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Abstract

Sundaland’s limestone ecosystems are biodiversity
hotspots facing increasing threats from habitat fragmen-
tation and human activities. Our study examines the bio-
geographical patterns of the limestone-obligate land snail
genus Plectostoma across Sundaland to identify the drivers
of species richness and endemism. Using 771 georefer-
enced records of 84 species, we delineated 33 bioregion
(biogeographical region) areas based on species compo-
sition through Infomap Bioregions analysis. We then exam-
ined the effects of integrated island biogeography variables
(limestone area, number of hills, isolation), MaxEnt-derived
climate suitability, and landscape features such as topogra-
phy and drainage networks on biogeography patterns and
species diversity. Bioregion boundaries were best explained
by elevation barriers, drainage basins, and river network con-
nectivity, highlighting the importance of geomorphological
and hydrological structure over geographic distance. Gen-
eralised linear mixed models revealed that larger limestone
areas significantly predicted greater species richness than
did higher climate suitability. Canonical Correspondence
Analysis showed that endemism composition was primar-
ily driven by the number and total area of limestone hills,
while hill isolation and broad-scale climate variables played
lesser roles. Most species (87%) were restricted to a single
bioregion, with over half qualifying as short-range endem-
ics (<10 km distribution range), underscoring strong spatial

turnover. These patterns suggest that ancient geological
connectivity, followed by progressive karst fragmentation,
shaped current diversity. Future phylogenetic and multi-tax-
on studies will enhance the understanding of evolutionary
processes and conservation strategies in Sundaland’s lime-
stone habitats.

Highlights

+ We delineated 33 distinct bioregions for Plectostoma
land snails across Sundaland.

+ Precipitation defines the broad habitable envelope
determining the occurrence of the genus, while
drainage basins and elevation barriers (>250 m)
serve as the primary determinants of bioregional
boundaries.

+  We established that the species richness and ende-
mism of Plectostoma are primarily driven by the to-
tal area and total number of limestone hills within a
bioregion, rather than broad-scale climatic suitability.

+ Our results support a landscape-evolution model for
diversity patterns, linking biological distribution to
karstification stages where species dispersed across
continuous surfaces during the early (Fengcong)
stage of karstification before becoming isolated on
“island” towers during the remnant (Fenglin) stage.
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Introduction

Sundaland, the biogeographical region encompassing
Peninsular Malaysia, the islands of Borneo, Java, Sumatra,
and their surrounding islands (Fig. 1A), is recognised as
one of Earth’s biodiversity hotspots. This region harbours
a significant number of endemic species that are threat-
ened by habitat degradation (Myers et al. 2000; Sheldon
et al. 2015). Geologically, Sundaland comprises a mosaic
of terranes and blocks, each contributing distinct biogeo-
graphic attributes. The older inner core of Sundaland com-
prises the Indochina and Sibumasu Terranes, derived from
Gondwana in the Devonian and Permian, respectively, with
the Sukhothai Arc between them (Metcalfe 2013, 2017).
The Southwest Borneo (SWB) and West Burma (WB)
Blocks separated from Gondwana in the Triassic: SWB ac-
creted to Sundaland in the Late Cretaceous whereas the
WB remained an island in the Tethys Ocean until the Early
Miocene (Advokaat and van Hinsbergen 2023).

The biogeographic patterns of Sundaland’s species
distributions are shaped by complex palaeogeographical
events, including the emergence of land areas due to geo-
logical processes, Pleistocene climatic oscillations, and
sea-level changes (De Bruyn et al. 2014; Sheldon et al.
2015; Atkins et al. 2020; Liew et al. 2020; Garg et al. 2022;
Hosoishi et al. 2023). Within Sundaland, limestone eco-
systems are globally recognised as habitat islands which,
being naturally fragmented in this tropical region, support
limestone-dependent biodiversity (Clements et al. 2006).
Their isolated nature makes limestone outcrops ideal for
investigating biogeographic principles, particularly drivers
of species richness, endemism, and species composition
(Gittenberger 2007; Clements et al. 2008; Azevedo et al.
2024; Clegg et al. 2025).

Previous studies have demonstrated that factors like
isolation, area size, and microclimate influence species
assemblages of land snails on limestone outcrops in this
region (Clements et al. 2008; Foon et al. 2017). However,
the effects of island biogeography variables, such as habi-
tatisolation and size, are often difficult to disentangle from
other ecological or historical factors, particularly when
studying species assemblages of diverse taxa (e.g., differ-
ent genera or families). Each taxon within an assemblage
may have unique ecological preferences, such as specific
requirements for microclimate or substrate type, and dis-
tinct evolutionary histories or distribution patterns shaped
by past geological or climatic events. These factors can in-
fluence how species respond to biogeographical variables,
often resulting in highly species-specific patterns.
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By focusing on a single genus, it is possible to devel-
op a more robust framework for isolating the specific
effects of island biogeographical variables and climate
suitability on biodiversity (Webb et al. 2002; Wiens and
Graham 2005). This approach serves as a foundational
first step toward understanding limestone biogeogra-
phy, as it allows for the identification of clear environ-
mental signals that might otherwise be obscured by the
varied ecological preferences of a multi-taxa assem-
blage. The genus Plectostoma H. Adams, 1865, which
currently includes 82 recognised species and subspe-
cies and several other undescribed species, is predom-
inantly endemic to the Sundaland biogeography region
and its adjacent areas (MolluscaBase eds. 2024; Liew
et al. unpublished data). These micro-snails, measuring
between 1.5 mm and 4 mm, exhibit high microhabitat
specificity and are restricted to the surfaces of geo-
graphically isolated limestone outcrops (Schilthuizen
2003; Schilthuizen et al. 2003a). All these character-
istics limit their dispersal ability and have contributed
to this species-rich snail genus exhibiting distinctive
distribution patterns encompassing a gradient of en-
demism levels; from widespread species, wide-range
to mid-range endemics, to highly localised, short-range
endemics (Vermeulen 1994; Liew et al. 2014a). These
characteristics, together with the relict origin crown age
dated back to the early Paleocene (~ 65 Ma) (Kohler
2024), make them ideal candidates for the study of the
biogeography, evolution, and diversification of lime-
stone-obligate species in this region (e.g. Schwending-
er 2020; Derkarabetian et al. 2021).

Out of the 40 Plectostoma species on the IUCN Red
List, many face significant threats; one is classified as
Extinct, 13 as Critically Endangered, four as Endangered,
and four as Vulnerable (IUCN 2024a). Hence, studying
Plectostoma is important to provide critical insights into
how habitat isolation and fragmentation drive species
endemism, richness, and vulnerability in limestone eco-
systems, offering broader implications for conservation
efforts. In this study, we aim to identify the primary
determinants of Plectostoma diversity and provide in-
sights into the ecological and evolutionary processes
shaping the distribution of limestone-obligate species
in Sundaland.

We delineate bioregions of Plectostoma across Sun-
daland and quantify patterns of species richness and
endemism. We test the relative influence of island-bio-
geographical variables (e.g., limestone area, number of
hills, and isolation) and ecological factors (e.g., climate
suitability and variability) on biodiversity patterns, fo-
cusing on Malaysia, where high-resolution limestone
maps are available. We further examine how species’
distributional range categories relate to these predic-
tors and assess the role of geological and geomorpho-
logical history in shaping species diversity and biogeo-
graphic patterns of the genus, providing a framework
for understanding the drivers of limestone-obligate bio-
diversity in Sundaland.
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Methods

We assigned specific spatial units (i.e. cells) to bioregion
(biogeographical region) cells based on the occurrence
data of Plectostoma species in Sundaland. Groups of ad-
jacent cells with the same bioregion identity were then ag-
gregated to represent a “bioregion area” with a cluster of
limestone hills with similar species composition. Biodiver-
sity variables, including species richness and endemism,
were tabulated for each bioregion cell and bioregion area.
We then assessed the effects of island-biogeographical
variables—including the number of limestone hills, total
limestone area size, and degree of isolation of limestone
outcrops—and ecological variables such as climate suit-
ability and variability at both the bioregion cell and area
levels on species richness. This analysis focused on biore-
gions in Malaysia due to the availability of high-resolution
limestone hill maps. Then, we explored the relationships
between species distributional range categories (i.e., en-
demism categories) and the same set of biogeographical
and ecological variables, using the bioregion cells and ar-
eas as above. Finally, we qualitatively assessed the asso-
ciation between geological and geomorphological history,
including topography and drainage patterns, and the biore-
gion’s location and boundaries on biodiversity patterns.

Limestone hills and areas mapping

For Malaysia, detailed information on limestone hills is
available from Liew et al. (2021), who mapped the 1,393
limestone hills of the Malay Peninsula and Malaysian
Borneo (i.e., Sarawak and Sabah) (Fig. 1A). The precise
mapping of each limestone hill, with clear demarcation of
boundaries, allows more information to be extracted such
as total limestone area sizes, number of hills, and the de-
gree of isolation of limestone hills (see Island biogeogra-
phy variables section).

For the limestone hill distribution in other areas of Sun-
daland or Southeast Asia, we digitised the limestone area
map based on Laumanns and Price (2010a, 2010b). This
map indicates the general distribution of limestone areas
in a region, without the exact documentation of limestone
hills in terms of the outline and location of each hill. There-
fore, we could not obtain detailed geographical attributes
of the limestone hills for other regions as we could for Ma-
laysia. However, this general limestone area map is still
useful to illustrate the distribution of the genus Plectosto-
ma in association with the availability of limestone habi-
tats over a larger geographical extent.

Collection of Plectostoma species
distribution data

The presence data of Plectostoma spp. in the form of point
occurrences were obtained from previously published

sources (Vermeulen 1994; Clements et al. 2008; Liew et al.
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2014a; Foon et al. 2017; Phung et al. 2018) and specimens
deposited in the following collections: the BORNEENSIS
collection at Universiti Malaysia Sabah (BORMOL), Jaap
Vermeulen private collection (JJ), the Yansen Chen private
collection (YSC), the Naturalis Biodiversity Center Collec-
tion (RMNH/ZMA), the Museum Zoologicum Bogoriense,
National Research and Innovation Agency at Bogor, In-
donesia (MZB), Zoological Museum UNIMAS (MZU), and
Mohammad Effendi Marzuki private collection (ME). In
addition, we included Plectostoma records from the un-
published land snail inventory data from 52 limestone
hills in the Malay Peninsula that were collected between
2018 and 2019. In total, the distribution data comprise
771 georeferenced points identified at the species level
(Fig. 1A, Suppl. material 1: figs S1-S6, table S1). Species
were identified based on shell characteristics (Vermeu-
len 1994; Liew et al. 2014a). Specimens that could not
be identified due to being juvenile, damaged, or lacking
complete location information were excluded. In addition
to compiling the presence dataset of Plectostoma species
as described above, we also compiled the absence data-
set based on the limestone areas with intensive land snail
inventory studies that confirmed the absence of the genus
from the same data sources above (Fig. 1A).

Classification of bioregions and spatial
units

One important aspect of biogeographical analysis is de-
lineating spatial units and determining unit cell sizes. For
Plectostoma species, many of which are endemic to lime-
stone hills, the smallest unit is a limestone hill or outcrop.
However, in many cases, the limestone hills that exist to-
day were once part of more extensive limestone surfaces
that, over tens of millions of years, have become dissected
and isolated from each other by the process of karstifi-
cation. In the early stages (Fengcong karst) of karstifica-
tion, continuity of the limestone surface is maintained
(Waltham 2008), potentially providing dispersal pathways
for limestone-obligate species such as Plectostoma. How-
ever, as karstification progresses, continuity of the lime-
stone surface is lost as deepening of valleys and depo-
sition of alluvium along streams isolates remnant karst
towers (Fenglin karst) and creates a barrier for limestone
obligates to disperse between them. Therefore, using spa-
tial units that reflect biologically meaningful connectivity,
rather than treating every hill as an isolated ‘island’, should
provide a more accurate framework for biogeographic
analysis. We refer to these spatial units, defined by clus-
ters of limestone hills with similar species composition,
as “bioregion areas” (i.e., biogeographical region areas).
Each bioregion area also consists of grid cells (hereaf-
ter referred to as bioregion cells), with a size large enough
to account for potential sampling biases (e.g. unsampled
limestone hills), while being small enough to allow accu-
rate estimation of the biogeographical determinants, spe-
cies richness, and endemism. In addition, bioregion areas
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Figure 1. Map of Southeast Asia showing the distribution of limestone hills, occurrences of Plectostoma species in the Sundaland
biogeographical region, the climate suitability model for the genus Plectostoma, boundaries of major forest types, and topographical
features. A. Limestone areas in Malaysia were based on Liew et al. (2021), while limestone areas in other regions were digitised from
Laumanns and Price (2010a, 2010b). Point occurrences of Plectostoma species were compiled from published sources (Vermeulen
1994; Liew et al. 2014a), specimen collections (BORMOL, JJ, YSC, RMNH/ZMA, MZB, MZU, ME), and both unpublished and published
land snail inventories from limestone hills in the Malay Peninsula collected between 2018 and 2019, as well as previous studies
(Clements et al. 2008; Foon et al. 2017; Phung et al. 2018); B. Climate suitability model for the genus Plectostoma based on MaxEnt
analysis; higher values indicate more suitable climates. The logistic values represent the predicted probability of occurrence, with 0
being unsuitable and 1 being optimal. The model was overlaid with the boundaries of major forest types adapted from Morley (2018);
C. Topographical features of Sundaland with the annotations of key mountain ranges mentioned in this study.
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and bioregion cells should be relevant to conservation
implications. For instance, they are meaningful for the de-
termination of “Area of occupancy” (AOQ) in conservation
assessment by the IUCN standard for the assessment at
the species (2 km grid size) and ecosystem (10 km grid
size) levels (IUCN 2024a, 2024b).

We used Infomap Bioregions v2.7.1 to identify biore-
gions of Plectostoma and generate a species richness
heatmap based on species composition across the tax-
on's entire distribution range (Edler et al. 2017). Info-
map Bioregions identifies units based on an informa-
tion-theoretic clustering algorithm known as Infomap.
This approach clusters bipartite networks of species
and grid cells, identifying the underlying structure in
distributions more effectively than traditional similar-
ity-index methods. The process utilises an adaptive
spatial resolution to bin species records into discrete
geographical grid cells. This is particularly suited for
limestone-obligate taxa like Plectostoma, where habi-
tats are naturally fragmented and traditional interpola-
tion methods may fail. The resolution of the bioregion
cells was approximately 15.625 km (Grid resolution set-
ting = Max and Min cell size of 1/8°, Max and Min cell
capacities of 1-70 records). The process of network
mapping and clustering to generate bioregions was as
follows: Patch sparse cells = True; Number of trials =
10; Number of cluster cost = 1; Weight on abundance
= FALSE. The analyses were conducted using the web
application “mapequation” (https://www.mapequation.
org/bioregions/).

The output was a vector polygon file with multiple grid
cells, and each grid cell was represented as a square fea-
ture in a polygon vector file of approximately 15.625 km
in length and height (i.e., bioregion cell) (Fig. 2). Areas
in the landscape where Plectostoma was present were
mapped as bioregion cells, with each cell containing at-
tributes such as the number of specimen records, species
richness, and the bioregion designation with a numeric
identifier. Limestone areas with intensive land snail inven-
tory studies that confirmed the absence of the genus were
generated in the same way to represent the bioregion ar-
eas where the genus was absent. In addition to bioregion
cells, the bioregion area was created by dissolving mul-
tiple bioregion cells with the same bioregion designation
into a single polygon.

Plectostoma species richness and
endemism classification

The species richness for each bioregion cell was obtained
directly from the output of Infomap Bioregions v2.7.1 as
described above. For the bioregion area, species rich-
ness was calculated based on the number of Plectosto-
ma species present. Species endemism composition was
determined by tabulating the total number of species
into four distribution range categories for each bioregion
area and bioregion cell.
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We first obtained the distribution range of each species
by calculating the pairwise distance between records of
the same species using the “Distance Matrix” in QGIS. The
longest distance among records of the same species in
the linear distance matrix was used as the distribution
range (i.e., the maximum range). The Plectostoma species
were then categorised into four geographic range catego-
ries, based on the extent of occurrence (EQO) criteria of
IUCN (ver. 16; IUCN 2024a), as follows:

(1) short-range endemic species: EOO < 100 km? for
IUCN B1 for Critically Endangered (CR), i.e., species
with maximum distribution ranges < 10 km;

(2) mid-range endemic species: EOO < 5,000 km? for
IUCN B1 for Endangered (E), i.e., species with maxi-
mum distribution ranges < 70 km;

(3) wide-range endemic species: EOO < 20,000 km? for
IUCN B1 for Vulnerable (VU), i.e., species with maxi-
mum distribution ranges < 140 km;

(4) widespread species: species with maximum distri-
bution ranges > 140 km.

There are 23 species with a single record or occurring
on a single limestone outcrop, and these were treated as
short-range endemic species.

Biogeographical determinants

Climate suitability variables

To gain insight into the ecological niche of the genus Plec-
tostoma, we estimated climate suitability and identified key
climatic variables associated with the distribution of the
genus. We used the bioclimatic dataset version 1.4 (http://
www.worldclim.org/current; Fick and Hijmans 2017). All cur-
rent bioclimatic layers were clipped to the extent of SE Asia,
focusing on the genus distribution extent (93°E, 10°S-120°E,
12°N). To evaluate collinearity among the 19 climatic vari-
ables, we sampled bioclimatic data from 500 random loca-
tions and performed pairwise Pearson's correlation (Suppl.
material 2: fig. S1, table S1). After removing highly correlated
variables (r > 0.8), nine climatic variables were selected for
species distribution modelling, namely; BIO1 Annual Mean
Temperature, BIO2 Mean Diurnal Range, BIO3 Isothermality,
BIO7 Temperature Annual Range, BIO12 Annual Precipita-
tion, BIO15 Precipitation Seasonality, BIO16 Precipitation of
Wettest Quarter, BIO18 Precipitation of Warmest Quarter,
and BIO19 Precipitation of Coldest Quarter.

We used MaxEnt software (ver. 3.4.1) to generate a lo-
gistic probability map (i.e. climate suitability map of cell
size ~ 1 km?) of species presence, with logistic values
ranging from 0 (unsuitable) to 1 (optimal climates) (Phil-
lips et al. 2006; Phillips and Dudik 2008). The model was
run with the following settings: the maximum number of
background points = 10,000; replicates = 100; and repli-
cate run type = Bootstrap. Duplicated presence records
were removed and all other parameters were kept at
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Figure 2. Spatial distribution of 33 bioregion areas classified based on Plectostoma species occurrences in Southeast Asia using Info-
map Bioregions v2.7.1, with a grid resolution of approximately 15.625 km. Each bioregion cell is assigned a unique number identifier.
These identifiers are assigned numerically by the Infomap algorithm during the clustering process.

default values. The average of the logistic probability of
species occurrence for each suitability map grid cell was
calculated from the 100 bootstrap replicates.

The climate suitability for each bioregion area and each
bioregion cell was summarised into two climatic variables
by calculating the mean and standard deviation of the lo-
gistic values in the climate suitability raster layer using
“Zonal statistics”. The mean value represents the average
climate suitability score for each bioregion cell (hereafter
referred to as “climate suitability”), while the standard de-
viation represents the variability of the climate (hereafter
referred to as “climate variability”).

Geological background

We adopted the litho-tectonic blocks and mega-units of
Sundaland from published geological literature to illus-
trate the different origins of Sundaland’s constituents in
the Late Cretaceous. As the Malay Peninsula and Borneo
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have different geological histories, the geological back-
ground of the Malay Peninsula was obtained from Metcal-
fe (2013) while that of Borneo was obtained from Rama-
samy et al. (2021).

Based on the availability of detailed digital data for individ-
ual limestone karst hills, our bioregion analysis focuses on
four regions: Centre of the Malay Peninsula (CMP) (Fig. 3),
and in Borneo, namely; West Sarawak (WS) (Fig. 4), North
Sarawak (NS) (Fig. 5), and Interior and East Sabah (IES)
(Fig. 6). Depositional ages of the carbonates range from
Lower Palaeozoic to Mesozoic (CMP), Triassic—Cretaceous
(WS), Eocene—Miocene (NS), and Oligocene (IES). Their dep-
ositional environments include both shallow-sea platform
carbonates (CMP and Mulu in NS) and reef complexes (WS).
Thermogeochemical studies in Peninsular Malaysia indicate
that geological exhumation on a regional scale started in the
Upper Cretaceous at 85 Ma and continued, at intervals, into
the Oligocene (Cottam et al. 2013; Sautter 2019). Exposure
and karstification of limestones in the CMP likely started in
the early Cenozoic and continued thereafter.
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Figure 3. Spatial patterns of Plectostoma species richness, habitat characteristics, and biogeographical variables in the Centre of the
Malay Peninsula that includes 11 Bioregion Areas (BA): BA2, BA3, BA15, BA19, BA10, BA22, BA32, BA20, BA31, BA23, and BA14. Each
panel displays maps with different overlays for these areas. A. Species richness in each bioregion cell; B. Climate suitability map from
MaxEnt analysis overlaid with bioregion cells containing Plectostoma species (red outline squares) and without Plectostoma species
(black outline squares). The logistic values represent the predicted probability of occurrence, with 0 being unsuitable and 1 being
optimal; C. Distribution of limestone clusters and limestone outcrops, with sites lacking overlaid bioregion cells indicating unsampled
locations with no Plectostoma data; D. Geological background of the Centre of the Malay Peninsula, adapted from Metcalfe (2013);
E. Topography of the areas, with arrows indicating the major upland (elevation > 250 m) that separate the bioregion areas within Gua
Musang-Kuala Krai limestone cluster (red), between Gua Musang-Kuala Krai limestone cluster and adjacent smaller limestone clusters
(blue), and between east and west coasts of the Malay Peninsula (orange); F. River basins containing bioregion areas, differentiated
by colour; distinct colours indicate separate river basins, while those without bioregion areas are not shown; G. River networks map,
illustrating how bioregion areas may connect via different branching and flow directions (i.e., Strahler order); H. River catchment areas
map showing the relative size of drainage areas across bioregions, with larger values indicating major river channels.
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awak that includes one Bioregion Area (BA): BA1. Each panel displays maps with different overlays for these areas. A. Species richness
in each bioregion cell; B. Climate suitability map from MaxEnt analysis overlaid with bioregion cells containing Plectostoma species
(red outline squares). The logistic values represent the predicted probability of occurrence, with 0 being unsuitable and 1 being optimal;
C. Distribution of limestone clusters and limestone outcrops, with sites lacking overlaid bioregion cells indicating unsampled location
with no Plectostoma data. (D) Geological background of the West of Sarawak, adapted from Ramasamy et al. (2021); E. Topogra-
phy of the areas; F. River basins containing bioregion areas, differentiated by colour; distinct colours indicate separate river basins,
while those without bioregion areas are not shown; G. River networks map, illustrating how bioregion areas may connect via different
branching and flow directions (i.e., Strahler order); H. River catchment areas map showing the relative size of drainage areas across
bioregions, with larger values indicating major river channels.

Hydrological and topographical features /10.5066/F7PR7TFT). The “Basic Terrain Analysis” mod-

ule of SAGA GIS ver. 9.3.1 was used to generate the fol-
We obtained geomorphological features for our study lowing outputs: (1) “Drainage Basin” — a polygon shapefile
region, including drainage basins, river channels, river representing water catchments; (2) “Channel Network”
networks, and total catchment areas, based on SRTM 1 - a line shapefile representing drainage networks, with
Arc-Second Global (Digital Object Identifier (DOI) number:  the hierarchical position of the drainages or rivers in the
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Figure 5. Spatial patterns of Plectostoma species richness, habitat characteristics, and biogeographical variables in the North
of Sarawak that includes five Bioregion Areas (BA): BA8, BA30, BA16, BA18, and BA13. Each panel displays maps with different
overlays for these areas. A. Species richness in each bioregion cell; B. Climate suitability map from MaxEnt analysis overlaid with
bioregion cells containing Plectostoma species (red outline squares). The logistic values represent the predicted probability of
occurrence, with 0 being unsuitable and 1 being optimal; C. Distribution of limestone clusters and limestone outcrops, with sites
lacking overlaid bioregion cells indicating unsampled location with no Plectostoma data; D. Geological background of the North
of Sarawak, adapted from Ramasamy et al. (2021); E. Topography of the areas, with arrows indicating the major upland (elevation
> 250 m); F. River basins containing bioregion areas, differentiated by colour; distinct colours indicate separate river basins, while
those without bioregion areas are not shown; G. River networks map, illustrating how bioregion areas may connect via different
branching and flow directions (i.e., Strahler order); H. River catchment areas map showing the relative size of drainage areas

across bioregions, with larger values indicating major river channels.
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network (i.e. Strahler order); (3) “Total Catchment Area”
- a raster file showing how water flows across the land-
scape (Conrad et al. 2015). Cells with larger values indi-
cate locations that receive drainage from a greater land
area, corresponding to major channels. This layer was
used as a proxy for relative river size and drainage magni-
tude. Topographic features, such as mountain ranges and
valley depth, were extracted from the SRTM.

Island biogeography variables

The island biogeography analysis was conducted only
for the bioregion areas in Malaysia, where detailed infor-
mation about the limestone hill distribution and sizes are
available. The analyses were performed separately at two
scales: bioregion areas and bioregion cells. Data layers
were generated for variables commonly regarded as de-
terminants of limestone karst island biogeography, name-
ly; the number of limestone hills (hereafter referred to as
“hill numbers”), the availability of limestone areas (hereaf-
ter referred to as “limestone areas”), and the degree of iso-
lation (hereafter referred to as “hills’ isolation”). All anal-
yses were performed in QGIS ver. 3.28 (QGIS.org 2022).

The limestone hills point vector file was created from the
centroid of each limestone hill polygons vector file by using
the “Centroid” function. The total number of points for each
bioregion cell and area were obtained using the “Count
Points in Polygon” function. A raster layer of limestone hills
was created by converting the limestone hill polygons vec-
tor file (UTM/WGS 84 projection) to a raster with 50 m res-
olution (~ 0.0025 km?), assigning a raster value of “1”. The
total area of limestone hills in each bioregion cell and area
were then obtained using “Zonal statistics” to sum raster
values for each bioregion cell, which were multiplied by the
limestone raster cell size (0.0025 km?).

To calculate the degree of isolation of the limestone
hills in an area, we first determined the pairwise distanc-
es between each of the limestone hills and its 50 nearest
adjacent hills using the limestone hills point vector file
(UTM/WGS 84 projection). The “Statistics by categories”
function was then used to calculate the mean of the 50
distance values for each hill, summarising the pairwise
distance analysis results. Subsequently, the “Join Attri-
butes by Location (Summary)” function was used to cal-
culate the mean of the average distance values (in kilo-
metres) of all the hills within each bioregion cell and area.

Data analyses

Qualitative overlay analysis of topographic
and geological factors on bioregion areas

First, we qualitatively explored the role of topography and
geological background in shaping bioregion areas’ size,
location, and boundaries, as well as in determining the
species richness, endemism, and island biogeography.

Frontiers of Biogeography 19, 2026, e155940

Using GIS overlay techniques, we visually examined the
spatial relationships among these data layers to identify
potential patterns and associations. This qualitative anal-
ysis focused on regions with high concentrations of biore-
gions, varied bioregion sizes, and substantial Plectostoma
species richness. These regions are: (1) Centre of the Ma-
lay Peninsula (CMP) — encompassing 11 bioregion areas
with 23 Plectostoma species; (2) West Sarawak (WS) - a
single bioregion area hosting 16 species; (3) North Sar-
awak (NS) - comprising five bioregion areas with 17 spe-
cies; and (4) Interior and East Sabah (IES) - including five
bioregion areas and 16 species.

Effects of biogeographical variables on
species richness

We used Generalised Linear Mixed Models (GLMMs) to
address the following research questions: (1) What is the
effect of island biogeography variables and climate suit-
ability on overall species richness? (2) How do these ef-
fects vary when accounting for spatial autocorrelation and
random variations between regions (Malay Peninsula vs
Borneo) or among bioregion areas?

The first set of GLMM analyses were performed at the
bioregion area scale to evaluate the effects of island bio-
geography variables: “hill numbers”, “limestone areas”,
and “hills’ isolation”, along with ecological variables: “cli-
mate suitability” and “climate variability” on the species
richness. All five variables were included as fixed effects,
while the region (Malay Peninsula and Borneo) was includ-
ed as a random effect variable to account for spatial auto-
correlation and different geological histories.

A total of 24 out of the 33 bioregions in the Malaysian
part of the Malay Peninsula and Borneo (Sarawak and Sa-
bah) were included in this analysis (Table 1). Seven other
bioregion areas were excluded from the analysis because
they were located outside Malaysia and lacked detailed
limestone outcrop data. These included two from the In-
donesian part of Borneo (BA7 and BA29), three from the
Thai part of the Malay Peninsula (BA25, BA27, and BA33),
and one each from Sumatra (BA9) and Vietnam (BA6). Ad-
ditionally, one bioregion area from offshore islands (BA17)
was excluded to minimise potential confounding factors
associated with offshore islands, as the focus was on the
island biogeography of limestone outcrops. Finally, BA24
was removed due to uncertain location data.

A second set of GLMM analyses were performed at
the bioregion cell scale for 77 bioregion cells from the
24 bioregion areas, using the same fixed effect variables
as in the first set of GLMMs (Suppl. material 3: table S1).
Bioregion area identity was included as a random effect
variable to account for spatial autocorrelation.

For both GLMMs, the hills’ area and the hills’ isolation
were standardised to a mean of 0 and a standard devi-
ation of 1 to assess the relative strength of parameter
estimates (Jongman et al. 1987; Ramette 2007). Multicol-
linearity among variables was assessed using the variance
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inflation factor (VIF), implemented in the ‘check collinear-
ity’ function of the R package ‘performance’ (James et
al. 2013). None of the habitat covariates were excluded,
as collinearity among variables was low: VIF < 4.0 for the
bioregion area scale analysis and VIF < 1.9 for the biore-
gion cell scale analysis.

We constructed four thematic candidate models for
both GLMMs, incorporating the random effect variable:
Model 0 = null model with only the random effect variable;
Model 1 - island biogeography variables as fixed effects
and the random effect variable; Model 2 — climate suitabili-
ty variables as fixed effects and the random effect variable,
and Model 3 - all island biogeography and climate suitabili-
ty variables as fixed effects and the random effect variable.
Following the initial evaluation of each of the thematic
candidate models, we constructed a final integrated mod-
el (Model 4). This model was developed by combining the
specifically significant predictors identified from both the
island biogeography and climate suitability thematic mod-
els. This theory-driven integration allowed us to move be-
yond comparing isolated thematic hypotheses and instead
identify the most parsimonious combination of drivers.

The GLMMs were performed with a Poisson family
and a log link function using the ‘glmer’ function in the
R package ‘Ime4’ (Bates et al. 2015). We used the cor-
rected Akaike’s Information Criterion (AIC ) to identify
the best-supported models (i.e., models with the lowest
AIC_and a AAIC_value < 2 from the highest-ranked model;
Burnham and Anderson 2002). Information criteria (AIC,,
AAIC, model likelihoods, and model weights [wi]) were
summarised and compared to evaluate the relative quality
of different models, using the ‘AlCtable’ function in the R
package ‘wiqid’ (Meredith 2015).

After selecting the best models, we computed marginal
R-squared (R?’m) and conditional R-squared (R%c) values
to assess how well these models explained the variabili-
ty in the data, using the ‘r.squaredGLMM’ function in the
R package ‘MuMIn’ (Barton 2020). All analyses were per-
formed using R ver. 4.4.1 (R Core Team 2024).

CCA analysis of biogeographical drivers of
species endemism composition

In addition to the GLMM analyses, we performed a Canoni-
cal Correspondence Analysis (CCA) to examine the relation-
ships between species endemism composition and both
island biogeography and climate variables. This analysis
addressed the following questions: (1) How does species
endemism composition relate to gradients represented by
island biogeography and climate suitability variables? (2)
Which environmental factors are associated with the distri-
bution of different endemism categories (short-range, mid-
range, wide-range endemics, and widespread species)?
The primary matrix in the CCA comprised the number
of species in four endemism categories: (1) short-range
endemic species, (2) mid-range endemic species, (3)
wide-range endemic species, and (4) widespread species.
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The secondary matrix consisted of the same three island
biogeography variables and two climate suitability vari-
ables used in the GLMM analyses.

As with the GLMM analyses, we conducted CCA sepa-
rately at two spatial scales: bioregion areas and bioregion
cells. For each spatial scale, the CCA ordination was per-
formed using the ‘cca’ function in the R package ‘vegan’
(Oksanen et al. 2025). The significance of the CCA mod-
els, both overall and for individual marginal predictors,
was assessed using permutation tests (the ‘anova’ func-
tion in ‘vegan’) with 1,000 permutations.

Results

Bioregion delineation of Malaysian
limestone clusters: elevation, distance,
and drainage patterns

For bioregion delineation, a total of 116 bioregion grid
cells (bioregion cells) were generated by Infomap Biore-
gions analysis, belonging to 33 designated bioregion ar-
eas (BA) (Fig. 2, Table 1). The Malay Peninsula and Borneo
have 14 unique bioregion areas, while the remaining five
bioregion areas are unique to Southern Thailand (BA25,
BA27, BA33), Ha Tien in Vietnam and the adjoining bor-
der of Cambodia (BA6), and Sumatra (BA9). The largest is
BA3 in Malay Peninsula with 10 bioregion cells (Fig. 2B);
followed by BA1, BA2, BAS5, and BA7, each with nine biore-
gion cells, all in Borneo, except BA2 in Malay Peninsula;
BAG6 in Vietnam with eight bioregion cells; BA4 in Borneo
and BA9 in Sumatra, each with seven bioregion cells. Each
of the remaining 25 bioregion areas consists of five or
fewer bioregion cells (Table 1). Thirteen bioregion areas
have only one cell - seven in the Malay Peninsula, three in
Borneo and three in Southern Thailand.

When compared to the 34 previously delineated lime-
stone clusters on the Malay Peninsula mainland, defined
as groups of limestone outcrops located less than 10 km
apart and at least 10 km away from other clusters (table
5.9 and fig. 5.8 in Liew et al. 2020), it is now apparent
that the same cluster can include multiple bioregion ar-
eas. Conversely, limestone karsts located too distantly to
be classified as part of a cluster can be part of the same
bioregion. For example, on the Permo-Triassic platform
limestones in the Centre of Malay Peninsula, the Lipis-Gua
Musang-Kuala Krai limestone cluster hosts three differ-
ent bioregion areas: (1) in the north, predominantly within
the Kelantan river basin, BA2 and BA15 trending north-
south, with the latter central to the former, along major
drainages; (2) further south, predominantly in the upper
Pahang River basin, an extensive area occupied by BA3
(Fig. 3F=H). BA 10 is located peripheral to the Lipis-Gua
Musang-Kuala Krai limestone cluster with a single cell in
the west, near the Raub-Bentong suture zone, separated
by a distance of 80 km from BA10 on the eastern side of
the Tahan Range (Figs 2B, 3E).
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The limestone clusters in the Pahang river basin south
of BA3 form five separate bioregion areas (BA20, BA22,
BA23, BA31, BA32) (Fig. 3F-H). BA22 consists of two ad-
joining cells in the same drainage sub-basin. In contrast,
the other four bioregion areas each consist of a single cell
isolated by at least 20 km, with the exception of BA20 and
BA31, which are located in different drainage sub-basins.
Bioregions BA14 and BA19 are uniquely located, on Car-
boniferous and Permian limestones, respectively, to the
east of the Lebir Fault on the Eastern Belt of the Eastern
Malaya Block of Metcalfe (2013) (Fig. 3D).

Bioregion areas without mountain ranges (> 250 m ele-
vation) separating limestone clusters often form a single
bioregion area if the clusters are within adjacent river net-
works and catchment areas, even when they are in differ-
ent river basins. This is evident in West of Sarawak (Fig.
4C, E—H: bioregion 1) and East of Sabah (Fig. 6C, E-H:
bioregion areas 4 and 5). However, limestone clusters
located within valley landscapes with elevation higher
than 250 m tend to be more isolated, forming separate
bioregion areas, such as BA11 and BA12 (Fig. 6C, E-H).
When limestone clusters are further apart and there is a
lack of connection to adjacent river networks and catch-
ment, they form distinct bioregion areas, as seen in
the north of Sarawak, such as BA8, BA30, BA16, BA18S,
and BA13 (Fig. 5C, E-H).

Broad-scale climate suitability based on climatic vari-
ables does not appear to play a major role in delineating
bioregion areas, as there is no clear “ecotone” or transi-
tional boundary corresponding to bioregion area bound-
aries (Figs 3B, 4B, 5B, 6B). For example, in the Malay Pen-
insula, areas west of the Main Range where the genus is
absent are predicted by the MaxEnt model to have low
climate suitability (most with logistic values < 0.4), while
the occupied areas east of the Main Range are predicted
to have higher suitability (most with logistic values > 0.4)
(Fig. 3B). However, in Borneo, Plectostoma thrives even
in areas with low climate suitability that similar with the
areas at the west of the Malay Peninsula’s Main Range,
where the genus is absent (Figs 5B, 6B).

In the CMP, almost all the Permo-Triassic platform
limestone hills within the Central Belt of the East Malaya
Block (east of the Raub—Bentong Suture) host Plectosto-
ma. Even more striking, when compared to this abun-
dance, is the complete absence of Plectostoma from all
the limestone hills to the west of the Raub—Bentong Su-
ture and south of the Kangar—Pattani Line (Fig. 1B).

Species richness, distribution and
endemism of Plectostoma species

Despite having the less number of bioregion areas, spe-
cies richness in Borneo is higher than in the Malay Pen-
insula (52 species vs 28 species). The remaining species
are in Southern Thailand (three species, one in each of the
three bioregion areas), one species in Sumatra, and three
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species in South Vietnam (Table 1). There are no Plec-
tostoma species on the west coast of the Malay Peninsula
from southern Perlis until Selangor on the west side of the
Main Range, and in the southern part of the Malay Penin-
sula beyond the Main Range (Figs 1A, C, 2B, 3A).

The tabulation of species richness for each bioregion
area reveals that areas with high Plectostoma species
richness often coincide with larger bioregion areas (i.e.
more bioregion cells) and contain extensive, continuous
areas of suitable limestone habitat (Table 1, Figs 3B, 4B).
Only 4 of the 13 single-cell bioregion areas contain more
than one Plectostoma species, namely, BA16 in the Niah
limestone cluster with five species, BA14 near Kuantan
with five species, BA19 in the Kenyir limestone cluster
with three species, and BA23 and BA26, each with two
species (Table 1).

The highest species richness was recorded in BA1, lo-
cated in the Bau-Padawan-Serian limestone cluster, with
17 species (Table 1, Fig. 4C). Other species-rich bioregion
areas include: BA8 in the limestone cluster at the North of
Sarawak, with seven species (Fig. 5C), BA12 in the lime-
stone cluster of Interior of Sabah, also with seven species
(Fig. 6C), BA2 in the northern Lipis-Gua Musang-Kuala
Krai limestone cluster within Kelantan river basin, with
six species (Fig. 3C), BA3 in the southern Lipis-Gua Mu-
sang-Kuala Krai limestone cluster and adjacent smaller
limestone clusters in the north of Pahang river basin, with
six species (Fig. 3C), and BA4 in East of Sabah, with six
species (Fig. 6C). Interestingly, high species richness can
also occur in areas with relatively lower climate suitabili-
ty — in North of Sarawak and Sabah (e.g., BA5 with four
species) (Figs 5B, 6B).

Plectostoma species exhibit significant variabilities in
distribution ranges across Sundaland (Suppl. material 1:
figs S1-S6). A total of 73 out of 84 Plectostoma species
are restricted to a single bioregion area. More than half
of the species (n = 47) are short-range endemics, with
distribution ranges limited to a few limestone outcrops
less than 10 km apart or confined to a single hill (Suppl.
material 4: table S1). Ten species have distribution ranges
spanning multiple bioregion areas: P. wallacei busauen-
se (E. A. Smith, 1893) in Sarawak; P. obliquedentatum
(Vermeulen, 1994), P. cyrtopleuron (Vermeulen, 1994), P.
brevituba (Vermeulen, 1994) and P. concinnum (Fulton,
1901) in Sabah; and P. salpidomon (van Benthem Jutting,
1952), P. davisoni T.-S. Liew, Vermeulen, Marzuki & Schil-
thuizen, 2014, P. christae (Maassen, 2001), P. crassipupa
(van Benthem Jutting, 1952), and P. relauensis T.-S. Liew,
Vermeulen, Marzuki & Schilthuizen, 2014 in the Lipis-Gua
Musang-Kuala Krai limestone cluster of Malay Peninsula.

In the west of Sundaland, the sole species in Suma-
tra is a widespread species (ranges > 140 km). One of
the three species in Southern Vietnam, occurring in Ha
Tien and the adjoining Cambodian limestone outcrops,
is a wide-range endemic species (Fig. 1). Six out of 28
species in the Malay Peninsula are wide-range endem-
ic or widespread, found in the Gua Musang-Kuala Krai

14



Biogeography of limestone-obligate snails in Sundaland

Legend

(A) Species richness 16
[ = 7
m 2 = 8
O 3 M 9
™ 4 ;11
M 5

I No Plectostoma

(B) Logistic value

(%

@ .I

020 40 60 80 km
| _Em I

m <=0.2
0.2-0.4
0.4-0.6

I 0.6-08

M >08

g:) Limestone outcrops
Limestone outcrops
Limestone outcrops clusters

(5 km radius)

(D) Geology

------ Fault

[ Sediments
(Quaternary to Recent)

[ ] Volcanics
Neogene)
elange units
Miocene)
ertiary basin fill

Oligocene to Miocene,
| Rajang-Crocker Accretionary complex

(Lower Miocene to Upper Cretaceous)
|| Ultrabasic rocks

(Cretaceous)

(E) Elevation (m)

< 250
B 250 - 1000
I > 1000

(G) River channel networks
(Strahler order)
— 1

(H) Total catchment areas (m2)

. 57.0

0.0

Figure 6. Spatial patterns of Plectostoma species richness, habitat characteristics, and biogeographical variables in the Interior and
East of Sabah, covering five Bioregion Areas (BAs): BA12, BA11, BA21, BA5, and BA4. Each panel displays maps with different overlays
for these areas. A. Species richness in each bioregion cell; B. Climate suitability map from MaxEnt analysis overlaid with bioregion
cells containing Plectostoma species (red outline squares). The logistic values represent the predicted probability of occurrence, with 0
being unsuitable and 1 being optimal; C. Distribution of limestone clusters and limestone outcrops, with sites lacking overlaid bioregion
cells indicating unsampled location with no Plectostoma data; D. Geological background of the Interior and East of Sabah, adapted
from Ramasamy et al. (2021); E. Topography of the areas, with arrows indicating the major upland (elevation > 250 m) that separate the
bioregion areas between Interior and East of Sabah; F. River basins containing bioregion areas, differentiated by colour; distinct colours
indicate separate river basins, while those without bioregion areas are not shown; G. River networks map, illustrating how bioregion
areas may connect via different branching and flow directions (i.e., Strahler order); H. River catchment areas map showing the relative

size of drainage areas across bioregions, with larger values indicating major river channels.

limestone cluster within the Kelantan River basin and
Pahang River basin, and smaller limestone clusters to
the south of the Gua Musang-Kuala Krai limestone clus-
ter (i.e. BA2, BA3, and BA15) (Table 1, Suppl. material 1:
fig. S1). Each of these three bioregions hosts at least
one widespread endemic species (Table 1), but only the
eastern limestone cluster of BA10 hosts a short-range
endemic. In contrast, each of the isolated limestone
clusters further south of Pahang hosts a short-range
endemic species (BA23, BA31, and BA32). The sole
occurrence of a widespread species in these isolated
limestone clusters is P. davisoni in BA23. Furthermore,
BA19 and BA14, at the east of the Lebir fault, have three

Frontiers of Biogeography 19, 2026, €155940

and five short-range endemics, respectively, while wide-
spread species are absent in both bioregions.

In the east of Sundaland, 10 of the 52 Plectostoma spe-
cies are widespread or wide-range endemic species predom-
inantly occurring in the east, south, and north of Borneo (BA4,
BAS5, and BA7) (Fig. 2, Suppl. material 1: fig. S4). Half of the
short-range endemic species are concentrated in the West
of Borneo, particularly in the Bau-Padawan-Serian limestone
cluster (BA1), which hosts seven short-range endemic spe-
cies (Supplemenrary material 1: figs S3, S5; Suppl. material
4: table S1). This is followed by the Niah limestone cluster
(BA16), which contains five short-range endemic species
(Suppl. material 1: fig. S5C; Suppl. material 4: table S1).
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Climate suitability analysis

The climate suitability analysis for Plectostoma was con-
ducted using a MaxEnt model with 100 bootstrap replicates,
achieving an average AUC of 0.906 (+0.007), indicating high
predictive accuracy (Suppl. material 2: fig. S3). The model
identified several key environmental predictors influencing
Plectostoma distribution, with BIO19 (Precipitation of Cold-
est Quarter) contributing the highest importance (29.3%),
followed by BIO3 (Isothermality, 14.7%) and BIO15 (Precipi-
tation Seasonality, 12.8%) (Suppl. material 2: table S2). Oth-
er contributing factors included Annual Mean Temperature
(BIO1, 11.8%) and Precipitation of Warmest Quarter (BIO18,
8.3%) (Suppl. material 2: table S2).

Spatially, the predicted climate suitability maps revealed
that high-suitability areas coincided with the regions of
large continuous limestone formations, particularly in the
central and eastern parts of the Malay Peninsula, West
Borneo, and parts of Sabah (Figs 1B, 3B, 4B, 5B, 6B). The
response curve analysis suggested that Plectostoma spe-
cies prefer stable temperature regimes and moderate pre-
cipitation variability (Suppl. material 2: fig. S6).

Effects of biogeographical variables on
species richness

For bioregion areas, the two thematic models, Model 2 and
Model 1, have AIC_ values of 116.68 and 116.69, respec-
tively. The small AAIC, value (0.03) between these mod-
els, along with similar model weights (0.28) and model
likelihood (0.68 and 0.66, respectively), indicates that both

models are almost equally plausible (Table 2). Model 2 has
a higher conditional R-squared (0.54), suggesting that when
both fixed and random effects are considered, it explains
more variance in the data compared to Model 1. However,
Model 1 has a higher marginal R-squared (0.39), indicating
that its fixed effects alone explain more variance than those
in Model 2. However, the best-fitting model was the inte-
grated Model 4 (AIC_ = 115.87), which combined the signif-
icant predictors from the two thematic models. This model
outperformed the climate-only Model 2 AAIC_ = 0.79) and
the island-biogeography-only Model 1 (AAIC_= 0.82).

For bioregion cells, the best-fitting model is Model 1,
with an AIC_ value of 272.05. The AAIC_ between this and
the second-best model is large (2.47) (Table 2). Model 1
also has a much higher model weight (0.66) and model
likelihood (1.00) compared to the second-best model.
The conditional R-squared for Model 1 is 0.33, while the
marginal R-squared is relatively low (0.08). The large dif-
ference between the marginal and conditional R-squared
values indicates that the random effects (i.e., bioregion
identity) contribute significantly to the model. This sug-
gests that spatial autocorrelation or unmeasured vari-
ables at the bioregion area level play an important role in
explaining the variation in the response variable.

For bioregion areas, in Model 2, both climate suitabil-
ity (p = 0.07105) and climate variability (p = 0.0294) are
statistically significant predictors of species richness. In
contrast, Model 1, total limestone area (p = 0.0278) is a
significant predictor, while hill numbers and hills’ isolation
are not statistically significant (p > 0.05) (Table 3). This
implies that climate suitability and variability (from Mod-
el 2) and total limestone area (from Model 1) are core

Table 2. Summary of generalised linear mixed models (GLMM) evaluating the effects of various biogeographical predictors on species
richness across bioregion areas and bioregion cells. To identify the most parsimonious determinants, we initially compared thematic
suites (Models 0-3) before developing an integrated model (Model 4) that combines significant predictors from both suites. Model
comparisons are shown with degrees of freedom (df), corrected Akaike Information Criterion (AIC ), AIC_differences (A Delta), model
likelihood (ModelLik), model weight (ModelWt), marginal R-squared (R?m) representing variance explained by fixed effects, and condi-
tional R-squared (R?c) capturing variance explained by both fixed and random effects.

Model df AIC, A (Delta) ModelLik  ModelWt R’m R%c
GLMM Bioregion areas

M4 (Integrated). Species richness ~ climate suitability + climate variability 5 115.87 0.00 1.00 0.42 0.35 0.42
+ limestone areas + (1 | Regions)

M2 (Climate). Species richness ~ climate suitability + climate variability + 4 116.66 0.79 0.68 0.28 0.32 0.54
(1 | Regions)

M1 (Island Biogeography). Species richness ~ hill numbers + limestone 5 116.69 0.82 0.66 0.28 0.39 0.42
areas + hills” isolation + (1 | Regions)

M3. Species richness ~ hill numbers + limestone areas + hills’ isolation + 7 121.65 5.77 0.06 0.02 0.36 0.45
climate suitability + climate variability + (1 | Regions)

MO. Species richness ~ (1 | Regions) 2 131.51 15.64 0.00 0.00 0.00 0.17

GLMM Bioregion cells

M1 (Island Biogeography). Species richness ~ hill numbers + limestone 5 272.05 0.00 1.00 0.66 0.08 0.33
areas + hills isolation + (1 | Bioregion areas)

M3. Species richness ~ hill numbers + limestone areas + hills’ isolation + 7 274.52 2.47 0.29 0.19 0.12 0.31
climate suitability + climate variability + (1 | Bioregion areas)

MO. Species richness ~ (1 | Bioregion areas) 2 275.86 3.81 0.15 0.10 0.00 0.27
M2 (Climate). Species richness ~ climate suitability + climate variability + 4 277.49 5.44 0.07 0.04 0.05 0.27
(1 | Bioregion areas)
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Table 3. Coefficient estimates, standard errors, z-values, and p-values for significant models (from Table 2) in the GLMM analysis of
species richness across bioregion areas and cells. This includes the Integrated Model (Model 4), which evaluates the relative contri-
bution of significant climatic and biogeographical drivers of Model 1 and Model 2 to address the non-exclusivity of these predictors.

Estimate coefficients Std. error coefficients z value Pr(>|z])
GLMM Bioregion areas
Bioregion area M4 (Integrated).
(Intercept) 1.218 0.169 7.268 <0.0000***
climate suitability 0.147 0.140 1.048 0.2948
climate variability 0.134 0.122 1.097 0.2726
limestone areas 0.251 0.128 1.966 0.0493*
Bioregion area M2 (Climate).
(Intercept) 1.238 0.271 4.566 <0.0000***
climate suitability 0.312 0.122 2.560 0.0105*
climate variability 0.240 0.110 2.178 0.0294*
Bioregion area M1 (Island Biogeography).
(Intercept) 1.216 0.142 8.583 <0.0000%**
hill numbers 0.195 0.154 1.266 0.2055
limestone areas 0.337 0.153 2.201 0.0278*
hills” isolation 0.131 0.156 0.840 0.4008
GLMM Bioregion cells

Bioregion cell M1.
(Intercept) 0.694 0.133 5.220 <0.0000***
hill numbers 0.157 0.103 1.530 0.1260
limestone areas 0.136 0.086 1.577 0.1150
hills” isolation 0.037 0.120 0.307 0.7590

determinants of species richness. In the integrated Model
4, total limestone area was the only statistically significant
predictor (p = 0.0493), while climate suitability and vari-
ability were not significant within this combined context.
These findings suggest that total limestone area is a ro-
bust determinant of species richness across models, but
the influence of climate variables may overlap with other
factors when analysed together.

For bioregion cells, in Model 1, none of the predictors—
hill numbers, limestone areas, or hills’ isolation—show sta-
tistically significant relationships with species richness (p
> 0.05, Table 3). This suggests that, at the scale of biore-
gion cells, these variables do not independently explain
variation in species richness. The significance of the in-
tercept (p < 0.0001) and the high contribution of random
effects (as evidenced by the large difference between
marginal and conditional R-squared values) indicate that
unmeasured factors, such as spatial autocorrelation or
other ecological characteristics, play a more dominant
role in influencing species richness within these cells.

Biogeographical drivers of species
endemism composition

The CCA for bioregion areas explained 44.1% of the total
variance (CCA axis 1 = 28.3% and CCA axis 2 = 15.8%)
(Fig. 7). Permutation tests for this overall CCA model were
statistically significant (p = 0.01) (Suppl. material 5: tables
S1-S3). Further tests of individual marginal predictors
revealed that the total number of limestone hills and to-
tal limestone area were statistically significant drivers of
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endemism patterns (p = 0.002 and p = 0.004, respectively).
This suggests that larger and more numerous limestone
hills in the bioregion areas support Plectostoma species
with varying levels of endemism (i.e., different distribution
ranges). Conversely, hill isolation, mean climate suitability,
and climate suitability variability were not statistically sig-
nificant individually.

The CCA for bioregion cells only explained 25.8% of the
variance (CCA axis 1 = 15.6% and CCA axis 2 = 10.2%),
indicating that this model captured only a weaker gradi-
ent in species endemism composition along climatic and
island biogeography variables than CCA for bioregion ar-
eas (Suppl. material 5: fig. S2, tables S4-S6). The overall
CCA model for bioregion cells was statistically signifi-
cant (p = 0.001). At this scale, individual marginal predic-
tors tests identified hill isolation, total limestone area,
and mean climate suitability as statistically significant
drivers of endemism patterns (p = 0.001, p = 0.003, and
p = 0.017, respectively).

Discussion

Distribution of the genus Plectostoma in
Southeast Asia

The genus Plectostoma thrives in the perhumid rainfor-
ests of the Malay Peninsula, Borneo, and Sumatra. Only a
few species are found in the seasonally dry forests locat-
ed between the Kangar—Pattani line and the Kra Isthmus
(Fig. 1B). Despite intensive land snail research, Plectosto-
ma has not been recorded in limestone outcrops in Java

17



Thor-Seng Liew et al.

o - 18,20, o
~ - &,
0,75 hills’
=0 isolation
;
- 4 o s

—_ O widespread O

°\° 76} species.

) :

2 wide-range

~ o e endemics . il portrange o N

A hort-

8 26,28,30,
:. 31,32
mid-range

T endemics
hill numbers  habitat
suitability O
o :
! habitat :
variability
o _|
! limestone
areas
21,22
T T T T
-4 -2 0 2

CCA1 (28.3%)

Figure 7. Canonical Correspondence Analysis (CCA) ordination plot illustrating the relationship between species endemism composi-
tion and variables related to island biogeography and climate suitability. The plot visualises species distribution patterns across four
endemism categories: short-range endemics, mid-range endemics, wide-range endemics, and widespread species. Environmental

gradients, represented by arrows, include limestone hills’ isolation, limestone hill numbers, climate suitability, climate variability, and
limestone area. These factors are projected in relation to the CCA axes, where CCA1 explains 28.3% and CCA2 explains 15.8% of the
variation. Red points represent four endemism categories, while yellow-highlighted numbers correspond to bioregion designations for

the points that may overlap in the plot.

and Indochina beyond (or north of) the Thai portion of the
Malay Peninsula (Nurinsiyah and Hausdorf 2017; Vermeu-
len et al. 2019a, 2019b; Sutcharit et al. 2020; Dumrongro-
jwattana and Wongkamhaeng 2024).

The genus’s distribution limits generally correspond to
the Sundaland biogeographical region boundaries, with
the exception of the northern border and its absence from
Java. While the northern border of the Sundaland biogeo-
graphical region is situated around the Kangar—Pattani
Line on the Malay Peninsula mainland, Plectostoma can
be found at the Vietnam-Cambodia border and on the Thai
part of the Malay Peninsula, no further than the Isthmus
of Kra. These areas are characterised by semi-evergreen
and deciduous forests with seasonally dry climates (Ash-
ton 2014; Morley 2018) (Fig. 1A, B). The genus is absent in
Java, which is mainly covered by moist deciduous forests
shaped by prolonged dry seasons (Ashton 2014; Louys
and Roberts 2020).

The association of Plectostoma distribution limits
with vegetation types, primarily controlled by the length
of the dry season, suggest that climatic factors may de-
termine the genus’s distribution limit. This is supported
by our climate suitability analysis, which identified sev-
eral key environmental predictors influencing Plectosto-
ma distribution: Precipitation of Coldest Quarter (BIO19)
was the most significant contributor (29.3%), followed
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by Isothermality (BIO3, 14.7%) and Precipitation Season-
ality (BIO15, 12.8%). Although the Malay Peninsula, Bor-
neo, and Sumatra are all broadly characterised as closed
canopy tropical rainforests, we found substantial climatic
variability. The climate suitability analysis highlights that
many Plectostoma distribution hotspots are areas with
moderate precipitation during the coldest quarter and low
rainfall seasonality. Highly suitable regions (logistic value
above 0.4) include the eastern part of the central Malay
Peninsula, especially the Gua Musang-Kuala Krai lime-
stone regions (Fig. 3B), Bau-Padawan-Serian in western
Sarawak (Fig. 4B), parts of Sabah in Borneo (Fig. 6B), and
the Vietnam-Cambodia border limestone (Fig. 2B).
However, Plectostoma also thrives in some regions
predicted to have lower climate suitability (logistic val-
ue between 0.2 and 0.4 in Fig. 2B), such as in North Sar-
awak and East of Sabah, whereas other areas with low
predicted suitability (logistic value < 0.4), most notably
the entire western side of the Malay Peninsula, south of
the Kangar-Pattani Line (Fig. 2), are completely devoid of
the genus. This total absence is particularly significant
because, as our bioregion delineation analysis shows, to-
pography and drainage patterns are often more decisive
than distance or climate alone (more in the next section).
Furthermore, many limestone areas in Thailand, Suma-
tra, and Kalimantan within the range of Plectostoma are
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unoccupied, which is likely due to the unsuitable climatic
conditions (logistic value < 0.2) (Fig. 1B). These discrep-
ancies strongly suggest that while climate is a contrib-
uting factor, other factors also play a role in shaping the
genus'’s absolute range limits.

A possible ecological explanation for micro-snails like
Plectostoma to thrive in areas that the MaxEnt model
considers to have less suitable climatic conditions is that
habitability may be determined more by small-scale niche
variables. As obligate limestone dwellers, Plectostoma
species are confined to limestone outcrops with dense
vegetation, which provides humid, cooler habitats essen-
tial for their survival (Berry 1961, 1962, 1963; Schilthuizen
et al. 20034, 2003b, 2005; Liew et al. 2014a). Furthermore,
this discrepancy likely reflects the inherent limitations
of coarse-resolution interpolated climate data, such as
WorldClim, which may not accurately represent the raw
climatic conditions in vast, undersampled regions of Sun-
daland. Interpolated grids often fail to predict microcli-
mates in topographically complex landscapes, where lo-
cal temperature and humidity can differ significantly from
regional averages (Faye et al. 2014). Hence, the many
microhabitats available on limestone outcrops in regions
of low modelled climate suitability may still support the
occurrence of the species, though species richness can
be low, as observed in southern Thailand’s portion of the
Malay Peninsula, Sumatra, and the Kalimantan part of Bor-
neo (Fig. 1A, B).

Following from the above, it also seems likely that the
complete absence of the genus from the karst hills on the
west side of the Malay Peninsula cannot result solely from
a less suitable climate, as suggested by MaxEnt, or a com-
plete absence of suitable habitat niches. It is our view that
the most likely explanation for their absence results from
the geological events after the collision of the Sibumasu
and Indochina Terranes closed the Palaeo-Tethys along the
Raub—Bentong suture. The limestones on the west belong
to the Sibumasu Terrane while those east of the Raub—
Bentong suture are part of the East Malaya Block (Fig. 3D)
(Metcalfe, 2013, 2017). These limestones are separated by
the mountains of the Main Range that form a central spine
to the Malay Peninsula. This spine is a product of regional
uplift and emplacement of the Main Range granite batho-
lith in the Late Triassic. Exhumation of the granite started
in the late Cretaceous (Cottam 2013; Sautter et al. 2019),
and the mountains have probably been a topographic high
since at least the Paleocene (Hall 2013).

Thus, the Main Range could have been both a formida-
ble topographic barrier and, in the absence of limestone,
a lithological-geochemical barrier to the dispersal of Plec-
tostoma from east to west for as long as the genus has
existed (Figs 1C, 3E—H). The regional tectonic evolution
since the Paleocene (c. 65 Ma), the era when Plectostoma
diverged (Kohler 2024), has favoured trans-regional drain-
age systems that bypass the west side of the Malay Pen-
insula entirely. While intensive paleo-drainage networks
such as the proto-Sarawak river (~ 60 Ma) and Sunda Riv-
er (c. 30-17 Ma) established long-distance sediment and
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dispersal corridors between the East side of the Malay
Peninsula and the active formations of Borneo, no such
major drainage systems were created to connect the east-
ern and western sides of the Main Range (Breitfeld et al.
2020; Zhu et al. 2025).

Hence, the Main Range serves as a primary drainage
divide, separating the river basins of the Malay Peninsu-
la into two distinct systems that flow in opposite direc-
tions. Because drainage systems may act as the primary
corridors for the passive dispersal of these snails, this hy-
drological segregation, combined with upland terrain ex-
ceeding 250 m, effectively have prevented long-distance
dispersal to the west for tens of millions of years.

The Main Range may also have separated the Siam
Basin from the Malacca Strait Basin, further restrict-
ing dispersal, as shown in studies of other taxa (e.g.,
de Bruyn et al. 2013). However, the effect of the Main
Range barrier diminishes toward its northern end near
the Kangar—Pattani line. The presence of Plectostoma
in Perlis (BA25, BA26, BA28, and BA33 in Fig. 2B), nes-
tled between the Kedah-Singgora Range and Nakawan
Range, suggests a historical connection to the Siam
Basin (Fig. 1C). These nestled limestone hills in Perlis
belong to the Setul limestone formation, which extends
into southern Thailand (Bunopas 1983). The specific
mechanisms of how such drainage patterns and topo-
graphical features dictate the boundaries of Plectosto-
ma bioregions are discussed in further detail in the fol-
lowing section.

Drainage patterns and topography
determine Plectostoma bioregion
delineation

Our bioregion delineation reveals that 33 bioregions, re-
sulting from different sets of Plectostoma species, are
spatially grouped within the genus'’s distribution range.
The delineation and distribution of the identified biore-
gions largely coincide with topography and drainage pat-
terns, in addition to the geographical distances among the
limestone clusters. Limestone clusters in low-lying plain
landscapes (< 250 m in elevation) are more likely to form
distinct bioregion areas when these clusters are isolated
by a distance of 20 km and not connected by drainage
(e.g., BA 14 in Fig. 3), or when they are located adjacent
to a first-order river channel as headwater streams that
do not have any other streams flowing into them (e.g.,
BA22, BA23, BA31, and BA32 in the South of Pahang River
basin: Fig. 3; all BAs in North of Sarawak: Fig. 5). Larger
limestone clusters that are adjacent to each other tend to
form larger bioregion areas (Fig. 4E; BA4 and BA5 in Fig.
6E). These larger areas could be divided into several dis-
tinct bioregion areas where the boundaries coincide with
upland terrain (> 250 m in elevation) (BA2, BA3, BA10, and
BA15in Fig. 3E; BA11 and BA 12 in Fig. 6E). These factors
collectively shape the distribution and size of the biore-
gion areas, although they are not mutually exclusive.
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Isolation by distance undeniably influences dispersal,
a critical biogeographical process for land snails in frag-
mented habitats like tropical limestone hills (Clements et
al. 2008). Our study shows that over 80% of Plectostoma
species are confined to a single bioregion area, with most
of these areas separated by distances of approximately 20
km. Additionally, more than half of these species are clas-
sified as short-range endemics, having distribution ranges
smaller than 10 km. This suggests that limestone clusters
or outcrops 10—-20 km apart will likely harbour unique
species and form distinct bioregion areas. While isolation
by distance among limestone clusters is an important
factor, our study emphasises that drainage patterns and
topography are additional critical drivers in defining biore-
gion areas. Bioregion delineation is not solely dictated
by limestone cluster isolation, as previously assumed by
Liew et al. (2021), based on geographical distance alone
(Table 1). For instance, rivers and drainage systems serve
as natural corridors for passive dispersal while simulta-
neously limiting species exchange depending on the sur-
rounding topography. Migration between hills within the
same limestone cluster is more likely than between isolat-
ed limestone outcrops (Tweedie 1961; Hoekstra and Schil-
thuizen 2011; Hendriks et al. 2019), probably via floodwa-
ters (Tweedie 1961). These factors reinforce boundaries
between adjacent bioregion areas by acting as barriers to
species exchange, shaping species distribution and com-
position both within and across limestone clusters.

While hydrological and topographical barriers predom-
inate, other passive dispersal mechanisms, though sto-
chastic, cannot be entirely ruled out. Over shorter distanc-
es, the transport of minute shells via strong wind events
(Roszkowska and Ksigzkiewicz 2022) or attachment to
and survival through the digestive tracts of mobile ani-
mals, such as birds, may facilitate infrequent species ex-
change across seemingly impassable terrain (Gittenberg-
er 2012; Kramarenko 2014; Simonova et al. 2016).

Importantly, topography and drainage patterns are
themselves products of a region’s geological and geomor-
phic history. That these features are critical in delineat-
ing bioregions further underscores the foundational role
of geological and geomorphic processes, including the
karstification of limestone landscapes (Waltham 2008).
Although Tweedie (1961) acknowledged this relationship,
more recent interpretations have often emphasised epi-
sodic events such as passive dispersal by rivers in flood,
potentially overlooking the importance of landscape evo-
lution over geological timescales (Hendriks et al. 2019).

It is plausible that Plectostoma species may have dis-
persed across larger areas during the early (Fengcong)
stage of karstification when lithological connectivity be-
tween limestone karst hills was maintained. The occur-
rence of wide-range endemics, both along and across
drainages, supports this possibility (Suppl. material 1: fig.
1). Dispersal across formerly continuous limestone karst
landscapes would have contributed to similar species as-
semblages on what are now isolated limestone outcrops,
thereby influencing current bioregion boundaries.
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This pattern is exemplified in the river basins of the
Central Malay Peninsula (CMP), where several widespread
Plectostoma species occur in bioregion areas situated
both along and across the subsequent drainage system
(Fig. 3F). For instance, bioregions BA2, BA3, BA10, and
BA15 span different drainage sub-basins and host at least
one of the five wide-range endemic species (Suppl. ma-
terial 1: fig. 1; Suppl. material 4: table S1). This pattern is
repeated in Borneo, where in the low-lying plains of West
Sarawak (Fig. 4C—H), the single bioregion BA1 acts as a
large, interconnected habitat, and in East Sabah (Fig. 6),
where BA4 and BA5 form similarly broad units.

This suggests that these species were already wide-
ly distributed before the incision of the present drainage
system. However, within the CMP, there is the possibility
that their range was further extended, along the regional
North—South geological and topographic trend, by passive
fluvial dispersion as incision of the subsequent drainag-
es exposed new outcrops of limestone for colonisation.
Notably, there is little evidence to support the hypothesis
of short-range endemism, which might be expected to de-
velop on isolated limestone karsts. This suggests that the
present bioregion structure was initially shaped by auton-
omous dispersal, the active movement of individuals us-
ing their own locomotive capabilities, across a once-con-
tinuous limestone surface.

Further to the south of CMP, the isolated limestone
karsts in BA14, BA20, BA22, BA23, BA31, and BA32 are
characterised by highly localised short-range endemic
species, with the exception of the occurrence of P da-
visoni in BA23 and BA31. Only the limestones in BA20,
BA23, and BA31 are of the same age and lithologically
similar to the Merapoh Limestone, deposited on a shal-
low marine platform (Mohamed et al. 2016; Metcalfe and
Crowley 2020). They might, therefore, have been part of,
and at some stage of their exhumation, shared continuity
with the platform limestones further north. This is hint-
ed at by the presence of P. davisoni in BA23 and BA31.
However, regardless of the possibility of past connectiv-
ity of BA20, BA23, and BA31, the limestone karsts in this
region are now isolated in individual drainage sub-basins
and, where there might once have been passive transport
along ariver, the karsts in BA20, BA32, and BA22 have now
reached the Fenglin stage of karsification whereby they
are separated from their former drainage by wide deposits
of alluvium. A similar pattern is also clearly visible in North
Sarawak (Fig. 5C-H), where clusters like Niah (BA16) are
hydrologically isolated and have fostered their own sets
of endemic species, and in the interior of Sabah, where
uplands separate the highland bioregions like BA11 and
BA12 from their coastal counterparts (Fig. 6C—H).

To summarise the role of landscape evolution, we ob-
serve in the dispersion of Plectostoma, the early stages
of karstification (e.g., Fengcong karst) maintain limestone
continuity, enabling the dispersal of limestone-obligate
taxa such as Plectostoma across broader areas, despite
their low vagility. As karstification progresses to the Fen-
glin stage, limestone hills become isolated towers rising
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from an alluvial floodplain, reducing connectivity and
limiting dispersal. In the final stages, deep erosion, base
level drop, and landscape evolution may isolate limestone
karsts beyond the reach of passive dispersal via surface
water. Only this final stage of karsification aligns closely
with the oceanic island model of endemism, as the bio-
geographical dynamics shift from connected systems to
highly isolated units.

The determinants of species richness and
endemism in bioregion areas

The interplay of distance isolation, drainage patterns, to-
pography, and geological timing that underpin the delinea-
tion of bioregion areas should also determine the species
richness and endemism within and across bioregion ar-
eas. By examining species richness and endemism across
these different bioregions that each consists of clusters
of limestone hills as an island archipelago, we gain insight
into the evolutionary and ecological processes driving
biodiversity patterns (Slatter 1990). Land snails have long
served as effective models for studying such patterns in
isolated habitats, including oceanic islands, highland re-
fugia, and edaphically isolated karsts (Gittenberger 2007).

Island biogeography studies on land snails often treat
each island as an independent unit, focusing on total
richness or specific taxa at broader taxonomic levels
(e.g., Heller 1976; Nilsson et al. 1988; Gibson and Kohler
2012; Cameron et al. 2013; Schilthuizen et al. 2013; Trian-
tis et al. 2016). However, such approaches can obscure
lineage-specific patterns. By focusing on a single, spe-
cies-rich genus, our study minimises the confounding ef-
fects of taxonomic variability and offers clearer insights
into how island-like fragmentation influences richness and
endemism. While the resulting bioregion areas are specif-
ically tailored to the distribution and dispersal limits of
Plectostoma, they provide a baseline for comparing how
other limestone-obligate groups with similar or different
vagility respond to the same landscape features.

Our results show that bioregion areas with larger and
more numerous limestone hills support both wide-ranging
and short-range endemic Plectostoma species, driving
higher overall species richness. This finding aligns with
predictions from island biogeography theory, which links
greater habitat area with increased biodiversity (MacAr-
thur and Wilson 2001; Gibson and Kohler 2012; Parent
2012). Our integrated GLMM (Model 4) identified total
limestone area as the most consistent and statistically
significant predictor of species richness. While climate
suitability and variability were significant in thematic
models, their individual significance was masked in the
integrated framework. This suggests that while climate
defines the broad habitable envelope, the specific species
count within a bioregion is primarily constrained by the
physical extent of the limestone substrate.

While vagility is often cited as a key factor explaining
endemicity patterns, low vagility promoting speciation
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and high vagility supporting colonisation, Plectostoma
species are uniformly low-vagility. However, over geolog-
ical timescales, even extremely slow dispersers can move
across large distances if suitable substrate continuity is
maintained. The active dispersal distance of Plectosto-
ma remains unknown, but data from similarly sized land
snails suggest movement rates in the range of 0.93-2.14
m/year (Kramarenko 2014). As a conservative theoretical
illustration, even assuming an extremely low active disper-
sal rate of just 0.1 m/year, a species could theoretically
traverse 100 km over the course of 1 million years. Given
that karstification processes span 10-20 million years
(Waltham, 2008), early-stage limestone connectivity could
have allowed Plectostoma to disperse widely before habi-
tat fragmentation-imposed dispersal barriers.

Thus, patterns of narrow-range endemism in Plectosto-
ma may not reflect low vagility per se, but rather the timing
and degree of limestone karst disconnection. As suggest-
ed by Hendriks et al. (2019) and Hausdorf et al. (2024),
long-distance dispersal, including rare passive transport
events (e.g., via rivers), likely contributes to the complex,
disjunct distribution patterns we observe today. Over time,
localised speciation in isolated clusters could lead to an
“archipelago effect”, where many small, fragmented habi-
tats host more species collectively than a single contigu-
ous one (Aguilée et al. 2021; Horsak et al. 2024). Specia-
tion in Plectostoma is likely to be non-ecological—that is,
not accompanied by significant niche differentiation. As
such, when two closely related species come to share the
same outcrop, competitive exclusion may eventually oc-
cur. However, because Plectostoma snails have extremely
low-vagility, this process is likely to be slow, allowing spe-
cies to accumulate within limestone karst systems faster
than competition can remove them.

Conclusion

Our study provides significant insights into the bioge-
ography of Plectostoma snails in Sundaland, a region
renowned not only as a global biodiversity hotspot but
also as pivotal in the development of biogeographical
science. The spatial patterns of Plectostoma species
richness and endemism in Sundaland'’s bioregion areas
cannot be solely explained by island biogeography and
climate variables. Other factors, such as topography and
drainage patterns, which result from the geological histo-
ry of the limestone deposits and the subsequent geomor-
phological evolution of the limestone karst landscape,
play crucial roles in shaping the distribution of bioregion
areas and their biodiversity patterns. Future research
incorporating multi-taxon approaches and phylogenetic
and phylogeographic analyses of Plectostoma will pro-
vide deeper insights into the evolutionary processes that
have driven endemism in limestone habitats. Such stud-
ies can enhance our understanding of how historical and
ecological factors have shaped biodiversity across Sun-
daland’s limestone ecosystems.
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