was a scant number of occurrences. All performance mea-
sures (including those for MaxenT) were calculated within
R. AUC is an overall performance measure that takes both
the presence and absence classification errors into account
(Fielding & Bell, 1997). Sensitivity represents the success rate
for classifying presences, whereas specificity indicates absence
classification success (Fielding & Bell, 1997). While AUC is

A. Latinne et al.

threshold-independent, sensitivity and specificity require a
fixed threshold on the predicted probability of occurrence
above which all sites are predicted as presences and below
which absences are predicted. We used the threshold that
maximized sensitivity + specificity (maximizing sum thresh-
old, MST), as recommended in previous studies (Liu et al.,
2005a; Jimenez-Valverde & Lobo, 2007).

Finally, models with high classification rates (AUC > 0.8
and TSS > 0.6) were used to draw up consensus maps for
each species under current, past and future climatic condi-
tions, while other models were discarded. We calculated
mean, median and the first PCA axis in a PCA of predicted
values for all the best models (Marmion et al., 2009). These
different consensus strategies generated similar distributions,
so we only present the median results.

RESULTS

The models varied greatly in their classification performance
but there were three to five models for each species that had
an AUC > 0.8 and TSS > 0.6 (Table 1) and were therefore
used for drawing up the consensus distribution maps.

Current and past projections

Besides central and northern Thailand, large areas of pres-
ence were predicted for L. neilli in Laos, Vietnam, central

Table 1 Classification performance measures resulting from fitting the distribution models of three Southeast Asian murids under
current climatic conditions with 90% of the data, and calculating the classification error with the other 10%. For MAXeNT, the data
were subsampled in R, exported to MaXeNT, and then the results re-imported into R in order to calculate the statistics using the same
strategy as for the other models. Models with high classification rates [area under the receiver operating characteristic curve (AUC)

> 0.8 and true skill statistic (TSS) > 0.6] are in bold. MST, maximizing sum threshold.

Species Model AUC TSS Sensitivity (MST) Specificity (MST)
Leopoldamys neilli BIOCLIM 0.703 £ 0.018 0.5 £ 0.064 0.7 £ 0.104 0.8 £ 0.02
BRT 0.856 4 0.009 0.71 + 0.031 0.967 & 0.010 0.743 + 0.025
CART 0.793 £ 0.019 0.569 £ 0.09 0.75 & 0.092 0.819 £ 0.04
DOMAIN 0.693 £ 0.013 0.469 £ 0.056 0.85 £ 0.041 0.619 £ 0.075
GAM 0.8 £ 0.016 0.644 + 0.038 0.85 + 0.041 0.793 + 0.032
GLM 0823 £ 0.019 0.662 + 0.045 0.9 £+ 0.025 0.762 + 0.039
Maxent 0.894 + 0.011 0.79 + 0.02 0.983 & 0.005 0.806 + 0.017
Leopoldamys herberti BIOCLIM 0.711 £ 0.011 0.472 £ 0.04 0.733 £ 0.089 0.667 £ 0.032
BRT 0.776 £ 0.014 0.622 £ 0.036 0.867 £ 0.04 0.694 £ 0.022
CART 0.737 £ 0.016 0.439 £ 0.105 0.65 & 0.099 0.706 £ 0.052
DOMAIN 0.638 £ 0.009 0.267 £ 0.076 0.817 £ 0.087 0.483 £ 0.076
GAM 0.806 + 0.017 0.667 £ 0.052 0.917 £+ 0.022 0.739 £ 0.031
GLM 0.837 + 0.016 0.75 £ 0.034 0.917 £ 0.022 0.789 + 0.021
Maxent 0.867 & 0.016 0.744 = 0.05 0.967 & 0.01 0.783 + 0.035
Leopoldamys sabanus BIOCLIM 0.746 £ 0.024 0.54 £ 0.096 0.675 £ 0.112 0.865 £ 0.013
BRT 0.96 £ 0.003 0.935 £+ 0.008 1.000 + 0.000 0.935 + 0.008
CART 0.775 £ 0.03 0.525 £ 0.142 0.600 £ 0.147 0.925 £ 0.01
DOMAIN 0.852 + 0.013 0.805 + 0.019 1.000 + 0.000 0.805 + 0.019
GAM 0.942 + 0.004 0.865 + 0.024 0.975 & 0.012 0.89 + 0.018
GLM 0.962 + 0.003 0.93 + 0.009 1.000 £ 0.000 0.93 £ 0.008
Maxent 0.95 & 0.004 0.9 £+ 0.017 1.000 £ 0.000 0.9 £+ 0.017

BRT, boosted regression trees; CART, classification trees; GAM, generalized additive models; GLM, generalized linear regression.
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Figure 2 Consensus maps among the best performing models of the predicted distributions of three Southeast Asian murids (in red):
Leopoldamys neilli (a, b, c), L. herberti (d, e, f) and L. sabanus (g, h, i) under current, Last Glacial Maximum (LGM) and Last
Interglacial (LIG) conditions. The representation of sea level during the LGM is from WorldClim (Hijmans et al., 2005; http://

www.worldclim.org).
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Cambodia, southern China, northern Myanmar and eastern
India under current conditions (Fig. 2a). The consensus
distribution under LGM conditions for this species was
mostly similar to its present-day distribution (Fig. 2b,
Appendix S3). Moreover, a small potentially suitable area for
L. neilli was predicted during the LGM on the exposed Sun-
da shelf, in the northern portion of the current South China
Sea. The projection at the LIG predicted a range contraction
for L. neilli in central Thailand and a range expansion in the
southern part of the Indochinese region compared with its
potential current and LGM distributions (Fig. 2c, Appendix S3).

For L. herberti, large continuous tracts of potential occur-
rence were predicted under current conditions in northern
Thailand, Laos, northern Vietnam, southern China, north-
ern and eastern Myanmar and eastern India, as well as in
central Thailand, southern Cambodia and southern Vietnam
(Fig. 2d). No major changes were observed between the
potential distributions of this species under current and
LGM climatic conditions, with the exception of small range
expansions in some parts of the emerged Sunda shelf
during the LGM (Fig. 2e, Appendix S3). However, a
marked contraction of climatically suitable area for L. herberti
in the northern part of the Indochinese region during the
LIG was observed while it expanded southwards (Fig. 2f,
Appendix S3).

The current potential range of L. sabanus included south-
ern Thailand and the Malay Peninsula, in addition to the
islands of Sumatra, Java and Borneo (Fig. 2g). Small regions
of climatically suitable habitat were also predicted for this
species in western Thailand, southern Cambodia and Viet-
nam. The predicted distribution of L. sabanus during the
LGM also encompassed the Thai-Malay Peninsula, some
areas of southern Cambodia and Vietnam as well as a large
part of the exposed Sundaland (Fig. 2h,i, Appendix S3).
During the LIG, climatically suitable areas for L. sabanus
were restricted to Borneo, Sumatra and Java.

Climate change scenarios for 2080

Overall, an expansion of the potential distributional range of
L. neilli was predicted for many areas of the Indochinese
subregion under the A1B scenario for 2080 (Fig. 3a). How-
ever, its predicted distribution under the B2A scenario
showed more conservative expansions and a range reduction
in areas of central Thailand, northern Laos and south-wes-
tern China (Fig. 3b).

For L. herberti, the main distributional changes under the
A1B scenario were predicted in northern and central Thai-
land, where the species was more likely be found in 2080
(Fig. 3c). In contrast, under the B2A scenario, the predicted
distributional range of L. herberti decreased in northern and
north-eastern Thailand and south-western China, while it
slightly increased in southern China (Fig. 3d).

Neither A1B nor B2A scenarios predicted any future distri-
butional change for L. sabanus in the Sundaic subregion.
Only minor changes were predicted in the Indochinese
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subregion, close to the northern limit of its potential range
(Fig. 3e,f).

DISCUSSION

Current distribution of the three Leopoldamys
species

Our maps contribute to a better understanding of the potential
current range of the study species and provide a working
hypothesis for further evaluation in the field. Our results con-
firmed the Indochinese distribution of L. herberti, while L. sab-
anus was confined to the Sundaic subregion, with the
exception of a patch of suitable habitat in southern Vietnam
and southern Cambodia, where the two species could occur in
sympatry. However, no genetically identified L. sabanus speci-
mens have ever been recorded in this area so the presence of L.
sabanus in the south-eastern part of the Indochinese region
remains hypothetical; dispersal limitations as well as possible
competition with other species could explain its absence there.

The potential distribution of L. neilli was quite similar to
that of L. herberti but extended further in eastern India and
southern China. However, the distribution of L. neilli is
dependent on the presence of limestone karsts. Therefore the
exact distribution of this species would probably be more
fragmented than indicated by our distribution maps, and cli-
matically suitable areas predicted in our study area should be
viewed with caution for this species and reviewed in light of
the availability of karsts in different areas. Large tracts of cli-
matically suitable habitat for L. neilli and L. herberti were
predicted in Bangladesh, eastern India and northern Myan-
mar. No genetic data on Leopoldamys specimens from these
areas are currently available, but the presence of L. edwardsi
in these regions has been reported in the literature (Musser
& Carleton, 2005). Further genetic studies in the Bangladesh,
India and Myanmar regions mentioned above could there-
fore be useful for fine-tuning the distribution maps presented
here. A few patches of climatically suitable habitat for L. her-
berti and L. neilli were also predicted on Java, in the Sundaic
region. However, these species have never been recorded on
Java or neighbouring islands, and their presence in this
region would be highly unlikely.

Influence of the Pleistocene climatic fluctuations on
the distribution of Leopoldamys species

Climatic variables such as temperature and precipitation are
major determinants of vegetation types, and major changes
in vegetation cover in Southeast Asia occurred during the
Pleistocene as a result of climatic oscillations. These vegeta-
tion changes may have played a major role in shaping the
phylogeographical structure of Southeast Asian fauna (Luo
et al., 2004; Fuchs et al., 2008; Lim & Sheldon, 2011; Morgan
et al., 2011). However, there is no firm consensus on the
Quaternary distribution of vegetation types in this region.
During the Pleistocene glacial periods, it has been suggested
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that Southeast Asian tropical rain forests retracted with only
a few subsisting refugia, and that they were replaced by sea-
sonal forests and savanna (Hope et al., 2004; Bird et al,
2005; Wurster et al., 2010). Alternatively, some studies have
indicated that during the LGM a large and continuous tract
of tropical lowland rain forest persisted on the Sundaland
(Cannon et al., 2009; Wang et al., 2009).

As a forest-dwelling rodent living in evergreen and mon-
tane forests of the Indochinese region, the distribution of L.
herberti could have been influenced by Pleistocene changes in
vegetation cover. However, according to our models based
on climatic variables, the potential LGM distributional range
of this species was unexpectedly similar to its present-day
distribution. More surprisingly, our models revealed a sub-
stantial range contraction for L. herberti during the LIG in
northern Indochina, while its distribution expanded in
southern Indochina. Therefore, L. herberti populations could
have been isolated in these northern and southern Indochi-
nese refugia during the LIG. This interglacial fragmentation
could have been responsible for the southern (Lla)
and northern (L1b) Indochinese lineages observed within
L. herberti (Balakirev et al., 2013).

Range expansion in southern Indochina during the LIG
was also observed for L. neilli in our model projections but,
in contrast to L. herberti, L. neilli did not seem to experience
any range contraction in northern Indochina from the LIG
to present day. However, the predicted LIG distribution of L.
neilli in Thailand was much more reduced than today and
during the LGM, which may have contributed to the high
genealogical divergence observed among L. neilli lineages in
Thailand (Latinne et al., 2011, 2012).

Our study of the potential distribution of L. sabanus
clearly suggests that suitable habitats for this species subsisted
on each Sunda island and the Thai-Malay Peninsula during
the LGM. Gorog et al. (2004) reached similar conclusions
and found a lack of phylogeographical structure for L. sab-
anus in Borneo, indicating that either the species survived in
a single Bornean refugium from which it subsequently recol-
onized the rest of the island, or it occupied a large portion
of Borneo during the LGM. Our models favour the latter
hypothesis and also indicate that the exposed Sunda shelf
during the LGM was a climatically suitable area for L. sab-
anus. These results support those of Cannon et al. (2009),
who argue that rain forests would have been at their maxi-
mum on the Sunda shelf during the LGM. However, accord-
ing to available genetic data, extensive migration of L.
sabanus among the mainland and the Sunda islands did not
seem to occur during the LGM. Three allopatric phylogenetic
lineages corresponding to the Thai-Malay Peninsula, Borneo
and Sumatra were observed within L. sabanus and their
divergence largely pre-dated the LGM (Gorog et al, 2004).
Two factors may explain this apparent lack of migration of
L. sabanus across the Sunda shelf when our models indicated
that the region was climatically suitable for this species. First,
the existence of a north—south savanna corridor that may
have acted as a dispersal barrier for forest-dwelling species
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has been suggested (Heaney, 1991; Penny, 2001; Bird et al.,
2005; Wurster et al., 2010), although this has been refuted in
other studies (Cannon ef al., 2009; Wang et al., 2009; Slik
et al., 2011). Second, the influence of abiotic factors such as
soil conditions that may have limited plant growth has also
been proposed to explain the absence or low level of cross-
shelf migration observed for numerous taxa in the Sundaic
region (Lim & Sheldon, 2011; Slik et al., 2011).

In an attempt to explain our results that contradict the
well-established hypothesis that the LIG distribution of
Southeast Asian forest-dwelling species was similar to their
present-day distribution while these species were confined to
small refugia during the LGM, we explored the past fluctua-
tions of the four bioclimatic variables used in our models
(Appendix S2). The most striking variation was observed for
temperature seasonality (BIO4), which was consistently
increased in Southeast Asia during the LIG compared with
current conditions, while it did not vary greatly during the
LGM. The three other bioclimatic predictors varied more
heterogeneously in our study area. We noticed a stronger
decrease in the precipitation of the coldest quarter of the
year (BIO19) during the LIG than during the LGM in the
Indochinese region, while the precipitation of the warmest
quarter (BIO18) increased in southern Indochina and in the
Sundaic region during the LIG. These increased seasonal
contrasts of temperature and precipitation in Asia during the
LIG were the result of higher insolation received during the
boreal summer (Wang et al., 2008; Nikolova et al., 2013).

The seasonality of both temperature and precipitation is a
major determinant of vegetation distribution and richness in
Asia (Fang et al., 1996; Sang, 2009; Chiu et al., 2012) and its
variation led to a modification of the relative abundance of
C; and C, plants during the Pleistocene (Liu et al., 2005b;
Yang et al., 2012). Therefore, as a result of this increased cli-
matic seasonality during the LIG compared with the current
or LGM climatic conditions, important changes in the vege-
tation cover may have occurred at that time and caused the
range modifications predicted for L. herberti and, to a lesser
extent, for L. neilli and L. sabanus during the LIG. These
changes in environmental conditions affected some Leopolda-
mys species more severely than others because of their spe-
cific responses to each of these environmental drivers
(Appendix S2).

Fossil records could be an interesting tool for testing the
validity of our models. Numerous fossil teeth attributed to L.
sabanus and dated from the middle to late Pleistocene have
been discovered in Southeast Asia (Medway, 1977; Chaima-
nee, 1998; Storm et al., 2005; Bacon et al., 2006) but only a
few of them have been given an absolute age. Two Indochi-
nese sites, Snake Cave in north-eastern Thailand (one fossilif-
erous level older than 160 ka; Esposito et al., 2002) and Ma
U’0i Cave in northern Vietnam (two fossiliferous levels
dated to 193 £ 17 ka and 49 =+ 4 ka; Bacon et al., 2006), do
not correspond with the periods studied (LIG and LGM) but
have been attributed to other Pleistocene glacial periods.
Their usefulness for validating our predictions is thus very
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limited. Moreover, although these teeth probably belong to
Leopoldamys, their identification at the species level remains
uncertain because of the recent taxonomic changes intro-
duced within that genus and described in the Introduction.
These fossil teeth need to be re-examined and identified on
the basis of the latest taxonomic revisions of the genus Leo-
poldamys (Musser et al., 2006). Our past potential distribu-
tion maps predicted the presence of both L. herberti and L.
neilli in northern Thailand and northern Vietnam during the
LGM and are concordant with the available fossil data if we
consider their LGM distribution as representative of their
distribution during other Pleistocene glacial periods and that
the fossil teeth from Chaimanee (1998) and Bacon et al.
(2006) belong to a Leopoldamys species other than L. sab-
anus. Leopoldamys sabanus teeth have also been identified in
eastern Java and are representative of the Punung fauna of
early LIG age (between 118 + 3 ka and 128 £ 15 ka)
(Storm et al., 2005; Westaway et al., 2007), thus corroborat-
ing our predicted LIG distribution for L. sabanus.

Impact of future climate changes on Leopoldamys
species

Although the two future climate change scenarios used in this
study showed contrasting results, large areas of predicted pres-
ence will subsist in the future for the three Leopoldamys species
under both scenarios. The A1B scenario, which is now consid-
ered more plausible than the B2A scenario (Kriticos et al.,
2012), predicted a range expansion in several areas for the
three species. However, the subsistence of these species will
depend on the availability and long-term maintenance of suit-
able habitats: limestone karsts for L. neilli and forests for L.
herberti and L. sabanus. These habitats are highly threatened
and both the annual limestone quarrying rate and the relative
deforestation rate are higher in Southeast Asia than in other
tropical regions of the world (Achard et al, 2002; Clements
et al., 2006). Therefore, habitat loss as a result of direct anthro-
pogenic causes rather than climate change appears to be the
major threat these three species will face in the future. How-
ever, climate change may also negatively impact tropical tree
growth and consequently affect the future survival of rain for-
ests and their fauna (Feeley et al., 2007).

CONCLUSIONS

Overall, our model predictions for L. neilli, L. herberti and L.
sabanus contradict the well-established hypothesis that
Southeast Asian forest-dwelling species were confined to
small refugia during Pleistocene glacial periods. Moreover,
our model results contribute to a growing body of literature
suggesting that the distribution of several East and Southeast
Asian taxa were in their refugial state during Pleistocene
interglacial periods rather than during glacial periods (Dai
et al,, 2011; Zhao et al., 2012; Peterson & Ammann, 2013;
Wang et al., 2013). The LIG has thus played a more impor-
tant role than the LGM in isolating populations of these taxa
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and shaping their phylogeographical patterns. We hypothe-
size that this could be because of the important vegetation
changes that may have occurred at that time as a result of
the increased seasonality of both temperature and precipita-
tions observed during the LIG.

Our study revealed a southward range expansion of L. her-
berti and L. neilli during the LIG and the probable impor-
tance of southern Indochina as providing refugia for L.
herberti during Pleistocene climatic fluctuations. In contrast
to the mountain ranges of northern Indochina, where L. her-
berti could also have subsisted during the LIG, southern
Indochina has never been identified as potential Pleistocene
refugia for forest-dwelling species in Southeast Asia. This
region may host particular phylogeographical lineages of sev-
eral forest-dwelling taxa, as observed for L. herberti, and
deserves the attention of future phylogeographical studies in
Indochina.
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