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• Drivers of freshwater biodiversity loss in
the tropics are poorly understood.

• We investigated the effects of deforesta-
tion, climate change and invasive spe-
cies.

• We evaluated multiple future scenarios
using ensemble distribution models.

• By 2050, freshwater mussels may lose
20–30% of their current suitable habitat.

• Nativemussels may compete with inva-
sive mussels across 60% of their range.

• Our projections can guide future expe-
ditions and measures to preserve
biodiversity.
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During the past decades, global deforestation for palm oil production has increased dramatically fuelled by growing
demands, which, together with on-going climate changes and the unprecedented expansion of invasive species is
expected to have catastrophic consequences for biodiversity conservation. Herewe focus our attention on freshwa-
termussels, a vulnerable group facing global declines that provides compelling indications of overall freshwater bio-
diversity. Using Species DistributionModels based on field data from a recent expedition in the biodiversity hotspot
Sundaland, we anticipate major range contractions of native freshwater fauna, and fragmentation of the remaining
suitable habitat. Our projections can be used to guide future expeditions tomonitor the conservation status of fresh-
water biodiversity, and potentially reveal populations of potentially extirpated endemic species.
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Deforestation, climate change and invasive species constitute three global threats to biodiversity that act syner-
gistically. However, drivers and rates of loss of freshwater biodiversity now and in the future are poorly under-
stood. Here we focus on the potential impacts of global change on freshwater mussels (Order Unionida) in
Sundaland (SE Asia), a vulnerable group facing global declines and recognized indicators of overall freshwater
biodiversity. We used an ensemble of distribution models to identify habitats potentially suitable for freshwater
mussels and their change under a range of climate, deforestation and invasion scenarios. Our data and models
revealed that, at present, Sundaland features 47 and 32 Mha of habitat that can be considered environmentally
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suitable for native and invasive freshwatermussels, respectively.We anticipate that by 2050, the area suitable for
palm oil cultivation may expand between 8 and 44 Mha, representing an annual increase of 2–11%. This is ex-
pected to result in a 20% decrease in suitable habitat for native mussels, a drop that reaches 30% by 2050 when
considering concomitant climate change. In contrast, the habitat potentially suitable for invasivemusselsmay in-
crease by 44–56% under 2050 future scenarios. Consequently, native mussels may compete for habitat, food re-
sources and fish hosts with invasive mussels across approximately 60% of their suitable range. Our projections
can be used to guide future expeditions tomonitor the conservation status of freshwater biodiversity, and poten-
tially reveal populations of endemic species on the brink of extinction. Future conservation measures—most im-
portantly the designation of nature reserves—should take into account trends in freshwater biodiversity
generally, and particularly species such as freshwater mussels, vital to safeguard fundamental ecosystem
services.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Deforestation, climate change and invasive species constitute three
major threats to biodiversity that are exacerbated by synergistic effects
(Brook et al., 2008). Sundaland (encompassing Peninsular Malaysia,
Borneo, Sumatra and Java) is a global biodiversity hotspot holding
N80% of South-East Asia's remaining primary forest (Myers et al.,
2000). At the same time, Sundaland produces N80% of all palm oil con-
sumed globally (Fitzherbert et al., 2008). The consequence is one of
the highest rates of deforestation in theworld, with oil-palm expansion
being the main driver of habitat degradation and biodiversity loss
(Sodhi et al., 2004). Beyond terrestrial ecosystems, the expansion of
palm plantations degrades freshwater habitats by severely increasing
bank erosion and sediment yield, decreasing forest shading and forest
litter, and altering water quality (Chellaiah and Yule, 2017; Douglas
et al., 1992; Zieritz et al., 2016). Yet, the extraordinary freshwater biodi-
versity of Sundaland has received little attention. This is alarming, since
the richness of endemic and threatened freshwater species is the
highest in South-East Asia (Collen et al., 2014), where habitat loss will
therefore affect a very significant part of the world's biodiversity
(Dudgeon, 2003).

The effects of deforestation are reinforced by on-going climate
changes that will further affect freshwater habitat availability and qual-
ity over large scales (Meyer et al., 1999). Climate change projections an-
ticipate the warming of Sundaland, showing an increase in annual
precipitation with large seasonal and spatial variability, and higher fre-
quency of disturbance events (e.g. storms, floods, droughts) related to El
Niño/La Niña cycles (IPCC, 2014). These changes are likely to affect the
survival of native freshwater species (Hastie et al., 2003; Poff et al.,
2012). Together, deforestation and climate change may also favour the
expansion of aquatic invasive species that competitively may displace
native populations (Didham et al., 2007). One example is the Chinese
pondmussel (Sinanodontawoodiana Lea 1834) that is native to temper-
ate and tropical eastern Asia, primarily the Amur and Yangtze river ba-
sins (Kraszewski and Zdanowski, 2007; Soroka, 2005). The species has
spread considerably over the last decades in Asia, Europe and the
Americas driven by intentional and unintentional introductions as a
food source, for ornamental purposes and attached to their fish hosts,
so that inMalaysia it is now considered themostwidespread freshwater
mussel species (Zieritz et al., 2018).

As a consequence of these interacting threats, the distribution of na-
tive freshwater mussels (Bivalvia: Unionida) has contracted consider-
ably over recent decades in Sundaland, and will likely continue to do
so in the future (Zieritz et al., 2016). Recent expeditions to Malaysian
Borneo failed to confirm the presence of four of its five endemic species,
which are possibly extinct (Zieritz et al., 2018). Since freshwater mus-
sels are indicators of habitat quality and overall freshwater biodiversity
(Aldridge et al., 2007), we may expect similar decreasing patterns for
other freshwater taxa. Indeed, two whole orders of insects (Coleoptera
and Hemiptera) were reported to be absent from streams flowing
through oil palm plantations in Malaysia, in comparison to rainforest
streams (Mercer et al., 2014). Likewise, fish biomass, richness and func-
tional diversity declined markedly in streams that lost their riparian
buffer due to deforestation (Giam et al., 2015), with 77% estimated
loss of species in the future if current rates of deforestation are main-
tained (Giam et al., 2012). In spite of these figures, the effects of defor-
estation on freshwater biodiversity in Sundaland, and more generally
tropical Asia, have received little attention (Dudgeon, 2003), let alone
their synergistic interaction with other drivers of change.

For the first time, here we anticipate the collective consequences of
oil-palm plantation expansion, climate change and invasive species on
the distribution of native freshwater mussels and, by extension, fresh-
water biodiversity in Sundaland. In particular, this study aims to quan-
tify the relative importance of major drivers of freshwater biodiversity
loss in Sundaland, and to spatially identify regions of particular concern
for freshwater mussel conservation under global change. Maps can be
further used to direct future expeditions to monitor the conservation
status of freshwater biodiversity, and potentially discover relict popula-
tions of endemic species. In the light of our results, we finally discuss the
synergistic consequences of global change upon the conservation of
freshwater biodiversity in a global hotspotwheremany species have re-
cently become extremely rare, possibly extinct.

2. Material and methods

This study focuses on Sundaland, including PeninsularMalaysia, Bor-
neo, Java and Sumatra. Sundaland is recognized as one of the most im-
portant global biodiversity hotspots (Myers et al., 2000). The region is
also undergoing exceptional loss of habitat due to human activities (log-
ging, slash-and-burn agriculture, oil-palm plantations), and retains only
8% of its primary forests (Myers et al., 2000). To investigate the potential
consequences of oil-palm expansion, climate change and invasive spe-
cies on the distribution of native freshwater mussels, we used Species
DistributionModels (SDM). This technique uses as input the occurrence
of species and the set of factors that might affect the likelihood of spe-
cies establishment. Once calibrated, the model extrapolates the envi-
ronmental preferences of the species onto the region of interest,
identifying areas at continental or regional scale that are environmen-
tally most similar to the current range of the species (Guisan and
Thuiller, 2005).

2.1. Mussel occurrence

Data on the presence/absence of freshwatermussels inMalaysia (i.e.
Peninsular Malaysia, and Sarawak and Sabah in northern Borneo) were
collected in surveys conducted between 2014 and 2016 (Zieritz et al.,
2016, 2018). A total of 227 sites were surveyed (155 in Peninsular
Malaysia and 72 in Borneo), covering 35 river basins and a wide diver-
sity of freshwater habitats: rivers, creeks, canals, rice-paddy run-offs,
lakes, reservoirs and ponds (Fig. 1). After intensive sampling effort,
nine native freshwater mussels were identified: Contradens contradens
(Lea, 1838), Hyriopsis bialata (Simpson, 1900), Physunio superbus (Lea,
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1843), Pilsbryoconcha compressa (Martens, 1860), Pilsbryoconcha exilis
(Lea, 1838), Pseudodon cambodjensis (Petit, 1865), Pseudodon cumingii
(Lea, 1850), Pseudodon vondembuschianus (Lea, 1840), and Rectidens
sumatrensis (Dunker, 1852). At the local scale, native mussels in
Malaysia showed preference for relatively low pH, phosphate and am-
moniacal nitrogen, which are often associated with pristine aquatic en-
vironments (Zieritz et al., 2016, 2018). Considering the similar
environmental preferences displayed by the nine native mussels and
low occurrence frequency of individual species (between 2 and 22
sites), we decided to group all nine native species for modelling. Limita-
tions associated with this decision are acknowledged in the Discussion
Fig. 1. Study area comprising Peninsular Malaysia, the islands of Borneo, Java and Sumatra. (a)
mussels, invasive mussels or both. (b) and (c) Samplings conducted in rivers flowing throug
one of the native freshwater mussels collected during the campaign. (e) Freshwater mussels a
section. The invasive Chinese pond mussel was found in 33 sites in an
extremely wide variety of habitats, ranging from concrete eutrophic
ponds to fishing ponds, small streams and medium-sized rivers
(Zieritz et al., 2018).

In the lack of published studies about the direct and indirect interac-
tion between native and invasive mussels, and following a precaution-
ary approach, here we assume that the effects of S. woodiana on native
freshwater biodiversity are negative, particularly in heavily modified
and artificial habitats (Paunovic et al., 2006; Sousa et al., 2014; Zieritz
et al., 2016). First, invasive mussels are more tolerant than natives to
the disturbed environmental conditions of waterbodies affected by
Sampling points in Malaysia are represented with information on the presence of native
h an oil-palm plantation and primary rainforest, respectively. (d) Rectidens sumatrensis,
nd snails being sold in a market at Kanowit, Sarawak, Malaysia.
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deforestation, and will compete for habitat and resources with native
mussels (Paunovic et al., 2006; Sousa et al., 2014). Second, invasive
mussels seem to use a wide diversity of hosts, which constitutes an ad-
ditional and fundamental competitive advantage over native mussels
for reproduction and spread (Donrovich et al., 2017). Third, the expan-
sion of invasive species, tightly linked to human activities, usually over-
comes traditional dispersal barriers, being able to occupy all of their
climatic niche in the long term (Capinha et al., 2015), whereas native
mussels are strongly dispersal-limited (Lopes-Lima et al., 2017).

2.2. Predictors of mussel distribution

As potential predictors of the spatial distribution of freshwater mus-
sels we explored a total of 35 climatic, environmental and human vari-
ables (sources of information and other details in Tables 1 and S1,
Supplementary material). We extracted the corresponding value of
each potential predictor from each of the 227 sampling sites in
Malaysia using Geographic Information Systems (Q-GIS v 10.2). Zieritz
et al. (2018) showed the relative contribution ofwater quality and land-
scape characteristics to the probability of presence of native vs. invasive
mussels in northern Borneo. In particular, high precipitation and organic
content of soils favoured the presence of native mussels; whereas
human activities (proximity to roads, human population, % anthropo-
genic land cover) increased the probability of presence of S. woodiana
at the local scale (Zieritz et al., 2018). Despite water quality and hydro-
logical characteristics are not available at the large-scale used here, re-
cent investigations have demonstrated that predictions based on
Table 1
Variables used as potential predictors of the distribution of freshwater mussels in Sundaland. A
See the complete list of variables and range of values in the study area in Table S1.

Variable Details Relevance

Climate 19 bioclimatic variables combining monthly
temperature and precipitation.
Additionally, ariditya was calculated as the
ratio between mean annual temperature and
precipitation.

Temperature affects the
survival, growth and dis
organisms. Precipitation
availability of water and
floods and droughts.

Topographic Five variables: altitude, slopea, terrain
ruggedness index (TRIa), and flow
accumulationa.

Freshwater mussels usua
areas. Slope can affect w
flow accumulation can a
heterogeneity and availa

Geology One variable with seven bedrock geologies:
endogenous plutonic or metamorphic rocks,
extrusive volcanic rocks, ophiolitic complex,
sedimentary rocks and undifferentiated facies.

Bedrock geology can affe
characteristics (pH, salin
freshwater mussels.

Soil Five variables: pH, % organic carbon, % sand, %
silt and % clay.

Soil characteristics affect
and water chemistry.

Human
Influence
Index (HII)

A combination of human population
distribution, urban areas, roads, navigable
rivers, and various agricultural land uses
presumed to exert an influence on
ecosystems.

HII may negatively affect
at the same time promot
invasive species.

Urban areas Distance (in km) to closest villagea Closeness to cities increa
intentional introduction
of the invasive mussel.

Transportation Distance (in km) to closest transportation
network (roads, railways)a

Roads can facilitate acce
increasing the risk of int
introduction of the invas

Land-use Distance (in km) to current plantations of oil
palma

Closeness to oil-palm ma
native mussels (e.g. bank
quality). The invasive mu
to such disturbance.

a Variables calculated using Geographic Information Systems (Q-GIS v 10.2).
climate are not fundamentally different from predictions based on
instream water temperature and discharge (McGarvey et al., 2017).

Identifying themost appropriate variables for modelling is crucial
to maximize the accuracy of distribution models and their projection
in space and time. In this study, predictors were selected based on a
combination of statistical performance and ecological relevance, as
suggested by Dormann et al. (2013) (see Tables S2–S3 and Fig. S1).
Final variables considered for modelling included: temperature sea-
sonality, maximum temperature of the warmest month (i.e. maxi-
mum temperature), minimum temperature of the coldest month
(i.e. minimum temperature), precipitation of the wettest month
(i.e. maximum precipitation), aridity, altitude, soil pH, soil fraction
of organic material and sand, the Human Influence Index, distance
to transportation networks and distance to oil-palm plantations
(see a brief description of variables in Table 1). We decided to in-
clude altitude that is often excluded from climate change models be-
cause freshwater mussels mostly inhabit lowlands. Altitude showed
a correlation of r ≤ 0.62 with other climate predictors used in the
models, and several authors have found altitude to be relevant to ex-
plain the distribution of freshwater taxa (e.g. Gallardo and Aldridge,
2013b; Gallardo et al., 2012). Despite the inclusion of the Human In-
fluence Index, which may partially account for the effects of roads (r
= −0.61), we included distance to transportation networks sepa-
rately because of its importance to explain the expansion of
S. woodiana (Zieritz et al., 2018).

We used the non-parametric Kruskal-Wallis test with R-CRAN 3.1.3
(R Core Team, 2017) to explore differences in key predictors among
resolution of 30 arc sec corresponds to a cell size of approximately 1 × 1 km at the equator.

Resolution
and extent

Scenario Source

reproduction,
persal of aquatic
affects the
the occurrence of

30 arc sec
Global

Present
2050 opt
2050 pes
(see text for
details)

WorldClim-Global Climate
Data http://www.
worldclim.org/bioclim

lly inhabit lowland
ater velocity. TRI and
ffect habitat
bility.

30 arc sec
Global

Present
Assumed constant
under future
conditions

US Geological Survey
https://lta.cr.usgs.
gov/GMTED2010

ct water
ity) that are key for

30 arc sec
Global

Present
Assumed constant
under future
conditions

Geological Map of the
World http://ccgm.free.fr/

habitat availability 30 arc sec
Global

Present
Assumed constant
under future
conditions

ISRIC-World Soil
Information
https://soilgrids.org

native species while
ing the spread of

30 arc sec
Global

Present
Assumed constant
under future
conditions

Socio-Economic Data and
Applications Centre,
http://sedac.ciesin.
columbia.edu (Sanderson
et al., 2002)

ses the probability of
(e.g. as food source)

30 arc sec
Global

Present
Assumed constant
under future
conditions

Global Maps
https://globalmaps.github.
io/datasets.html

ss to water-bodies,
entional or accidental
ive mussel.

30 arc sec
Global

Present
Assumed constant
under future
conditions

Global Maps
https://globalmaps.github.
io/datasets.html

y negatively affect
erosion, poor water
ssel is more tolerant

30 arc sec
SE Asia

Present
Optimistica and
pessimistica future
scenarios (see
Material and
methods)

Miettinen et al. (2016)

http://www.worldclim.org/bioclim
http://www.worldclim.org/bioclim
https://lta.cr.usgs.gov/GMTED2010
https://lta.cr.usgs.gov/GMTED2010
http://ccgm.free.fr/
https://soilgrids.org
http://sedac.ciesin.columbia.edu
http://sedac.ciesin.columbia.edu
https://globalmaps.github.io/datasets.html
https://globalmaps.github.io/datasets.html
https://globalmaps.github.io/datasets.html
https://globalmaps.github.io/datasets.html
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sites occupied by: native mussels, invasive mussels, both native and in-
vasive, and without presence of any mussel.
2.3. Species Distribution Models

Ensemble Species Distribution Models were performed using pack-
age BIOMOD2 version 3.1-64 (BIOdiversity MODelling) (Thuiller et al.,
2014) in R-CRAN 3.1.3 (R Core Team, 2017). A graphic summary of
the workflow and description of model settings can be consulted in
Suppl. material (Fig. S2). SDMs were calibrated with data on the occur-
rence of the species, which in this case corresponds to sampling sites
inhabited by native or invasive mussels, respectively. We used real ab-
sence information obtained systematically during field sampling to dis-
cern the environmental preferences of the species. Using real absence
information (as opposed to the common selection of “pseudo-ab-
sences”) ensures that any sampling bias affecting presences (e.g. sam-
pling conducted in Malaysia but not the rest of Sundaland, sampling
biased towards accessible areas) is compensated by a similar bias in ab-
sence information (Phillips et al., 2009), and may partially compensate
for overfitting due to the large number of predictors used. The preva-
lence of ensemble models is set to 0.5 so that presences and absences
have equal weight in the model (Barbet-Massin et al., 2012).

To evaluate the effect of oil-palm plantations on freshwater mussel
distribution,we calibrated two sets of ensemblemodels: with andwith-
out including distance to current oil-palm plantations as a factor. This is
based on the basic assumption that closeness to oil-palm plantations
negatively affects nativemussels (e.g. higher probability of bank erosion
and water pollution), but may favour the introduction of invasive mus-
sels (e.g. higher propagule pressure and higher disturbance). This
makes a total of 4 ensemble models combining native and invasive spe-
cies, with and without oil-palm as a predictor.

After calibration, the four ensemble models were projected onto
Sundaland to obtain suitability maps that range from 0 (unsuitable) to
1000 (very suitable). Continuous maps were transformed into binary
suitable/unsuitable maps using a threshold, as described in Suppl. mat.

Following the methodology proposed by Gallardo and Aldridge
(2013a), we overlapped native and invasive binarymaps and calculated
the area occupied by: 1) “Refugia”, defined as areas suitable for native
freshwater mussels but unsuitable for colonization by their invasive
counterparts. 2) “Under risk of invasion”, areas suitable for invasion
but (apparently) unsuitable for the native species investigated in this
study. 3) “Conflict”, delineated as areas considered suitable for both na-
tive and invasive species.
2.4. Future scenarios of climate and land-use change

SDMs were projected onto future scenarios to evaluate potential
changes in habitat suitability for native and invasive mussels due to
changes in climate and oil-palm expansion. Two 2050 climate change
scenarios were considered: one “optimistic” and one “pessimistic”, con-
sidering a future world with very low or very high greenhouse gas con-
centration levels, respectively (IPCC, 2014). Likewise, two 2050 oil-palm
expansion scenarios were constructed (see suppl. Material for more in-
formation): one “optimistic” scenario considering limited expansion of
palm plantations into the most suitable -and therefore productive-
areas of Sundaland (Fig. 2b); and another “pessimistic” scenario assum-
ing large expansion of oil-palm plantations into areas showing themin-
imum climatic and environmental (administrative, topographic, soil
pH) conditions for plantation (Fig. 2c). Large areas predicted by our
models as suitable for palm-expansion in Sundaland (Fig. 2) largely co-
incidewith previous attempts to project future land-use scenarios in the
region (Brodie, 2016; Struebig et al., 2015).

A full description of climate change and oil-palm scenarios used in
this study can be found in Suppl. material.
2.5. A global model for S. woodiana

Regional models allow using variables known to affect the large-
scale distribution of species that are often not available at larger scales,
such as distance to oil-palm in our specific case. However, regional
models can seriously underestimate the full potential for invasion, par-
ticularly for species with broad tolerance, such as S. woodiana. For this
reason, experts recommend calibrating models using the complete
global known distribution of the species (Broennimann and Guisan,
2008 among others; Gallardo et al., 2013). According to Gallien et al.
(2012), the comparison of results obtained in regional and global
models can provide important insights into the current stage of the in-
vasion (i.e. quasi-equilibrium, stable, disequilibrium), future dynamics
(filling or unfilling potential niches) and potential for future
colonization.

To calibrate a global model for S. woodiana, we complemented our
regional data on the mussel's presence in Malaysia with data frommu-
seum collections, the Global Biodiversity Information Facility (GBIF,
http://www.gbif.org/), the Mussel Project Database (http://mussel-
project.uwsp.edu/, Graf & Cummings, 2015), and a comprehensive liter-
ature review (see Suppl. material). We obtained a total of 667 records
from around the world. After removing duplicates (more than one re-
cord per spatial unit of 30 arc sec, 1 × 1 km approximately) we cali-
brated the global model with 516 unique data points. We used the
same predictors (but at global coverage as opposed to regional scale,
see Table 1) and modelling settings as in the regional model, with the
only exception of distance to oil-palm that was not available at the
global scale.

3. Results

Overall, the distribution of native freshwater mussels in our study
area was favoured by high temperature and precipitation, low altitude,
and soils with more silt and clay than sand in their composition
(Table 2). Native freshwater mussels did not show any association
with human variables such as the Human Influence Index, proximity
to populations and transportation (Table 2).

On the other hand, invasive species showed preference for areas
with relatively lower temperature and precipitation, higher altitude
and soilswith higher sand content than sites colonized by native species
(Table 2). Invasive species colonized areas close to transportation net-
works - an indicator of propagule pressure - but showed no correlation
with the Human Influence Index, or with proximity to human popula-
tions (Table 2).

The accuracy of SDMs for native and invasive freshwatermussel spe-
cies was excellent (Table 3). Climate variables were themost important
predictors of species distribution in all cases. Beyond climate, environ-
mental variables were particularly relevant for native mussels (overall
altitude and precipitation), whereas human-related variables were in-
fluential for invasive mussels. In particular, distance to oil-palm planta-
tions was four times more important for invasive than for native
mussels (Table 3). The response of suitability for native and invasive
mussels to the variables used as predictors can be consulted in Figs. S4
and S5, respectively.

The area predicted as suitable for native and invasive mussels under
the present reference scenario is 46.6 Mha and 31.7 Mha respectively
(Table 3, models 1 and 3), evidently limited to waterbodies within
these broad suitable areas. Distribution models indicated that, under
current climate conditions, the expansion of oil palm plantations can re-
duce the area suitable for native mussels by 20% (Table 3, model
2) (Fig. 3a and b), while expanding the potential distribution of the in-
vasive mussel (+19%, Table 3, model 4) (Fig. 3c and d). The model
based on the species' global distribution indicated an even larger poten-
tial spread of the invader (Table 3, model 5).

Focusing on the role of climate change alone, ourmodels anticipate a
reduction in the area suitable for native mussels of 23–30% by 2050

http://www.gbif.org/
http://mussel-project.uwsp.edu/
http://mussel-project.uwsp.edu/


Fig. 2.Oil-palm expansion scenarios used in this study. (a) Areas occupied by oil-palm in 2015 (based onMiettinen et al., 2016). (b) and (c): Areas considered suitable for expansion under
an optimistic and pessimistic scenario (see text for more details). (d to f): Distance to current and projected plantations.
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depending on an optimistic or pessimistic evolution of greenhouse gas
emissions (Table 3, model 1), while at the same time expanding the
area suitable for S. woodiana by 44–56% (Table 3, model3).

At present, large areas close to the coast that are deemed suitable for
both native and invasive species show a total overlap (i.e. conflict) of
43% (Fig. 3e). Refugia for native mussels are concentrated towards the
east coast of Java and Sumatra and the west coast of Borneo (Fig. 3e).
By 2050, the areas of potential conflict between native and invasive
freshwater mussels increase to 58–59% of the native range, depending
on the scenario. Areas under high risk of future invasion are located in
thewest coast of Java and Sumatra, and East of Borneo (Fig. 3e). Invasive
species are able to occupy areas at higher altitudes than natives, and this
is reflected in predictions that show large high-altitude areas in Borneo
and Java under risk of invasion.

It is interesting to note the substantial uncertainty associated with
large inland areas at high altitude and slope, particularly for the native
Table 2
Mean and SD of key environmental and human variables at 227 sites inMalaysiawith presence
test) between sites colonized by native and invasive freshwater mussel species are indicated in

Native species

Present Absent

Temperature seasonality 4.89 ± 1.51 4.43 ± 1.56
Maximum T (°C) 32.2 ± 9. 31.7 ± 13.9
Minimum T (°C) 21.5 ± 8.6 21.5 ± 10.6
Annual precipitation (mm) 2708 ± 694 2661 ± 636
Maximum precipitation (mm) 362 ± 98 360 ± 113
Aridity 9.57 ± 2.50 9.67 ± 2.59
Altitude (m) 49.3 ± 39.2 127.4 ± 169.8
Soil Silt content (%) 26.2 ± 2.8 25.1 ± 2.5
Soil pH 4.9 ± 2.2 4.9 ± 2.5
Soil Organic content (%) 58.9 ± 33.2 58.8 ± 29.6
Sand content (%) 40.3 ± 4.4 41.9 ± 3.3
Clay content (%) 33.6 ± 3.3 33.0 ± 2.4
Distance transport (km) 75 ± 140 66 ± 143
Distance population (km) 59 ± 56 55 ± 67
Human Influence Index 21.7 ± 12.0 19.4 ± 9.9
mussels (Fig. S6). Uncertainty is lower in the case of invasive mussels,
probably reflecting their broader environmental niche.

4. Discussion

4.1. Effects of deforestation on freshwater diversity in Sundaland

The destruction, fragmentation or modification of habitat is consid-
ered the most important driver behind the decline of freshwater mus-
sels during the last century (Bogan, 2008; Williams et al., 1993). In
Sundaland, habitat alteration can be mostly—but not only—attributed
to the ongoing conversion of lowland rainforest to cultivate oil palm
(Koh and Wilcove, 2008). There are currently 11 Mha of oil palm plan-
tations in Sundaland (Miettinen et al., 2016), and ourmodels anticipate
an expansion of 8–44 Mha by 2050 in the area suitable for oil palm cul-
tivation, depending on scenario. This represents an annual increase of
/absence of native and invasive freshwatermussels, respectively. Significant differences (t-
the last column.

Invasive species t-Test

Present Absent

4.21 ± 1.26 4.62 ± 1.60 t = 3.20, df = 55.4, p = 0.002
31.7 ± 14.9 31.9 ± 12.7 t = 3.07, df = 26.3, p = 0.004
21.6 ± 8.8 21.5 ± 10.3 n.s.
2352 ± 518 2729 ± 656 t = 4.34, df = 65.91, p b 0.001
298 ± 86 372 ± 109 t = 5.02, df = 60.58, p b 0.001
9.81 ± 2.55 8.39 ± 1.97 t = 2.70, df = 36.69, p = 0.01
141.1 ± 160.1 100.8 ± 148.9 t = −4.06, df = 21.00, p b 0.001
26.1 ± 3.0 25.3 ± 2.6 n.s.
5.0 ± 2.0 4.9 ± 2.5 n.s.
64.3 ± 38.9 57.9 ± 28.9 n.s.
41.8 ± 4.6 41.4 ± 3.5 t = −2.29, df = 41.18, p = 0.03
32.1 ± 3.2 33.4 ± 2.6 t = 2.61, df = 42.78, p = 0.01
13 ± 28 78 ± 152 t = 2.81, df = 60.35, p b 0.01
72 ± 97 54 ± 56 n.s.
21.9 ± 10.9 19.6 ± 10.4 n.s.



Table 3
Statistics resulting from Species DistributionModels used to investigate habitat suitability
for freshwater mussels in Sundaland. For each group of species (native vs. invasive), two
regional models are calibrated: excluding distance to oil-palm as predictor (models 1
and 3), and including it (models 2 and 4). The global model for the invasive species (5) in-
cludes records of the species at the global scale. The 2050 opt scenario considers a decrease
in greenhouse gas emissions (RCP 2.6), and limited expansion of current oil-palm planta-
tions (8.3 Mha). The 2050 pes scenario assumes increasing greenhouse concentration
levels (RCP 8.5) and substantial expansion of oil-palm plantations (44Mha). N= number
of presences and absences used to calibrate models. TSS = accuracy of the model (range
from 0 to 1). Variable importance (range from 0 to 1) measures the influence of the vari-
able in the model. The sum of all variable's importance may exceed 1 because of shared
variance explained among predictors. Range size: total area (inmillion hectares) classified
as suitable for the species under each scenario. More details about eachmodel in the text.

Model # 1 2 3 4 5

Species Native Invasive

Scale Regional Regional Global

N presences 59 59 33 33 516
N absences 166 166 192 192 10,000
TSS 0.79 0.89 0.92 0.92 0.91

Variable
importance

Temp. seasonality 0.22 0.21 0.02 0.05 0.33
Maximum temp. 0.004 0.01 0.06 0 0.29
Minimum temp. 0.17 0.13 0.22 0.01 0.32
Maximum prec. 0.25 0.23 0.35 0.32 0.05
Aridity 0.19 0.09 0.06 0.29 0.04
Altitude 0.47 0.47 0.03 0 0.08
Soil pH 0.001 0 0.04 0 0
Soil organic carbon 0.1 0.06 0.13 0.05 0.03
Soil sand 0.17 0.13 0.16 0 0.01
Distance to
transportation

0.29 0.34 0.24 0.22 0.03

Human Influence Index 0.001 0 0.16 0 0.21
Distance to oil-palm – 0.04 – 0.16 –

Range size (Mha) Current scenario 46.6 37.4 31.7 37.8 59.9
2050 opt scenario 35.8 29.8 45.8 46.3 55.2
2050 pes scenario 32.5 32.3 49.3 48.9 50.3

–: distance to oil-palm not considered in models 1, 3 and 5.
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2–11%, matching the 9% registered over past years (Wicke et al., 2011).
The direct and indirect consequences for biodiversity conservation of
such high rates of deforestation are potentially catastrophic (Sodhi
et al., 2004). A comprehensive data review by Fitzherbert et al. (2008)
found that conversion from primary forest to oil palm leads to a 85%
drop in terrestrial species richness, with greatest changes occurring in
mammals (99%, Yue et al., 2015), ground-dwelling ants (95%, Brühl
and Eltz, 2010), forest birds (90–95%, Danielsen and Heegaard, 1995)
and bats (75–87%, Danielsen and Heegaard, 1995). In contrast, the
large-scale effects of oil palm expansion on freshwater taxa are not
known, although some small-scale studies suggest a 65% decrease in
the richness of macroinvertebrates (Mercer et al., 2014), 42% of fish
(Giam et al., 2015), and 83% of riparian vegetation (Chellaiah and
Yule, 2017).

In our study, the total area of Sundaland considered environmentally
suitable for the presence of native freshwatermussels decreases notice-
ably (by 20%) when considering the effects of oil palm plantations. Na-
tive freshwater mussels are particularly sensitive to deforestation
because increased turbidity and sedimentation impair their filtration
activity, growth and reproduction (Brim Box and Mossa, 1999;
Osterling et al., 2010). Mussels are also sensitive to the excess of herbi-
cides, pesticides and nutrients applied in monoculture plantations and
flowing to aquatic ecosystems (Dudgeon et al., 2006; Strayer and
Dudgeon, 2010). For instance Chellaiah and Yule (2017) showed that
streams flowing through oil-palm plantations had higher phosphorous
and potassium and lower sodium concentrations than streams in native
forests, which was attributed to the use of fertilizers. In addition,
unionid mussels have an obligatory larval parasitic stage on fish host
that are in turn sensitive to habitat degradation, further reducingmussel
reproduction and recruitment (Osterling et al., 2010; Santos et al.,
2015).
4.2. Effects of climate change on freshwater diversity in Sundaland

Thedegradation of freshwater habitats caused by deforestation is re-
inforced by on-going climate changes that often result in a decrease of
canopy shading, oxygen concentration in water, loss of connectivity
that affects the availability of fish hosts, and in extreme cases temporal
or permanent desiccation of freshwater habitats (Hastie et al., 2003;
Meyer et al., 1999). Climate change projections in Sundaland anticipate
higher frequency of disturbance events (e.g. storms, floods, droughts)
related to El Niño/LaNiña cycles (IPCC, 2014). In accordance, ourmodels
suggest a 30% reduction in the area suitable for native mussels in
Sundaland under future climate change scenarios.

In the face of rapid climate changes, native mussel distributions will
change, tracking climatically favourable habitat (Poff et al., 2012); a
challenge exacerbated by the fragmentation of the remaining aquatic
habitat, and by the mussels' strong dispersal limitation that depends
on mobile or migratory fish hosts (Lopes-Lima et al., 2017). In fact, the
timing of mussel and fish host reproductive cycles is usually linked, so
that differential effects of temperature change may cause problems by
uncoupling the timing of mussel and host reproduction (Hastie et al.,
2003). Although very little is known about themussel-host relationship
in Sundaland, long-term survival clearly depends on host availability, so
that changes in fish density and diversity will certainly pose a threat to
mussel populations. Results from our study are in line with previous in-
vestigations exploring the joint consequences of future deforestation
and climate change for the conservation of biodiversity in Sundaland.
For instance, Struebig et al. (2015) projected 15–30% loss of suitable
habitat for orangutan by 2080 under land-use change scenarios; a figure
that increased to 74% when considering climate change. Likewise,
Brodie (2016) anticipatedmajor altitudinal expansion of the cultivation
zone for oil-palm, which is expected to result in a reduction of mammal
ranges by 47–67% in 2070.

4.3. Effects of invasive species on freshwater diversity in Sundaland

The expansion of the invasive S. woodiana is, according to our
models, facilitated by road development associated with palm planta-
tions and emerging population settlements, in linewith previous inves-
tigations in the study area (Zieritz et al., 2018). Roads provide a
common pathway for invasive species, particularly plants (e.g. Joly
et al., 2011), but can also be relevant to explain the distribution of
aquatic invaders (Gallardo et al., 2015b). Thus, by incorporating vari-
ables related to the vectors of introduction, our models go beyond hab-
itat suitability and locate areas at regional scalewhere optimum climate
and human conditions may facilitate the expansion of the species
(Gallardo et al., 2015b). In particular, our models suggest that 32 Mha
of Sundaland are currently suitable for colonization by the invasive
S. woodiana, a figure that increases to 49 Mha under future climate
change scenarios.

The overlap between the habitat suitable for native and invasive
mussels shown in Fig. 3e increases from 16Mha under the current sce-
nario (which constitutes 43% of the native's suitable habitat) to 21 Mha
under the 2050 pessimistic scenario (58% of the native's suitable habi-
tat), thus suggesting that native mussels will have to compete for habi-
tat, resources and fish hosts with the invasive mussel across most of
their natural range.

It must be noted, however, that even if the invasive species becomes
established, it does not necessarily entail the immediate disappearance
of native species because of local microrefugia or niche partitioning be-
tween species. Actually, no studies have yet investigated the direct in-
teraction between S. woodiana and native mussels in Sundaland. For
instance, Ricciardi et al. (1998) anticipated accelerating extirpation
rates of 60 endemic freshwater mussel species in the Mississippi River
after the arrival of the zebra mussel (Dreissena polymorpha). While
freshwater mussel diversity is certainly declining in North America
(Ricciardi and Rasmussen, 1999), their predictions were fortunately



Fig. 3. Predictions extracted from Species Distribution Models used to anticipate changes in habitat suitability for freshwater mussels in Sundaland. (a) and (b) Represent the continuous
(suitability range: 0–1000) prediction for native freshwater mussels, calculated from models including and excluding distance to oil-palm plantations as predictor, respectively. (c) and
(d) Represent continuous predictions for the invasive freshwater mussel (S. woodiana) calculated from models excluding and including distance to oil-palm plantation, respectively.
(e) Maps for native and invasive mussels incorporating the effects of oil-palm plantations are transformed to binary maps and overlapped. Results of the overlap are categorized as:
areas predicted suitable for native species but not for their invasive counterpart, considered “Refugia”; areas suitable for the invasive species but not for native species that may be
thus under a high “risk” of invasion; areas suitable for both native and invasive mussels where “conflicts”may arise.
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not fully met, which was related to the strong context-dependency of
the impacts of invasions, including invasive bivalves (Gallardo et al.,
2015a; Ricciardi et al., 2013).

The comparison between the global and regional distribution
models for S. woodiana provides further insights into the species'
stage of invasion and future prospects (following the framework
proposed by Gallien et al., 2012). Most of the invasive populations
of S. woodiana in Malaysia can be correctly predicted by both the
global and regional models (88%), which suggest stabilizing popula-
tions with ample room for further expansion. Differences between
the global and regional predictions can be partly explained by intra-
specific variability: the global model is based on the species' wider
ecological niche, incorporating climate preferences from populations
as distant apart as Europe, North America and China. However, DNA
sequence data indicate that the tropical lineage of S. woodiana differs
from the European to the point that they may be considered different
species (Bolotov et al., 2016), and is also different from the native
populations in China (Zieritz et al., 2018). For this reason, regional
models based on Sundaland's populations of S. woodiana may be
more realistic to anticipate the potential expansion of the species.
In fact, the global model failed to predict as suitable 12% of the sites
already colonized by the species, which could be interpreted as pop-
ulations undergoing adaptation to local conditions (Gallien et al.,
2012).
4.4. Synergistic effects of global change on freshwater diversity in
Sundaland

The independent effects of deforestation, climate change and inva-
sive species can be sometimes detected immediately, but it often takes
considerable amount of time for declining populations to disappear fol-
lowing environmental perturbations, incurreing in certain “extinction
debt” (sensu Tilman et al., 1994). Direct and indirect consequences of
these three major drivers of change on native freshwater mussels are
synthesized in Fig. 4, where the size of arrows reflects results obtained
in this study. For instance, deforestation causes the local extirpation of
freshwater taxa directly by habitat loss and degradation (e.g. siltation,
excess of nutrients and pollutants) (Chellaiah and Yule, 2017). But de-
forestation can also be indirectly responsible for lagged extirpations
by facilitating invasions (Didham et al., 2007), and reducing the avail-
ability of fish hosts necessary for mussel recruitment (Österling and
Högberg, 2014). Likewise, climate change can directly extirpate mussel
populations if the upper temperature threshold of survival (at 32 °C ac-
cording to Pandolfo et al., 2010) is exceeded, or by the increased fre-
quency of extreme events such as droughts and floods (Sousa et al.,
2012). But it is more likely to affect native species indirectly, through
promoted expansion of invasive species (Gallardo and Aldridge,
2013a), lower availability of fish hosts (Hastie et al., 2003), and the ex-
pansion of oil palm plantations into areas that are currently unsuitable



Fig. 4. Conceptual diagram showing the synergistic effects of global change upon habitat suitability for native freshwater mussels. Grey and black arrows indicate positive and negative
effects, respectively, with their thickness proportional to potential changes in habitat suitability calculated in this study (cf. Table 3). The dashed arrow indicates effects that are
assumed based on the literature, but not directly quantified in this study. Boxes indicate some of the mechanisms that can explain the direct influence of each facto, further elaborated
in the text.
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for cultivation (Brodie, 2016). Consequently, the combined effects of the
three factors are far more important than their independent effects
(Brook et al., 2008).
4.5. Model considerations

In this study we calculated the area suitable for cultivation of oil-
palm following a standard approach validated in the literature
(Brodie, 2016; Struebig et al., 2015). While results are in agreement
with past trends in oil palm expansion as well as with future forecasts
(Wicke et al., 2011), we should note that other socio-economic factors
not considered here may ultimately determine the magnitude and spa-
tial distribution of oil palm plantations. Most notably, recent oil palm
expansion has predominantly occurred in peatlands and othermarginal
lands of Sundaland, suggesting that oil palm development does not nec-
essarily rely on habitat suitability (Koh et al., 2011). In spite of the inher-
ent uncertainty associated to oil palm demand and cultivation,
suitability assessments are still useful to predictwhere land-use impacts
are likely to be most severe (Struebig et al., 2015). This is important,
since the global demand of palm oil has been predicted to double by
2050, requiring at least another 12–19 Mha of cultivated areas globally
(Corley, 2009).

Species DistributionModels are increasingly used to support conser-
vation decision making, particularly to prevent and manage invasions
(Guisan et al., 2013). Yet, distributionmodels are still limited to capture
the fundamental nature of freshwater ecosystems—linear, dendritic
landscapes characterized by numerous natural and artificial barriers—
that underpin their vulnerability to global drivers of change (Poff
et al., 2012). Models are therefore based on the unrealistic assumption
that the current distribution of aquatic species are in equilibrium with
their environment, and consequently, that species cannot dynamically
adapt to changing conditions (Poff et al., 2012). Based on previous
knowledge about the species' regional environmental preferences
(Zieritz et al., 2016) and apparent vulnerability (Zieritz et al., 2018),
we followed a precautionary approach and assumed that native fresh-
watermusselsmay indeedhave little capacity of adaptation to changing
conditions and dispersal between fragmented suitable habitats. How-
ever, such limitations are not likely to affect the invasive S. woodiana
whose potential expansion due to human activities may be even larger
than anticipated here.

Distribution models are often forced to extrapolate into areas out-
side the training range with no clear indication of uncertainty (Elith
et al., 2010). High uncertainty does not necessarily mean incorrect pre-
dictions, but that themodel is forced to extrapolate relationships. In our
case, areas predicted as suitable for both native and invasive species,
predominantly lowland rivers close to the coast, tend to show low un-
certainty (Fig. S6). The high uncertainty areas are rather located at
high altitude and slope, which are not commonly inhabited by tropical
filter-feeding freshwater mussels, which are almost exclusively limited
to the lower courses of rivers (Zieritz et al., 2017).

In the present work, we grouped nine native species for modelling,
which allowed us to use all available information on freshwater mussel
distribution in Malaysia—including rare, threatened species—and to in-
vestigate the group of freshwater mussels in a broader sense. The habi-
tat suitability of each species will ultimately depend on the unique
biological characteristics of its populations (life-history traits), including
the interaction with other species (host specificity), as well as on how
they cope with the drivers of change. This means that the real distribu-
tion of individual species is probablymuchmore limited than suggested
here, a situation especially worrisome for threatened species with a re-
stricted spatial distribution.

5. Conclusions

This study is especially timely given the last decade's boom in oil
palm production fuelled by growing global demands (Corley, 2009),
which, together with on-going climate changes and unprecedented ex-
pansion of invasive species is expected to have catastrophic conse-
quences for biodiversity conservation (Koh and Wilcove, 2008). Here
we focus our attention on the potential impacts on freshwater mussels,
a particularly vulnerable group facing global declines (Lydeard et al.,
2004) that provides compelling indications of overall freshwater biodi-
versity. Endemic native species that are already rare, have very low dis-
persal potential, and very specific habitat and host requirements, are
especially vulnerable to such combination. This is illustrated by recent
evidence that the distribution of native freshwater mussels in Borneo
has contracted considerably over recent decades, with 80% of its five
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endemic species suspected to be extinct (Zieritz et al., 2018). Altogether,
our models suggest that plantations of oil-palm may decrease the total
habitat suitable for native freshwater mussel species in Sundaland by
20%, a figure that increases to 30% by 2050 when considering concomi-
tant climate change, and almost triples (approx. 60%) if we assume a
negative influence of invasive species in areas of conflict. Our study
identifies large areas in the east of Java, Sumatra and South-west of Bor-
neo where conflicts between native and invasive species are likely to
arise under a range of climate and land-use scenarios, and that should
be prioritized for active management. Our projections further reveal
that the potential Refugia remaining for native mussels are highly
fragmented across Sundaland, which will further challenge mussel re-
cruitment and survival. Location and protection of native species of ex-
traordinary ecosystem importance, such as freshwater mussels, is
imperative when considering the alarming rate of freshwater biodiver-
sity decline and associated threats to human water security.
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