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Abstract Highlights

Ecological niche models (ENMs) can project changes in species’
distributions under climate change and thus inform conservation
efforts and further our understanding of patterns of change.

e Climate change may result in shifts in species’
distributions, leading to changes in biological

Predictions of species’ distribution shifts under climate change communities and increasing the likelihood of local
in topographically and geologically complex landscapes, such and global extinctions.

as karst landforms, should be improved by better integration of

non-climate abiotic variables, such as karst geology or habitat e High endemic biodiversity coincides with known
structure, into model projections. We built ENMs for one of the and unknown biogeomorphological feedbacks and
limestone langurs, a group of leaf monkeys adapted to forests interactions in topographically and geologically

on the Sino—Vietr)a.\mese Iimestqn’e karst landform. We co]lected complex landscapes like karst landforms, which can
occurrence localities for Frangois’ leaf monkeys (Trachypithecus . o U -
francoisi) and thinned them to avoid sampling bias. We included complicate predictions of species’ distribution shifts
as environmental parameters a global dataset for karst geology under climate change.

and 19 bioclimatic variables derived from monthly temperature

and precipitation at 30 arc-second resolution. ENMs including karst * We built and projected distribution models for

geology and climatic variables outperformed and differed spatially Trachypithecus francoisi, a leaf monkey adapted
from climate-only models. Across six future-climate scenario to forests on the Sino-Vietnamese limestone karst
projections, the optimal karst+climate model differed from the landform, to show that models combining karst

best c.Ilmate—onIy model and pred.lcted more spatla! overlap V\(lth geology and climate as drivers outperformed models
karst in the future, a contraction in total area of suitable habitat

by the 2070s, and a small loss in the amount of suitable habitat built .onIY W'Fh cllm.ate data, with dlf‘fer.lng projections
in existing conservation areas. This study shows the importance for distribution shifts under future climate change.
of considering other abiotic factors beyond climate in projections

of suitable habitat under climate change for species in complex * Including karst geology or other non-climate

landscapes. Because our results show that karst and climate interact abiotic variables that approximate microclimate
to explain the distribution of a karst-adapted species, the results heterogeneity will be important for distribution shift
also suggest that, under climate change, these interactions are predictions for other species in karst landforms and

likely to produce altered networks of species into novel biological

communities. Finally, our results support the need for conservation

of limestone habitats and cross-border collaboration to maintain e Urgent, cross-border collaborations are likely needed

refuges and movement connectivity for endangered species in for the conservation of the endangered biodiversity

the face of climate change. of the Sino-Vietnamese Karst Landform in the face
of climate change.

other complex landscapes.

Keywords: climate refugia, conservation planning, cross-border conservation, ecological niche modeling, range shift,
species distribution modeling, Trachypithecus francoisi
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Introduction

Climate change is likely to cause shifts in biological
communities as novel climates appear, major biomes
are redistributed, and annual temperatures increase
(Parmesan and Yohe 2003, Corlett 2012, IPCC 2013).
There are numerous predicted negative effects from
redistributions of biodiversity and climate change
on human well-being (Pecl et al. 2017). Many
studies to date focus on documenting observed
impacts of climate change on species’ distributions
and characteristics (e.g. Rosenzweig et al. 2008) or
predicting future impacts including vulnerability
and extinction risk (e.g. Thomas et al. 2004, Li et al.
2013). For example, climate change is expected to
shift species’ distributions and increase the likelihood
of local and global extinctions (Parmesan et al. 1999,
Pounds et al. 1999) as areas suitable for species’
survival contract or expand (Huntley et al. 2008,
Thomas 2010). Studies also suggest cascading effects of
redistributions, due to changes in species interactions
or community assembly or structure, towards impacts
on entire guilds (e.g. Brambilla et al. 2020).

One strategy proposed to mitigate the negative
effects from predicted redistributions is to identify,
understand, and conserve climate refugia, or regions
where hotspots of endemism coincide with low levels
of climatic oscillation (Keppel et al. 2012, Harrison
and Noss 2017, Morelli et al. 2020). Recent studies
identify the importance of microclimate and climate
microrefugia, or areas where species may persist locally
due to more moderate changes in climate compared
to alarger surrounding region (e.g. Keppel et al. 2012,
Hannah et al. 2014, Harrison and Noss 2017). Factors
such as cool mountaintops (e.g. Ohlemiiller et al. 2008),
fine scale topographic or geological variation (and
associated shading, e.g. Keppel et al. 2017), and other
‘small natural features’ (Fitzsimons and Michael 2017,
Hunter 2017) influence microclimate conditions like
wind speed, humidity, short- and long-wavelength
radiation, and soil moisture. Rarely are microclimate
conditions explicitly captured in existing models of
species’ distribution shifts under past or future climate
change (Franklin 2013, Keppel et al. 2017). In the
few cases where they are captured, however, they
tend to be important. For example, dolines or karstic
depressions (sinkholes) can be climatic microrefugia
for cool-adapted plantsin Europe (Batori et al. 2017).
Thus, predictions of redistributions of species under
climate change could be improved by better integration
of microclimate information or non-climate abiotic
variables, such as geology, solar radiation, soil depth,
topography and habitat structure, that likely interact
to produce varied microclimate conditions (e.g. Brown
and Yoder 2015, Keppel et al. 2017, Suggitt et al. 2018).

Further, there is a need to improve understanding
of how species’ distributions will respond to climate
change in topographically and geologically complex
landscapes, such as karst landforms, where high endemic
biodiversity coincides with known and unknown
biogeomorphological feedbacks and interactions. Karst
landforms and hydrological systems form through
the dissolution of porous, soluble bedrock, namely

limestone (Gillieson 2005, Ford and Williams 2007).
Karsts cover approximately 11% of the world’s land
surface and, including subterranean hydrological
systems, more than 14% of global land areas (Williams
2008). Although microclimate conditions are highly
variable and patchy, in general karsts are harsh and
dry, with rainwater draining quickly, and thin, alkaline
soil that is poor in nutrients except metal ions such
as calcium and magnesium (Clements et al. 2006,
Sterling et al. 2006, Chung et al. 2014).

Forest formations on karsts correlate with
microendemic distributions of taxa and high endemic
species richness (Clements et al. 2006, Su et al. 2017,
Grismer et al. 2020). While climate plays a major role
in shaping communities and species’ distributions (e.g.
Kraft and Ackerly 2010, Graham et al. 2012, Rowan et al.
2016), there are several unique geomorphological and
hydrogeological characteristics of karst landscapes
and complex biotic-abiotic interactions that likely
combine to generate high endemic biodiversity in
karst forests (Goldscheider 2012, Barany-Kevei and
Kiss 2016, Phillips 2016). Karsts were also likely refuges
for species during past glacial cycles because of cave
shelters and heterogeneous, diverse microclimates
(Soto-Centeno et al. 2015, Mammola and Leroy 2018).
Thus, information about karst could greatly influence
and likely improve predictions of karst specialist
species’ redistributions in response to climate change.

Ecological niche models (ENMs; Peterson et al.
2011) estimate environmental suitability for a species
using associations between species’ occurrence
records and environmental variables (Franklin
2009, Peterson et al. 2011). ENMs are widely
used in conservation assessments and planning
(e.g. Blair et al. 2012), to understand evolutionary
processes (e.g. Bett et al. 2012, Blair et al. 2013), and
to predict species distribution shifts in response to
climate change (Keith et al. 2008, Fordham et al. 2012,
Wong et al. 2013). There is a great deal of attention
to advance ENM methods to better account for key
issues such as sensitivity to sampling bias, sample
size, parameterization, and evaluation (e.g. Bean et al.
2012, Merow et al. 2013, Muscarella et al. 2014,
Galante et al. 2018). In addition to these advances,
and as mentioned above, ENM-based projections of
changes in species’ distributions under climate change
in topographically and geologically complex landscapes
such as karst landforms would be further improved
by better integration of non-climate abiotic variables,
such as karst geology. Inclusion of such variables
should serve to approximate the varied microclimate
conditions and geomorphological or hydrogeological
characteristics of these complex landscapes, which
likely play a role in mediating or even buffering species’
responses to climatic or other environmental changes
(Soto-Centeno et al. 2015, Mammola and Leroy 2018,
Suggitt et al. 2018).

Here, we build an ENM for an endangered species
of ‘limestone langur’ native to the Sino-Vietnamese
karst landform (southern China [Guangxi, western
Guangdong, southern Guizhou, and southeastern
Yunnan] and northern Vietnam [Tuyen Quang, Thai
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Nguyen, Lang Son, Ha Giang, and eastern Yen Bai,
Lao Cai]). This is one of the largest karst landforms of
pure carbonate bedrock and is considered a model
system for karst studies (Sweeting 1978). The limestone
langurs are a group of primates whose habitat
comprises Southeast Asian karst formations. This
group falls within the genus Trachypithecus (Primates:
Cercopithecidae) Reichenbach, 1862, which consists
of about 17-20 species with diversification dated to
the early Pleistocene and one monophyletic sub-clade
of 5-7 species that diverged in the mid-Pleistocene,
all currently limited to karst habitats. The limestone
langurs are also referred to as the T. francoisi group
(Groves 2001, Osterholz et al. 2008, He et al. 2012),
named for T. francoisi or the Francois’ langur (de
Pousarges 1898, Dao 1970). Members of the T. francoisi
group are known to sleep in karst caves and easily
locomote on steep vertical karst cliffs (Huang et al.
2004, Workman 2010).

A dramatic population decline for T. francoisi was
documented recently (Hu et al. 2004, Li et al. 2007),
and the IUCN Red List recognizes all but one of
the 16 Trachypithecus species as threatened with
extinction; T. francoisi and the other limestone langurs
are considered highly endangered and priorities for
national conservation action plans (e.g. Jiang et al.
2016, MARD 2017, IUCN 2020). While one study to
date has projected a climate-based ENM for T. francoisi
under future climate change in Vietnam (Vu et al. 2011),
it remains unclear how climate change might affect the
overall distribution and potential continued decline
of T. francoisi or the other limestone langurs in the
context of their likely ecological specialization to a
specific geology.

The ENMs we build here for T. francoisiinclude karst
geology as an abiotic driver in addition to climate to
explore the importance of karst geology in predicting
the current distribution of this species, and in
estimating the potential impacts of climate change on
future climatically suitable habitat. We summarize our
results to provide recommendations for policy-based
planning and management actions to support the
conservation management of this highly endangered
species, the other limestone langurs, and other karst-
specialist or dependent species. We also discuss how
our results contribute to broader understanding of
climate change effects and drivers of endemism in
this subtropical, topographically complex, and highly
heterogeneous region.

Materials and Methods

We collected 211 occurrence localities from the
literature for T. francoisi (Fooden 1996, Nadler et al.
2003, Hu et al. 2004, Zhou et al. 2006, Li et al. 2007,
Yang et al. 2007, Duckworth et al. 2010, Han et al.
2013, Nguyen et al. 2014, Niu et al. 2016) and from
the Guangxi Forestry Inventory and Planning Institute
(Appendix S2 Table S1). We removed three points
that we felt were unreliable because they were only
accurate to the nearest half-degree and thinned the
remaining occurrence localities to reduce sampling bias
and spatial autocorrelation effects using the R package

SpThin (Aiello-Lammens et al. 2015) with a thinning
distance of 10km for a final dataset of 131 localities.
We also compiled information on T. francoisi recorded
presence in four other nature reserves in Guizhou
and Chonggin Provinces but could not find precise
occurrence locality information for these areas. Thus,
we held back this information in model training and
discuss in our results whether the ENM built on the
occurrence locality data predicted potential T. francoisi
presence in these four reserves.

We built two types of ENMs for T. francoisi using
two sets of environmental input variables: a set of
climatic variables only (“climate-only”) and a set that
included karst geology along with climatic variables
(“karst+climate”). As climatic variables for the ENM we
used the 19 continuous bioclimatic variables derived
from monthly temperature and precipitation values at
30 arc-second resolution available from worldclim.org
(Fick and Hijmans 2017). For future climate projections
we used six future climate model and socioeconomic
pathway projections including two global climate
models BCC-CSM2-MR and MIROC6 for each of three
Shared Socio-economic Pathways or SSPs from the
2021 IPCC 6th assessment report CMPI6: SSP2-4.5,
SSP3-7.0 and SSP5-8.5 (at 2.5 arc-minute resolution,
the highest resolution available at the time of analysis;
Fick and Hijmans 2017).

We used the World Map of Carbonate Rock
Outcrops v3.0 (2016 update to Ford and Williams 2007)
to create a categorial karst data layer. The distribution
of carbonate rock outcrops can approximate karst
landform geology because most carbonate rocks are
susceptible to karstification (Ford and Williams 2007,
Mammola and Leroy 2018). To create our categorial
environmental layer to approximate karst habitat, we
added to the carbonate rock outcrop dataset a 20km
buffer to account for inconsistent resolution of the
outcrop dataset across countries and potential errors;
two “outlier” T. francoisi occurrence localities from
Lang Son Province in Vietnam were more than 70km
away from the nearest karst outcrop in the Ford &
Williams (2007) dataset. Co-authors who are familiar
with the area in Vietnam (MEB, MDL) confirmed that
thereis indeed karst in Lang Son in small patches near
the border with Cao Bang Province; as other studies
have suggested, these karst patches were likely not
captured well by the generalization methods used
by the global dataset because of their small size
(Chen et al. 2017). We assumed the distribution of
karst does not change in the near future and thus
used the same karst dataset to predict both current
and future suitable habitat for T. francoisi.

We then generated ENMs in R using the maximum
entropy algorithm in Maxent v 3.4 (Phillips et al.
2017). To minimize the effects of sampling bias on
model training, we constrained the background model
training region to a 5-degree buffered area (roughly
1050 km) around a minimum complex polygon
containing the thinned occurrence localities. We sampled
10,000 background localities from within this region
for model training. To minimize overcomplexity and
overfitting of the model, we tuned models using
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ENMeval (Muscarella et al. 2014) and tested a range of
regularization multiplier setting values (from 0.5 to seven
by intervals of 0.5) and combinations of feature classes
(linear, linear + quadratic, linear + quadratic + hinge,
and hinge features). This resulted in 56 models for each
variable set from which to select the optimal parameter
settings for the model. We employed a geographic
partitioning (block method; Muscarella, et al., 2014)
validation approach for withholding testing data
(Shcheglovitova and Anderson 2013) and selected the
optimal model based on common model performance
metrics, specifically the lowest average evaluation
omission error, then highest average evaluation test
area under the receiver operating characteristic curve
(AUC). Optimal models were also evaluated using their
AlCc score (Akaike Information Criterion small sample
size corrected) and the number of parameters included
in the final model, which provide information on model
complexity. We projected the optimal model for each
variable set (karst+climate and climate-only) to the
six future climate model and socioeconomic pathway
projections noted above.

For visualization, we projected models using the
complementary log-log transformation (cloglog).
Cloglog has a stronger theoretical justification than
the logistic transformation and is derived from an
interpretation of Maxent as an inhomogeneous Poisson
process (Phillips et al. 2017). We also generated binary
model projections (thresholded models) for the current
and future projections to calculate the mean and
projected range of change in suitable habitat as well
as the proportion of change in suitable habitat within
in conservation areas. Models were thresholded using
the equal training specificity-sensitivity threshold of the
cloglog projection. Additionally, we removed predicted
areas that exhibit unreasonably low (most dissimilar)
multivariate environmental similarity surface (MESS)
values. We calculated overlap with conservation areas
using the IUCN WCPA database (UNEP-WCMC, IUCN
2020). We also calculated the distance of the shiftin the
centroid of the thresholded climatically suitable habitat
from current to future ENM projections. We compared
the spatial overlap between karst+climate and climate-
only model projections using Schoener’s D-value
(Schoener 1968, Warren et al. 2008).

Results

The optimal model for the karst+climate ENM had
a regularization multiplier of 5 and linear + quadratic
feature classes (average test omission rate at the 10%
training presence threshold =0.077, average evaluation
AUC = 0.942, and delta AlCc = 58.97). The optimal
model for the climate-only ENM had a regularization
multiplier of 2 and linear + quadratic + hinge feature
classes (average test omission rate at the 10% training
presence threshold = 0.093, average evaluation AUC
=0.940, and delta AlCc = 38.82). Following the model
performance criteria as laid out in the methods
(omission rate and AUC), the optimal karst+climate
ENM performed better and was also less complex
(10 parameters) than a model trained just with climate
variables (30 parameters—see Appendix S2, Table S2).

The karst+climate ENM also differed spatially from
the climate-only model (Schoener’s D = 0.77) and
predicted 10% more spatial overlap with karst areas
in the current climate (Fig. 1). We also note that 88%
of the T. francoisi localities are within 20 km of the
original (unmodified) global carbonate rock outcrop
dataset (Fig. 1 and see Appendix S1).

Both final ENMs successfully predict the current
known range of T. francoisi but also overpredict outside
the known range, especially to the east (Fig. 1). The
variables used in the optimal ENMs (with non-zero
lambda values) are presented in Supplementary Table
S2 (Appendix S2). Models were thresholded at the equal
training sensitivity-specificity (ETSS) threshold to create
binary predictions. The ETSS threshold for climate-only
models is 0.2541, and for the karst+climate model;
0.2889. Models successfully predicted another area in
Vietnam (Lam Binh District, Tuyen Quang Province; Thach
2011) known to have T. francoisi but not included in the
model training dataset. However, the models did not
predict the four additional nature reserves in Guizhou
and Chonggin Provinces (Kuankuoshui National Nature
Reserve, Dashashe Nature Reserve, Jinfoshan Nature
Reserve, Yezhong Nature Reserve) with recorded T.
francoisi presence, suggesting that the predictive ability
of models could be further improved by the inclusion
of additional training data or improved environmental
variables.

Fig. 2 shows the overlap across six future climate
model and socioeconomic pathway model projections
for the optimal karst+climate model. Karst+climate
model projections show a small contraction in total
area of suitable habitat by the 2070s and a small loss in
the amount of suitable habitat in existing conservation
areas (Table 1). Models predict a northerly shift in
centroid location of most suitable habitat due to
the predicted range contraction (Fig. 2, Table 1).
By contrast, climate-only model projections predict
a much larger contraction in total area of suitable
habitat in the future along with a large northerly shift
(Table 1, Appendix S2 Table S3). Overlap between
the karst+climate and climate-only projections under
future climate scenarios was less than in the current
climate (Schoener’s D ranging from 0.503 - 0.683),
with karst+climate models predicting on average
more than four times the amount of spatial overlap
with karst under future scenarios than climate-only
projections, and smaller centroid shifts (Table 1, Fig.
2, Appendix S2 Fig. S1).

Discussion

Karst+climate ENMs outperformed climate-only
ENMs in their projections of current T. francoisi
distribution and predicted 1.5 times more spatial
overlap with karst areas. The optimal karst+climate
ENMs showed lower omission rates and higher
discriminatory ability between true presences and
background. Including relevant abiotic interactors in
ENM can lead to more realistic niche characterizations
(Anderson 2017) and more accurate predictions.
In projections under future climate scenarios, the
karst+climate model projections also differed from
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b

T. francoisi occurrence
I Thresholded ENM

World Map of Carbonate
Rock Outcrops v3.0

Figure 1. Modeled suitable habitat for the current climate for Trachypithecus francoisi for the karst+climate variable set
(a) and the climate-only variable set (b). Yellow circles represent occurrence data used to train the model and brown
polygons represent the carbonate rock outcrop dataset used to represent karst in models (Ford and Williams 2007).

Darker blue indicates higher modeled suitability.

Current

2050s

2070s

h

]

Absent

Modeled climatically suitable habitat

Increased agreement among six future projections

Figure 2. Karst+climate ENM projections for Trachypithecus francoisi for the current climate and future projections to the
2050s and 2070s with darker red shades indicating increased agreement (overlap) across six future climate model and
socioeconomic pathway projections (two global climate models BCC-CSM2-MR and MIROCE6 for each of three Shared
Socio-economic Pathways or SSPs from the 2021 IPCC 6th assessment report CMPI6: SSP2-4.5, SSP3-7.0 and SSP5-8.5).

the climate-only projections, predicting more spatial
overlap with karst in the future, less contraction,
and less of an overall shift (Table 1, Fig. 2, Appendix
S2 Fig. S1). Both our karst+climate and climate-only
projections differed from the results of a previous
study that used only climate variables and a different
ENM algorithm (BIOCLIM) to project the future effects
of climate change for the T. francoisi population in

Vietnam (Vu et al. 2011). Vu et al. (2011) found that
T. francoisi distribution in Vietnam may expand overall
and shift north and west under future climate change.
In contrast, both our karst+climate and climate-only
ENMs point to a contraction in total area of suitable
habitat by the 2070s and a loss in the amount of
suitable habitat in conservation areas (Table 1). While
both studies predict a northerly shift in T. francoisi
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Table 1. Summary of future projected changes (mean and range across six different climate model and socioeconomic
pathway projections) in ENM-modeled suitable habitat for Trachypithecus francoisi based on models that incorporate
karst+climate (above) and only climate variables (below) in model training.

Change in . .
. . Total projected Projected amount .
Model type Time-frame ?mtable hab!tat suitable habitat of shift in suitable Overlap with
in conservation 2 . karst
change (km?) habitat (km)
areas
Karst+ climate 2050s -0.08% +53,000 29.3 3.35%
(-0.60 to +0.57) (-173,000to0 +12,000)  (8.0to 150)  (2.69% to 4.80%)
2070s -0.67% -101,000 56.8 2.74%
(-2.99 to +0.03)  (-141,000 to +230) (13.2t093.6)  (1.25% t0 3.97%)
Climate- only 2050s -0.54% -180,000 118.3 1.01%
(-1.72 to +0.10) (-234,000 to -12,000) (91.9to 182.3) (0.55% to 2.18%)
2070s -1.77% -209,000 142.9 0.59%

(-6.17 to -0.31)

(-240,000 to -162,000)

(93.7t0230.6)  (0.05% to 1.5%)

range, the major differences in our predictions of
expansion versus contraction are likely due to the
improved dataset and model tuning procedures
employed in our study. Overall, our results confirm
that limestone karst geology informed ENM model
training and projections for the Francgois’ langurs
towards higher performing models that are useful for
climate change mitigation and adaptation planning.

These results also contribute to ongoing debate
as to whether the perceived relationship between
the limestone langurs and karst habitat may be
subject to historical bias; meaning, these langurs
may have been restricted to limestone only recently
due to anthropogenic activity rather than ecological
requirements (Li and Rogers 2005, Workman 2010).
Others also mention anthropogenic disturbance
as a possible alternative explanation for mammal
species’ current distributions on karst (Furey et al.
2010, Latinne et al. 2013). However, new analysis of
limestone langur genomes including the full genome
of T. francoisi shows evidence of functional gene
evolution related to calcium signaling (Liu et al. 2020).
This finding, combined with behavioral and plant
physiological evidence, supports that the limestone
langurs are ecologically specialized primates adapted
to significantly higher levels of natural calcium intake;
limestone langurs drink water from karst holes that
contain high concentrations of calcium and other
minerals (Huang and Li 2005, Hu 2007, Liu et al.
2016), have been observed to lick limestone rock
(Li et al. 2003, Zhou et al. 2006, Liu et al. 2020),
and consume leaves from karst-adapted plants that
exhibit significantly higher levels of calcium compared
with other plant communities (e.g. Lonicera confusa
Wau et al. 2011, Jin et al. 2018).

While anthropogenic activity has and continues
to affect limestone langur habitat, our results add
to the growing support that T. francoisi does have
ecological specialization to karst geology, and thus, the
addition of karst geology as input variables will likely
to be important for modeling other members of the
limestone langur clade. In addition, the conservation of

limestone karst is essential for the future persistence
of these and likely many other karst-specialized groups.
Urgent communication to conservation managers,
practitioners, and government decision-makers of
the importance of cross-border collaboration for the
conservation of limestone karst habitats is warranted
given increasing threats to limestone habitats for
cement mining (Clements et al. 2006).

Our results indicate that karst and climate interact
to explain the distribution of karst-adapted species.
Because karst also harbors unique communities of
interacting species (Clements et al. 2006), karst and
climate likely interact to predict changes in networks
of species. Karst topography extends the temperature
and moisture gradient available in the landscape,
and increases microclimate heterogeneity at various
scales, which can facilitate a buffering effect to
reduce extinctions during periods of climate change
(Soto-Centeno et al. 2015, Suggitt et al. 2018). Higher
microclimate diversity can also relate to high speciation
rates and/or stronger interspecies interactions due
to topographical and geological confinements that
facilitate niche partitioning (Rohde 1992, Brown 2014).
Thus, microclimate processes could explain the high
endemic richness of karst biological communities
and lead to predictions of how much future climate
change will influence not just species’ distributions, as
shown here, but species’ interactions and networks.
For example, if climate change occurs at a rate or
amplitude beyond the buffering capacity of the karst
landscape, or if karst serves as a filter under climate
change for one interacting species but not the other,
species may have to leave karst sanctuaries and may or
may not lose their supporting communities, changing
biological community structure. In some cases, karst-
adapted species may be too specialized to be able
to survive elsewhere, and some incoming species
may not be able to adapt to the karst environment
quickly or lack genetic adaptations to deal with more
calcium-rich and high-pH soils (e.g. calcifuges or plants
that do not tolerate alkaline soil). Other generalist
species, however, may be able to adapt quickly to
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karst environments (e.g. Li et al. 2020). Overall, we
can predict that karst will be a filter for biological
communities under future climate change resulting in
the breaking up and regrouping of interacting species
into novel communities (Ordonez et al. 2016), in
what are now highly endemic and globally important
landscapes.

This study and further research in this area have
the potential to generate an improved understanding
of the processes by which biological communities in
geologically complex landscapes respond to change.
Further incorporation of microclimate or microclimate
proxy variables in predictions may illuminate how karst
topography may buffer climate change at micro-scales
in processes that might remain unobserved at global
or continental scale analyses due to scale biases and
filters (Suggitt et al. 2018). While coarse-scale models
such as the ones we present here often fail to identify
localized effects of topography on climate, we argue
that the inclusion of karst geology, even at a coarse
scale, seems to help approximate where fine-scale
variation may be more likely to occur. But indeed,
future studies should engage in finer-scale analyses
using new frameworks to integrate microclimatic
data into ENMs from remote sensing instruments,
in-situ climate measurements, and data on habitat
3D structure (Lembrechts et al. 2019) as these data
become readily available.

Finer-scale analyses will be particularly important
to help target appropriate in-situ conservation
measures by identifying refugial locations throughout
the range and providing the ability to inform adaptive
management through dynamically updated model
predictions. In addition, development of new
technologies to facilitate microclimate and other
measurements (e.g. Gillingham et al. 2012) for locally-
derived high resolution input variables would enable
more robust incorporation of microclimate and small
features into ENMs. For our study, such technologies
could improve upon the coarse scale carbonate outcrop
dataset used, as discussed in the Methods. Given
the small and fragmented remaining populations of
T. francoisi, fine-scale dynamic predictions might be
best informed by coupling niche models with spatially
explicit stochastic population models to explore the
interactions of mechanisms causing population decline
(e.g. Stanton et al. 2015), and with better consideration
of biotic interactions (Hellmann et al. 2012). Overall,
higher resolution datasets and additional modeling
could improve upon the results shown here for more
targeted conservation recommendations including
local site monitoring plans (Dine et al. 2012).

Our study does take a key first step to enable a
stronger scientific basis for conservation planning,
biodiversity observation, and biodiversity monitoring on
karst, which is currently lacking (Clements et al. 2008).
Karst landscapes are rarely considered in conservation
planning (but see Watson et al. 1997) despite hosting
significant portions of an area’s biodiversity, likely
because of a lack of sufficient biodiversity data on
karst (Grismer et al. 2020). In addition, limestone is
vulnerable to overexploitation by widespread and

increasing quarrying activities throughout Vietnam
and elsewhere (Clements et al. 2006). The information
produced by this research will be crucial to conservation
planning in Vietnam as they plan for adaptation and
mitigation strategies for biodiversity on karst and
elsewhere under climate change (MARD 2017).
Here, we have added to the information available to
inform planning, allowing the basis for more specific
predictions and for the design of species management
plans for conservation (e.g. Blair et al. 2012). While the
future projections we report here do not account for
demography, dispersal limitations, interactions among
species, or other factors such as changes in human land
use and thus may overestimate potential shifts, our
projections also are more likely to underestimate losses
(Segan et al. 2015). While there is uncertainty about
magnitude of change and differences in projections
across GCMs, basing decisions on agreements across
a range of scenarios as we have presented here
is a reasonable, conservative approach to guide
management decisions (e.g. Beaumont et al. 2019).
The research reported here also provides evidence to
strongly support why management plans addressing
synergistic anthropogenic threats must consider
anthropogenic impacts on not only vegetation but
geology, and recognize ‘geodiversity’ (Gray 2011,
Record et al. 2020) in addition to biodiversity in
conservation planning efforts.

Finally, our results emphasize that for many karst
landscapes, including the Sino-Vietnamese karst
landform that is home to T. francoisi, forward-thinking
transboundary conservation coordination efforts will be
crucial to prevent extinctions of karst-adapted species.
National species conservation action plans and plans for
Vision 2030 protected area strengthening and reform
processes to meet Sustainable Development Goals
(e.g. MARD 2017) should incorporate consideration
of species’ distribution changes in response to climate
change across borders, including through coordinated
conservation of potential movement or ‘climate
connectivity’ corridors (Senior et al. 2019). Cross-
border conservation efforts and partnerships should
be encouraged and strengthened, especially through
the guiding principles of stakeholder engagement and
science diplomacy (CGSPSD 2011, Sterling et al. 2017).

Acknowledgements

We are grateful to all the participants of the
following two international scientific fora for their
encouragement and feedback on the preliminary
results and ideas presented in this study: the
“Consultation and training workshop: Collaborative
transboundary conservation of vulnerable species and
habitats under climate change” at Hanoi University of
Science, Vietnam National University in Hanoi, Vietnam
(July 11-12, 2018) and the symposium entitled “Cross-
boundary Cooperation for Biodiversity Conservation
in Asia under Global Change” at Henan University
in Kaifeng City, China (29-31 July, 2019). We thank
an anonymous reviewer, J.A. Soto-Centeno and R.
Whittaker for their comments on earlier versions of

Frontiers of Biogeography 2022, 14.1,e51838

© the authors, CC-BY 4.0 license 7



Blair et al.

Karst drives Frangois’ langur distribution

this manuscript. We also thank C. Roos, Q. Song and
Z. Zhang for fruitful discussions that informed this
manuscript. This study benefited from the support
of the Prince Albert Il of Monaco Foundation, the
Center for Biodiversity and Conservation at the
American Museum of Natural History, Fauna and Flora
International —Vietnam Program, the Central Institute
for Natural Resources and Environmental Studies and
University of Science at Vietnam National University,
Hanoi, and Henan University.

Author Contributions

MEB led study design and led writing of the
manuscript, PJG co-led study design, led model training,
tuning, and projections, and contributed to writing
the manuscript, NTA, TM, HMT and ZL provided input
data and contributed to model tuning decisions and
writing the manuscript, and MDL, NH, EJS, and MX
contributed to study design and writing the manuscript.

Data Accessibility

All model input data unique to this study and a full
R markdown file of model tuning procedures with final
results are included as online supplementary materials
to this manuscript. Environmental input data used in
this study are available for free online at worldclim.
org (bioclim layers; Fick and Hijmans 2017) and at
https://www.fos.auckland.ac.nz/our_research/karst/
(World Map of Carbonate Rock Outcrops v3.0; Ford
and Williams 2007).

Supplementary Material

The following materials are available as part of the
online article at https://escholarship.org/uc/fb
Appendix S1. FrancoisModelingSupplement.html:
Rmarkdown file showing all steps for data processing
and model tuning, model comparisons and calculation
of metrics.

Appendix S2. SupplementalTablesFigures.docx: A
document including all supplemental tables and figures
cited in the manuscript.

References

Aiello-Lammens, M., Boria, R., Radosavljevic, A.,
Vilela, B. & Anderson, R. (2015) spThin: an
R package for spatial thinning of species
occurrence records for use in ecological niche
models. Ecography, 5, 541-545.

Anderson, R.P. (2017) When and how should biotic
interactions be considered in models of
species niches and distributions? Journal of
Biogeography, 44, 8-17.

Barany-Kevei,1.&Kiss,M.(2016) Biogeomorphological
feedback in karst areas. Landscape &
Environment, 10, 101-108.

Batori, Z., Vojtko, A., Farkas, T, et al. (2017) Large-
and small-scale environmental factors drive
distributions of cool-adapted plants in karstic
microrefugia. Annals of Botany, 119, 301-309.

Bean, W.T,, Stafford, R. & Brashares, ].S. (2012) The
effects of small sample size and sample bias on
threshold selection and accuracy assessment
of species distribution models. Ecography,
35,250-258.

Beaumont, L.J., Esperén-Rodriguez, M., Nipperess,
D.A., Wauchope-Drumm, M. & Baumgartner,
J.B. (2019) Incorporating future climate
uncertainty into the identification of climate
change refugia for threatened species.
Biological Conservation, 237, 230-237.

Bett, N.N., Blair, M.E. & Sterling, E.]. (2012)
Ecological niche conservatism in Doucs
(Genus Pygathrix). International Journal of
Primatology, 33, 972-988.

Blair, M.E,, Sterling, E.]., Dusch, M., Raxworthy, C.].
& Pearson, R.G. (2013) Ecological divergence
and speciation between lemur (Eulemur)
sister species in Madagascar. Journal of
Evolutionary Biology, 26, 1790-1801.

Blair, M.E., Rose, R.A,, Ersts, PJ., Sanderson, E.W,,
Redford, K.H., Sterling, E.J. & Pearson, R.G.
(2012) Incorporating climate change into
conservation planning: Identifying priority
areas across a species’ range. Frontiers of
Biogeography, 4, 157-167.

Brambilla, M., Scridel, D., Bazzi, G., et al. (2020)
Species interactions and climate change: how
the disruption of species co-occurrence will
impact on an avian forest guild. Global Change
Biology, 26, 1212-1224.

Brown, J. (2014) Why are there so many species in
the tropics? Journal of Biogeography, 41, 8-22.

Brown, ].L. & Yoder, A.D. (2015) Shifting ranges and
conservation challenges for lemurs in the face
of climate change. Ecology and Evolution, 5,
1131-1142.

CGSPSD (2011). National Academies U.S. and
international perspectives on global science
policy and science diplomacy: report of a
workshop. CGSPSD (Committee on global
science policy and science diplomacy), 60.
National Academies Press, Washington, D.C.

Chen, Z., Auler, A.S., Bakalowicz, M., et al. (2017)
The World Karst Aquifer Mapping project:
concept, mapping procedure and map of
Europe. Hydrogeology Journal, 25, 771-785.

Frontiers of Biogeography 2022, 14.1,e51838

© the authors, CC-BY 4.0 license 8



Blair et al.

Karst drives Frangois’ langur distribution

Chung, K., Leong, W., Rubite, R., Repin, R., Kiew,
R., Liu, Y. & Peng, C. (2014) Phylogenetic
analyses of Begonia sect. Coelocentrum and
allied limestone species of China shed light
on the evolution of Sino-Vietnamese karst
flora. Botanical Studies, 55, 1-15.

Clements, R., Sodhi, N.S,, Schilthuizen, M. & Ng, PK.L.
(2006) Limestone karsts of Southeast Asia:
imperiled arks of biodiversity. BioScience,
56, 733-742.

Clements, R., Ng, P.K.L., Lu, X.X.,, Ambu, S.,
Schilthuizen, M. & Bradshaw, C.J.A. (2008)
Using biogeographical patterns of endemic
land snails to improve conservation planning
for limestone karsts. Biological Conservation,
141, 2751-2764.

Corlett, R. (2012) Climate change in the tropics: the
end of the world as we know it? Biological
Conservation, 151, 22-25.

Dao, V.T. (1970) Sur les formes de semnopitheque
noir, Presbytis francoisi (Colobidae, Primates)
au Vietnam et description d’une forme
nouvelle. Mitteilungen aus dem Zoologischen
Museum in Berlin, 46, 61-65.

de Pousarges, E. (1898) Note preliminaire sur un
nouveau Semnopitheque des frontiers du
Tonkin et de la Chine. Bulletin du Museum
National d’histoire Naturelle, 4, 319-321.

Dine, M., Thach, H. & Potess, F. (2012). Francois’
Langur Conservation Monitoring Plan, Lam
Binh Watershed Protection Forest, Tuyen
Quang province: 2013 - 2017. People
Resources and Conservation Foundation,
Hanoi.

Duckworth, ].W,, Boonratana, R., Robichaud, W.G. &
Timmins, RJ. (2010) Areview of Francois’ Leaf
Monkey Trachypithecus francoisi (sensu lato)
in Lao PDR. Primate Conservation, 25, 61-79.

Fick, S.E. & Hijmans, R.J. (2017) WorldClim 2: new
1-km spatial resolution climate surfaces for
global land areas. International Journal of
Climatology, 37, 4302-4315.

Fitzsimons, ].A. & Michael, D.R. (2017) Rocky
outcrops: a hard road in the conservation
of critical habitats. Biological Conservation,
211, 36-44.

Fooden, J. (1996) Zoogeography of Vietnamese
primates. International Journal of Primatology,
17, 845-899.

Ford, D. & Williams, P. (2007) Karst hydrogeology
and geomorphology. Wiley, Chichester,
England.

Fordham, D.A.,, Resit Akcakaya, H., Aradjo, M.B., et al.
(2012) Plant extinction risk under climate
change: are forecast range shifts alone a
good indicator of species vulnerability to
global warming? Global Change Biology, 18,
1357-1371.

Franklin, J. (2009) Mapping Species Distributions.
Cambridge University Press. Cambridge.

Franklin, J. (2013) Species distribution models in
conservation biogeography: developments
and challenges. Diversity and Distributions,
19,1217-1223.

Furey, N., Mackie, I. & Racey, P. (2010) Bat diversity
in Vietnamese limestone karst areas and
the implications of forest degradation.
Biodiversity and Conservation, 19, 1821-
1838.

Galante, PJ., Alade, B., Muscarella, R., Jansa, S.A.,,
Goodman, S.M. & Anderson, R.P. (2018) The
challenge of modeling niches and distributions
for data-poor species: a comprehensive
approach to model complexity. Ecography,
41,726-736.

Gillieson, D. (2005) Karst in Southeast Asia. In: The
physical geography of Southeast Asia (ed. by
Gupta, A.), pp 157-176. Oxford University
Press, Oxford.

Gillingham, PK., Palmer, S.C.F, Huntley, B., Kunin,
W.E,, Chipperfield, ].D. & Thomas, C.D. (2012)
The relative importance of climate and habitat
in determining the distributions of species
at different spatial scales: a case study with
ground beetles in Great Britain. Ecography,
35,831-838.

Goldscheider, N. (2012) A holistic approach to
groundwater protection and ecosystem
services in karst terrains. AQUA mundi,
Am060xx, 117 - 124.

Graham, C., Parra, J., Tinoco, B,, Stiles, F. & McGuire, ].
(2012) Untangling the influence of ecological
and evolutionary factors on trait variation
across hummingbird assemblages. Ecology,
93,599-S111.

Gray, M. (2011) Other nature: geodiversity
and geosystem services. Environmental
Conservation, 38, 271-274.

Groves, C. (2001) Primate taxonomy. Smithsonian
Institution Press. Washington, D.C.

Frontiers of Biogeography 2022, 14.1,e51838

© the authors, CC-BY 4.0 license 9



Blair et al.

Karst drives Frangois’ langur distribution

Han, Z., Hy, G., Wy, S., Cao, C. & Dong, X. (2013) A
census and status review of the Endangered
Francois’ langur Trachypithecus francoisi in
Chongqing, China. Oryx, 47, 128-133.

Hannah, L., Flint, L., Syphard, A.D., Moritz, M.A,,
Buckley, L.B. & McCullough, I.M. (2014)
Fine-grain modeling of species’ response to
climate change: holdouts, stepping-stones,
and microrefugia. Trends in Ecology and
Evolution, 29, 390-397.

Harrison, S. & Noss, R. (2017) Endemism hotspots
are linked to stable climatic refugia. Annals
of Botany, 119, 207-214.

He, K., Hu, N,, Orkin, ], Nyein, D., Ma, C., Xiao, W,, Fan,
P-F. & Jiang, X.-L. (2012) Molecular phylogeny
and divergence time of Trachypithecus: with
implications for the taxonomy of T phayrei.
Zoological Research, 33, E104-110.

Hellmann, ., Prior, K. & Pelini, S. (2012) The influence
of species interactions on geographic range
change under climate change. Annals of the
New York Academy of Sciences, 1249, 18-28.

Hu, G. (2007) Socioecology and behavioural
flexibility of Francois’ langur (Trachypithecus
francoisi) in Mayanghe Nature Reserve,
Southwest China [PhD thesis]. Australian
National University, Canberra, ACT.

Hu, G., Dong, X., Wei, Y., Zhu, Y. & Duan, X. (2004)
Evidence for a decline of Francois’ langur
Trachypithecus francoisi in Fusui Nature
Reserve, south-west Guangxi, China. Oryx,
38, 48-54.

Huang, C. & Li, Y. (2005) How does the white-headed
langur (Trachypithecus leucocephalus) adapt
locomotor behavior to its unique limestone
hill habitat? Primates, 46, 261-267.

Huang, C., Li, Y., Zhou, Q. & Weij, F. (2004) A study on
the behavior of cave-entering and leaving and
selection of sleeping sites of Francois’ langur
group (Trachypithecus francoisi) in China. In:
Conservation of primates in Vietnam (ed. by T.
Nadler, U. Streicher and T. Ha), pp. 137-143.
Frankfurt Zoological Society, Hanoi.

Hunter, M.L. (2017) Conserving small natural
features with large ecological roles: an
introduction and definition. Biological
Conservation, 211, 1-2.

Huntley, B., Collingham, Y., Willis, S. & Green, R.
(2008) Potential impacts of climate change on
European breeding birds. PLoS ONE, 1,e1439.

[PCC (2013) Climate Change 2013: the physical
science basis 5th assessment report.
Intergovernmental Panel on Climate
Change (IPCC). Cambridge University Press.
Cambridge, UK.

[UCN (2020) IUCN Red List of Threatened Species.
Version 2020-2. Digital resource available at
www.iucnredlist.org.

Jiang, Z., Jiang, ]., Wang, Y., et al. (2016) Red List of
China’s Vertebrates. Biodiversity Science, 24,
500-551.

Jin, W, Long, Y., Fu, C,, Zhang, L., Xiang, ]., Wang,
B. & Li, M. (2018) CaZ2p imaging and gene
expression profiling of Lonicera confusa
in response to calcium-rich environment.
Scientific Reports, 8, 7068. doi: 10.1038/
s41598-018-25611-5

Keith, D., Akcakaya, H., Thuiller, W.,, Midgley, G.,
Pearson, R,, Phillips, S., Regan, H., Araujo, M.
& Rebelo, T. (2008) Predicting extinction risks
under climate change: coupling stochastic
population models with dynamic bioclimatic
habitat models. Biology Letters, 4, 560-563.

Keppel, G., Robinson, T.P, Wardell-Johnson, G.W.,,
Yates, C.J., Van Niel, K.P, Byrne, M. & Schut,
A.G. (2017) A low-altitude mountain range
as an important refugium for two narrow
endemics in the Southwest Australian Floristic
Region biodiversity hotspot. Annals of Botany,
119, 289-300.

Keppel, G., Van Niel, K.P., Wardell-Johnson, G.W.,,
Yates, C.]., Byrne, M., Mucina, L., Schut, A.G.T,,
Hopper, S.D. & Franklin, S.E. (2012) Refugia:
identifying and understanding safe havens
for biodiversity under climate change. Global
Ecology and Biogeography, 21, 393-404.

Kraft, N. & Ackerly, D. (2010) Functional trait and
phylogenetic tests of community assembly
across spatial scales in an Amazonian forest.
Ecological Monographs, 80, 401-422.

Latinne, A., Waengsothorn, S., Rojanadilok, P,
Eiamampai, K., Sribuarod, K. & Michaux, ].R.
(2013) Diversity and endemism of Murinae
rodents in Thai limestone karsts. Systematics
and Biodiversity, 11, 323-344.

Lembrechts, ].J., Nijs, I. & Lenoir, ]J. (2019)
Incorporating microclimate into species
distribution models. Ecography, 42, 1267-
1279.

Li, X, Tian, H., Wang, Y., Li, R,, Song, Z., Zhang, F,, Xu,
M. & Li, D. (2013) Vulnerability of 208 endemic

Frontiers of Biogeography 2022, 14.1,e51838

© the authors, CC-BY 4.0 license 10



Blair et al.

Karst drives Frangois’ langur distribution

or endangered species in China to the effects
of climate change. Regional Environmental
Change, 13, 843-852.

Li, Y., Huang, C., Ding, P,, Tang, Z. & Wood, C.
(2007) Dramatic decline of Francgois’ langur
Trachypithecus francoisi in Guangxi Province,
China. Oryx, 41, 38-43.

Li, Y, Ma, G., Zhou, Q., Li, Y. & Huang, Z. (2020)
Nutrient contents predict the bamboo-leaf-
based diet of Assamese macaques living in
limestone forests of southwest Guangxi, China.
Ecology and Evolution, 10, 5570-5581.

Li, Z. & Rogers, M. (2005) Are limestone hills a
refuge or essential habitat for white-headed
langurs in Fusui, China? International Journal
of Primatology, 26, 437-452.

Li, Z., Wei, Y. & Rogers, E. (2003) Food choice
of white-headed langurs in Fusui, China.
International Journal of Primatology, 24,
1189-1205.

Liu, X, Wy, Q., Huang, Z., Huang, C. & Zhou, Q. (2016)
Nutritional content of dry season foods and
its influences on food choice of Francois’
langurs at Nonggang. Acta Theriologica Sinica,
36, 241-247.

Liu, Z., Zhang, L., Yan, Z., et al. (2020) Genomic
mechanisms of physiological and
morphological adaptations of limestone
Langurs to karst habitats. molecular biology
and evolution, 37, 952-968.

Mammola, S. & Leroy, B. (2018) Applying species
distribution models to caves and other
subterranean habitats. Ecography, 41, 1194-
1208.

MARD (2017). Decision 628. Urgent conservation
action plan for primates in Vietnam to 2025,
vision to 2030. Ministry of Agriculture and
Rural Development (MARD), 87. The Prime
Minister of Government, Socialist Republic
of Vietnam, Hanoi, Vietnam.

Merow, C., Smith, M.]. & Silander Jr, ]J.A. (2013)
A practical guide to MaxEnt for modeling
species’ distributions: what it does, and why
inputs and settings matter. Ecography, 36,
1058-10609.

Morelli, T.L., Barrows, C.W., Ramirez, A.R., et al.
(2020) Climate-change refugia: biodiversity
in the slow lane. Frontiers in Ecology and the
Environment, 18, 228-234.

Muscarella, R., Galante, PJ., Soley-Guardia, M., Boria,
R.A,, Kass, ].M., Uriarte, M. & Anderson, R.P.

(2014) ENM eval: an R package for conducting
spatially independent evaluations and
estimating optimal model complexity for
Maxent ecological niche models. Methods in
Ecology and Evolution, 5, 1198-1205.

Nadler, T., Momberg, F, Nguyen, X.D. & Lormee,
N. (2003) Vietnam Primate Conservation
Status Review 2002 - Part 2: Leaf Monkeys.
Frankfurt Zoological Society and Fauna and
Flora International. Hanoi.

Nguyen, D., Nguyen, N. & Nguyen, D. (2014) Thanh
phén loai hién biét va gia tri bao ton ctia khu
hé thu & khu vuc du gia - Khau Ca, Tinh Ha
Giang [Species composition and conservation
value of the fauna of the old-growth forested
region - Khau Ca, Ha Giang province]. Tap Chi
Sinh Hoc [Journal of Biology], 36, 169-178.

Niu, K.-F, Xiao, Z., Wang, B., etal. (2016) Population
Estimates and Distribution of Frangois'Langurs
in Mayanghe National Nature Reserve, China.
Chinese Journal of Zoology, 51, 925-938.

Ohlemdiller, R., Anderson, B.]., Aratjo, M.B., Butchart,
S.H.M., Kudrna, O., Ridgely, R.S. & Thomas,
C.D. (2008) The coincidence of climatic
and species rarity: high risk to small-range
species from climate change. Biology Letters,
4,568-572.

Ordonez, A., Williams, ]. & Svenning, ].-C. (2016)
Mapping climatic mechanisms likely to favour
the emergence of novel communities. Nature
Climate Change, 6, 1104-1109.

Osterholz, M., Walter, L. & Roos, C. (2008)
Phylogenetic position of the langur genera
Semnopithecus and Trachypithecus among
Asian colobines, and genus affiliations of their
species groups. BMC Evolutionary Biology, 8,
58.doi: 10.1186/1471-2148-8-58

Parmesan, C. & Yohe, G. (2003) A globally coherent
fingerprint of climate change impacts across
natural systems. Nature, 421, 37-42.

Parmesan, C., Ryrholm, N., Stefanescu, C., et al.
(1999) Poleward shifts in geographical ranges
of butterfly species associated with regional
warming. Nature, 399, 579-583.

Pecl, G.T.,, Araujo, M.B,, Bell, ].D., et al. (2017)
Biodiversity redistribution under climate
change: impacts on ecosystems and human
well-being. Science, 355, eaai9214.

Peterson, A.T,, Soberdn, ., Pearson, R.G., Anderson,
R.P, Martinez-Meyer, E., Nakamura, M. &
Aratjo, M.B. (2011) Ecological niches and

Frontiers of Biogeography 2022, 14.1,e51838

© the authors, CC-BY 4.0 license 11



Blair et al.

Karst drives Frangois’ langur distribution

geographic distributions. Princeton University
Press. Princeton, NJ.

Phillips, J.D. (2016) Biogeomorphology and
contingent ecosystem engineering in karst
landscapes. Progress in Physical Geography:
Earth and Environment, 40, 503-526.

Phillips, S.J., Anderson, R.P, Dudik, M., Schapire, R.E.
& Blair, M.E. (2017) Opening the black box:
an open-source release of Maxent. Ecography,
40, 887-893.

Pounds, ]., Fogden, M. & Campbell, J. (1999)
Biological response to climate change on a
tropical mountain. Nature, 398, 611-615.

Record, S., Dahlin, K.M., Zarnetske, P.L., et al.
(2020) Remote Sensing of Geodiversity as
a Link to Biodiversity. In: Remote sensing of
plant biodiversity (ed. by ]J. Cavender-Bares,
J. Gamon & P. Townsend), pp. 225-253.
Springer, Cham.

Rohde, K. (1992) Latitudinal gradients in species
diversity: the search for the primary cause.
Oikos, 65, 514-527.

Rosenzweig, C., Karoly, D., Vicarelli, M., etal. (2008)
Attributing physical and biological impacts
to anthropogenic climate change. Nature,
453,353-357.

Rowan, J., Kamilar, J., Beaudrot, L. & Reed, K.
(2016) Strong influence of paleoclimate on
the structure of modern African mammal
communities Proceedings of the Royal Society
B, 283, doi: 10.1098/rspb.2016.1207

Schoener, T.W. (1968) Anolis lizards of Bimini:
resource partitioning in a complex fauna.
Ecology, 49, 704-726.

Segan, D.B,, Hole, D.G., Donatti, C.I., Zganjar, C,,
Martin, S., Butchart, S.H.M., Watson, ].LE.M. &
Richardson, D. (2015) Considering the impact
of climate change on human communities
significantly alters the outcome of species
and site-based vulnerability assessments.
Diversity and Distributions, 21, 1101-1111.

Senior, R.A,, Hill, ].K. & Edwards, D.P. (2019) Global
loss of climate connectivity in tropical forests.
Nature Climate Change, 9, 623-626.

Shcheglovitova, M. & Anderson, R.P. (2013)
Estimating optimal complexity for ecological
niche models: a jackknife approach for species
with small sample sizes. Ecological Modelling,
269, 9-17.

Soto-Centeno, J.A., O’'Brien, M. & Simmons, N.B.
(2015) The importance of Late Quaternary

climate change and karst on distributions
of Caribbean Mormoopid bats. American
Museum Novitates, 3847, 1-32.

Stanton, ].C., Shoemaker, K.T., Pearson, R.G. &
Akcakaya, H.R. (2015) Warning times for
species extinctions due to climate change.
Global Change Biology, 21, 1066-1077.

Sterling, E.J., Hurley, M.M. & Le Duc Minh (2006)
Vietnam: a natural history. Yale University
Press, New Haven.

Sterling, E.J., Betley, E., Sigouin, A., et al. (2017)
Assessing the evidence for stakeholder
engagement in biodiversity conservation.
Biological Conservation, 209, 159-171.

Su, Y, Tang, Q., Mo, F. & Xue, Y. (2017) Karst tiankengs
as refugia for indigenous tree flora amidst a
degraded landscape in southwestern China.
Scientific Reports, 7, 4249.

Suggitt, A.J., Wilson, R.]., Isaac, N.J.B,, et al. (2018)
Extinction risk from climate change is reduced
by microclimatic buffering. Nature Climate
Change, 8, 713-717.

Sweeting, M.M. (1978) Landscape of one-seventh
of China. Geographical Magazine, 5, 393-400.

Thach, H. (2011). Primate survey with specific focus
upon the Francois’ Langur (Trachipythecus
francoisi) in the Sinh Long / Lung Nhoi
/ Ban Cai Forest Area, Na Hang and Lam
Binh District, Tuyen Quang Province, 40pp.
Fauna and Flora International and People
Resources and Conservation Foundation,
Hanoi, Vietnam.

Thomas, C.D. (2010) Climate, climate change and
range boundaries. Diversity and Distributions,
16, 488-495.

Thomas, C.D., Cameron, A., Green, R.E., et al. (2004)
Extinction risk from climate change. Nature,
427,145-148.

UNEP-WCMC & IUCN (2020). Protected planet: the
World Database on Protected Areas (WDPA)
(version 11 Nov 2020), Cambridge, UK: UNEP-
WCMC and IUCN. Digital resource available
at: www.protectedplanet.net.

Vu, M., Thach, H., Le, M. & Pham, V. (2011) Study
on the using of environmental niche model
BIOCLIM to estimate the distribution of
Francois’s Langur (Trachypithecus francoisi)
in Northern of Vietnam under climate change
of IPCC scenario A2. VNU Journal of Science,
Natural Sciences and Technology, 27, 67-73.

Frontiers of Biogeography 2022, 14.1,e51838

© the authors, CC-BY 4.0 license 12



Blair et al.

Karst drives Frangois’ langur distribution

Warren, D.L., Glor, R.E. & Turelli, M. (2008)
Environmental niche equivalency versus
conservatism: quantitative approaches to
niche evolution. Evolution, 62, 2868-2883.

Watson, ]., Hamilton-Smith, E., Gillieson, D. & Kiernan,
K. (1997). Guidelines for cave and karst
protection. IUCN, Gland, Switzerland. 63 pp.

Williams, P. (2008) World heritage caves and karst.
IUCN (International Union for Conservation
of Nature), Gland, Switzerland.

Wong, M., Xu, M., Li, R. & Long, Y. (2013) An
integrative approach to assessing the
potential impacts of climate change on the
Yunnan snub-nosed monkey. Biological
Conservation, 158, 401-4.009.

Workman, C. (2010) Diet of the Delacour’s Langur
(Trachypithecus delacouri) in Van Long
Nature Reserve, Vietnam. American Journal
of Primatology, 72, 317-324.

Wu, G., Li, M., Zhong, F, Fu, C., Sun, J. & Yu, L.
(2011) Lonicera confusa has an anatomical
mechanism to respond to calcium-rich
environment. Plant Soil, 338, 343-353.

Yang, L., Minghai, Z., Jianzhang, M., Ankang, W,,
Shuangxi, W. & Shusen, Z. (2007) Time
budget of daily activity of Francois’ langur
(Trachypithecus francoisi francoisi) in
disturbance habitat. Acta Ecologica Sinica,
27,1715-1722.

Zhou, Q., Wei, F, Li, M., Huang, C. & Luo, B. (2006)
Diet and food choice of Trachypithecus
francoisi in the Nonggang Nature Reserve,
China. International Journal of Primatology,
27,1441-1460.

Submitted: 21 January 2021
First decision: 23 February 2021
Accepted: 22 March 2021

Edited by Robert J. Whittaker

Frontiers of Biogeography 2022, 14.1,e51838

© the authors, CC-BY 4.0 license 13





