
Biological Conservation 152 (2012) 136–144
Contents lists available at SciVerse ScienceDirect

Biological Conservation

journal homepage: www.elsevier .com/locate /b iocon
Conservation of amphibians in Borneo: Relative value of secondary tropical
forest and non-forest habitats

Graeme R. Gillespie a,⇑, Eddie Ahmad b, Berjaya Elahan b, Alice Evans c, Marc Ancrenaz b,e,
Benoit Goossens c,d, Michael P. Scroggie f

a Department of Zoology, University of Melbourne, Parkville, Victoria 3052, Australia
b Kinabatangan Orang-utan Conservation Programme, c/o Sabah Wildlife Department, Sandakan, Sabah, Malaysia
c Organisms and Environment Division, School of Biosciences, Cardiff University, Cardiff, United Kingdom
d Danau Girang Field Centre, c/o Sabah Wildlife Department, Kota Kinabalu, Sabah, Malaysia
e North of England Zoological Society, Honorary Conservation Fellow, Chester, United Kingdom
f Arthur Rylah Institute for Environmental Research, Department of Sustainability and Environment, P.O. Box 137, Heidelberg, Victoria 3084, Australia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 24 August 2011
Received in revised form 22 March 2012
Accepted 24 March 2012

Keywords:
Amphibian
Rainforest
Southeast Asia
Oil palm
Conservation
Deforestation
0006-3207/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.biocon.2012.03.023

⇑ Corresponding author. Tel.: +61 429091783.
E-mail address: Graeme.R.Gillespie@gmail.com (G
The impact of degradation of Southeast Asian rainforests and conversion to oil palm plantations on
amphibians is unknown. To assess the relative value of secondary forests, oil palm plantations and other
non-forest habitats for amphibian conservation, we evaluated amphibian species richness and assem-
blage composition in secondary lowland forests, compared with oil palm plantations and other non-for-
est habitats, along the Lower Kinabatangan River, eastern Sabah, Malaysia. Secondary forests retained a
large proportion of amphibian species known from lowland primary rainforests. Species richness was
higher in secondary forest habitats compared to oil palm plantations and other non-forest habitats. Sec-
ondary forests retained a much higher proportion of endemic species than non-forest habitats. We found
strong differentiation between the frog assemblages in forest, non-forest and plantation sites. Oil palm
plantations retained no microhylid species, few arboreal species and were dominated by habitat gener-
alist and human commensal species. Our findings suggest that, despite a history of disturbance and deg-
radation, remnant secondary forests may play an important role in conserving lowland amphibian
diversity. In contrast, oil palm plantations have comparatively low conservation value for amphibians.
Our study highlights the value of setting aside adequate areas of representative forest habitats within
agricultural landscapes in order to conserve biodiversity, even when those remnants have a history of
prior disturbance.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Ongoing global destruction of tropical forests is a major contrib-
utor to biodiversity loss (Wright and Muller-Landau, 2006; Sodhi
et al., 2010). Among tropical regions, Southeast Asia currently
has one of the highest rates of deforestation (Sodhi and Brook,
2006; Miettinen et al., 2011). Commensurate with this landscape
change has been the rapid expansion of secondary forests with
varying levels of degradation from selective and commercial log-
ging, and expansion of agriculture, in particular oil palm planta-
tions (McMorrow and Talip, 2001; Fitzherbert et al., 2008). The
impacts of these large-scale land use changes on biodiversity are
not fully understood, and may further accelerate extinction rates
(Sodhi et al., 2010).

In many tropical regions protected areas are inadequate for sus-
tained, broad-based biodiversity conservation (Giam et al., 2011;
ll rights reserved.

.R. Gillespie).
Mora and Sale, 2011). Conservation of many tropical forest species
is increasingly dependent upon human modified habitats, such as
production forests, degraded forests and agricultural landscapes
(Gardner et al., 2007a,b; Koh and Gardner, 2010; Clough et al.,
2011). However, understanding of the conservation value of al-
tered and degraded forests and plantations remains poor for most
organisms (Dunn, 2004; Barlow et al., 2007; Gardner et al., 2007a;
Sodhi et al., 2010). Whilst evidence exists that some biota persist in
modified tropical forests (e.g. Lawton et al., 1998; Medellin and
Equihua, 1998; Dunn, 2004; Quintero and Roslin, 2005), there is
a lack of consensus regarding the impacts of forest change due to
the contrasting responses of different groups of organisms and
methodological differences (e.g. Hamer and Hill, 2000; Dunn,
2004; Hill and Hamer, 2004; Lugo and Helmer, 2004). This lack
of consensus reflects the relative paucity of studies, ecological var-
iation between taxa, regional and site specific spatial and temporal
conditional effects, such as time since disturbance, degree and
scale of modification, and the availability of remaining primary for-
est habitats (Barlow et al., 2007; Gardner et al., 2007a).
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Amphibians are considered to be one of the most threatened
animal groups globally, having suffered unprecedented rates of de-
cline in recent decades (Stuart et al., 2004). Whilst a range of fac-
tors are involved, habitat loss is by far the major cause of
declines (Stuart et al., 2004; Gardner et al., 2007a; Sodhi et al.,
2008; Gillespie et al., 2011). Amphibian species richness and diver-
sity peaks in tropical forests (Vitt and Caldwell, 2001; Wells, 2007);
however, few studies have examined the impact of forest alter-
ation on tropical amphibian communities (Heinen, 1992; Vitt and
Caldwell, 2001; Ernst and Rödel, 2005, 2008; Ficetola et al., 2007;
Gardner et al., 2007a,b; Wanger et al., 2009a). Resilience of tropical
forest amphibians to habitat disturbance may be relatively low,
due to adverse microclimatic changes, reduced availability of forest
debris (logs and litter) for shelter and foraging, and loss of special-
ized breeding microhabitats (Vitt and Caldwell, 2001; Hillers et al.,
2008; Kudavidanage et al., 2011). Persistence of species may de-
pend on retention of sufficient unmodified habitat (Gillespie
et al., 2005; Gardner et al., 2007a; Hillers et al., 2008; Wanger
et al., 2009b), as the relatively low dispersal capabilities of amphib-
ians may limit their capacity for recolonisation of disturbed areas
(Ficetola et al., 2007). Conversely amphibians may have higher
rates of persistence in small habitat fragments compared with
other vertebrates due to their small home-range sizes and poten-
tially high local population densities (Vitt and Caldwell, 2001;
Rodríguez-Mendoza and Pineda, 2010).

The lowlands of Southeast Asia have been grossly altered in
recent decades by timber harvesting and conversion to agriculture,
in particular oil palm plantations (McMorrow and Talip, 2001;
Sodhi et al., 2010; Miettinen et al., 2011). To date no studies have
been undertaken to evaluate impacts on amphibian communities
(Barlow et al., 2007; Sodhi et al., 2010). In many lowland regions
the only forested areas remaining are secondary or highly
degraded (Giam et al., 2011), and often small and fragmented
(McMorrow and Talip, 2001; Barlow et al., 2007). Large areas of
degraded forests are being converted to oil palm plantations
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Fig. 1. The Lower Kinabatangan River, eastern Sabah, Malaysia, with its position on the
Kinabatangan Wildlife Sanctuary. Surrounding unshaded areas are predominantly oil p
transects.
(Koh and Wilcove, 2008a); however, these remnant forests are
potentially important reservoirs of biodiversity (Edwards et al.,
2010; Giam et al., 2011). To assess the value of secondary forest
for amphibian conservation, and the impact of forest clearance
and conversion to oil palm plantations, we evaluated amphibian
species richness and assemblage composition in secondary low-
land forests, compared with nearby oil palm plantations and other
non-forest habitats, in eastern Sabah, Malaysia.
2. Methods

This study was undertaken in the Lower Kinabatangan River
floodplain in eastern Sabah, Malaysia (Fig. 1). The area is mostly
flat and low (10–20 m asl), poorly drained and subject to periodic
flooding, and is classified as extreme lowland forest (Azmi,
1998). Recent alluvium and finely textured, nutrient-rich deposits
occur near the river while gleyic luvisols occur in poorly drained
places (Haile and Wong, 1965). There are several low mudstone
hills at ca. 40–50 m asl and several karstified limestone outcrops
at ca. 100 asl (Azmi, 1998). Due to their poor accessibility, some
of these outcrops support the only remnants of primary rainforest
in the landscape.

The area is characterized by a warm, wet and humid tropical cli-
mate, with mean monthly temperatures ranging between 21 �C
and 34 �C. Floods mainly occur between November and March dur-
ing the west monsoon (Sooryanarayama, 1995) but may also occur
in April and May (M. Ancrenaz, pers. obs.). Annual precipitation is
approximately 2600–3300 mm (Malaysian Meteorological Services
Department, cited in Ancrenaz et al., 2004).

With the exception of some steep limestone outcrops, the entire
area was intensively logged, both commercially and illegally, be-
tween the 1960s and 1995. Most of the area was subsequently
cleared for oil palm plantations (Azmi, 1998). Remnant secondary
forest persists along the Lower Kinabatangan River, comprising a
E 118.2°E 118.3°E

Sukau

N
10 km

island of Borneo (inset). Shaded areas indicate protected forest areas of the Lower
alm plantations with some degraded forest patches. Black dotes indicate sampling
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series of State forest blocks or ‘lots’, along with protected forest
blocks, called ‘Virgin Jungle Reserves’, which forms the Lower Kin-
abatangan Wildlife Sanctuary, gazetted in 2005 by the State Gov-
ernment of Sabah. Adjoining the reserve are other parcels of
forest on privately-owned land, not yet cleared. Collectively these
remnant forests form a partially fragmented corridor that varies
in width on either side of the Kinabatangan River from 0 to 8 km,
interspersed with several small villages, roads, gardens and planta-
tions, extending from the coastal mangrove swamps inland in a
westerly direction approximately 70 km to dry-land foothill
forests.

We identified five broad habitat types for this study: (i) dry for-
est – rarely inundated during the wet season, including well-
drained limestone outcrops; (ii) wet forest – regularly inundated
during the wet season, including permanent swamps; (iii) riparian
forest – stream banks, comprising the large Kinabatangan River
and smaller muddy tributaries; (iv) non-forest – open pasture
and gardens, and open marshy areas; and (v) oil palm plantations.
We established transects 400 m in length at sites within each hab-
itat between the townships of Batu Putih (N5�2402600; E117�5605700)
and 3 km downstream of Sukau (N5�3404200; E118�1905400) (Fig. 1).
The number of transects in each habitat type was as follows: ripar-
ian forest (7); wet forest (6); dry forest (5); plantation (3); and
non-forest (3). Transects were a minimum of 400 m apart and we
took care where ever possible to place transects away from habitat
edges. Transects were generally linear but followed stream banks
and ridge lines in some cases in order to maintain habitat-type
consistency. Apart from two transects on limestone outcrops (dry
forest), all other forest transects were in secondary forest. These
outcrops were the only locations in the region retaining any pri-
mary forest. Ideally we would also have undertaken sampling in
comparable primary, unlogged, floodplain forest; however, this
was not possible as there is none of this forest type remaining in
the region. Most transects were clustered in two general areas:
downstream of Batu Putih and downstream of Sukau. At least
one transect was sampled in each of the five habitat types in each
of these two general areas. To maximize sampling independence,
transects in the same habitat type were placed in different
‘‘patches’’ of habitat. For example, oil palm transects were in differ-
ent plantations separated by the river and/or areas of forest; tran-
sects in dry forest were separated by areas of riparian or wet forest,
or non-forest habitats.

In total we undertook 86 censuses across 24 transects. Each
transect was sampled either three or four times between August
2008 and May 2010. Most transects were sampled during the mon-
soon and in the dry season. One transect in each habitat type was
not sampled in the monsoon due to inaccessibility; however, these
transects were sampled a minimum of twice at the end of the mon-
soon. Each transect was sampled for frogs after dusk between 1830
and 2100 h, which was the period of maximum frog activity. Two
people with head torches slowly walked along each transect docu-
menting all species seen or heard. Apart from single individual re-
cords, no attempt was made to quantify the number of individual
frogs detected. Sampling effort was therefore constrained by tran-
sect length rather than time. However each transect census took
between 1.5 and 2 h to complete. Nomenclature follows that of
Haas and Das (2011), Bossuyt and Dubois (2001) and Grismer
et al. (2007) were also consulted for information on the genera
Philautus and Chiromantis.

The occurrence/non-occurrence of frog species in each of the 86
censuses conducted was used to construct a species accumulation
curve for the overall data set. A smoothed version of the species
accumulation curve was constructed by carrying out 1000 random
re-orderings of censuses to estimate the expected number of ob-
served species after a given number of censuses. The total species
richness was estimated from the censuses data using Jackknife and
Chao non-parametric species richness estimators (Chao, 1987;
Colwell and Coddington, 1994). These estimates were superim-
posed on the species accumulation curves for comparison with
the observed species richness.

We classified species into three major guilds: arboreal and
non-stream-breeding; terrestrial/litter dwelling and non-stream-
breeding; and stream-breeding species, based upon our own
observations and available literature (Inger et al., 1986; Das,
1996; Inger and Stuebing, 2005; Inger, 2009; Grafe and Keller,
2009). Differences in relative species richness amongst guilds and
habitat types were examined by two-way ANOVA. Residuals were
plotted against group means to check for normality and equal
variances. These analyses were performed using SPSS version
16.0 (SPSS, 1999).

We explored the patterns of variation amongst the frog assem-
blages of each transect using non-metric multidimensional scaling
(NMDS) ordination. The ordination diagram was constructed from
the Jaccard dissimilarity matrix of pairwise dissimilarities between
transects. Twenty random starting configurations were used for
constructing the ordination diagram, with the final configuration
that minimized the stress of the ordination configuration being re-
tained for plotting. Statistical comparisons of assemblage dissimi-
larity between broad habitat types (forest versus non-forest and
plantation combined, and forest versus non-forest versus planta-
tion) were made using Analysis of Similarities (ANOSIM) permuta-
tion tests (Clarke, 1993) each with 5000 random permutations of
the dissimilarity matrix. The NMDS and ANOSIM procedures were
implemented using the R package vegan (Oksanen et al., 2011).
3. Results

We located 31 frog species from 5 families; 15 non-stream-
breeding arboreal, 14 non-stream-breeding terrestrial and 2 terres-
trial stream breeding species (Table 1). The species accumulation
curve from the raw census data suggests that most species likely
to occur in the habitats sampled were detected (Fig. 2). Three spe-
cies, including two Philautus and one Chiromantis species, were
only detected on single occasions and are all believed to be
undescribed.

Overall, 29 species were found in forested habitats and 17 in
plantations and other non-forest habitats. Thirteen species were
restricted to forested habitats and two species were restricted to
non-forest habitats. More species were detected in each forest hab-
itat type compared to non-forest and plantation, with the most
species (24) being detected in dry forest (Fig. 3). Of the 13 endemic
species detected, most were restricted to forest habitats (Fig. 3);
only three endemic species were found in non-forest habitats
and plantations, all of which also occurred in at least one forest
habitat type (Table 1). The higher numbers of species in each forest
habitat compared with non-forest and plantation habitats were
mostly due to higher numbers of endemic species in forest habitats
(Fig. 3).

We found no significant differences in the mean number of spe-
cies on transects amongst habitat types (F4, 57 = 1.900, p = 0.123).
However, mean numbers of species within each guild varied signif-
icantly across habitat types (guild � habitat interaction:
F8, 57 = 4.148, p = 0.001). Dry forest transects had three times as
many arboreal species compared to plantations (Fig. 4). In contrast,
dry forest transects had approximately half as many terrestrial
species as wet forest, non-forest and plantation transects. At least
one stream breeding species was found in each habitat type except
dry forest.

Overall, we observed strong differentiation between the frog
assemblages found in forest, non-forest and plantations, with no
overlap between the minimum convex polygons surrounding



Table 1
Occurrence of species in each habitat sampled. Species abbreviations correspond to those in Fig. 5b.

Species and abbreviations Dry forest Wet forest Riparian forest Non-forest Plantation Endemic Guild

Bufonidae
Ingerophrynus divergens Id + + Terrestrial

Dicroglossidae
Fejervarya cancrivora Fc + Terrestrial
Fejervarya limnocharis Fl + + + + + Terrestrial
Limnonectes finchi Lf + + + + + Terrestrial
Limnonectes ingeri Li + + + + + Stream
Limnonectes leporinus Ll + + + Stream
Limnonectes malaysianus Ln + Terrestrial
Occidozyga baluensis Ob + + + Terrestrial
Occidozyga laevis Ol + + + + + Terrestrial

Microhylidae
Chaperina fusca Cf + + + + Terrestrial
Kalophrynus pleurostigma Kp + Terrestrial
Kaloula baleata Kb + + + + Arboreal
Metaphrynella sundana Ms + + + + Arboreal
Microhyla borneensis Mb + + + + Terrestrial
Microhyla perpava Mp + + + + Terrestrial

Ranidae
Hylarana erythraea He + + Terrestrial
Hylarana glandulosa Hg + + + + Terrestrial
Hylarana nicobariensis Hn + + + + Terrestrial
Hylarana raniceps Hr + + + + + Arboreal

Rhacophoridae
Nyctixalus pictus Np + + Arboreal
Philautus sp. nov. 1 P1 + + Arboreal
Philautus sp. nov. 2 P2 + + Arboreal
Polypedates colletti Pc + + + Arboreal
Polypedates leucomystax Pl + + + + Arboreal
Polypedates macrotis Pm + + + + + Arboreal
Polypedates otilophus Po + + Arboreal
Rhacophorus appendiculatus Ra + + + + Arboreal
Rhacophorus dulitensis Rd + + + + + Arboreal
Rhacophorus harrissoni Rh + + + Arboreal
Rhacophorus pardalis Rp + + + + Arboreal
Chiromantis sp. nov. Cs + + Arboreal

Total 24 21 21 13 12 13
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Fig. 2. Species accumulation curves generated from the transect census data
showing actual and smoothed versions of the original data, and Jackknife and Chao
non-parametric species richness estimates.

Fig. 3. Total number of species found in each habitat type. Solid bars – Bornean
endemic species; open bars – non-endemic species.
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transects in plantation, non-forest and the forest habitats in the
best-fitting NMDS ordination configuration (Fig. 5a). This differen-
tiation in assemblage structure between the habitat types was also
reflected in the results of the ANOSIM tests. There was a strong and
highly significant difference between the assemblage composition
amongst habitat types (ANOSIM R = 0.418, p = 0.0002). A similarly
significant difference was also found between all forest transects
combined and plantation and non-forest transects combined
(ANOSIM R = 0.592, p < 0.0002). The distribution of species in the
ordination space illustrates the strong affinities of certain species
with particular habitat types, such as Hylarana erythraea, Hylarana
nicobariensis, Ferjervarya cancrivora, Fejervarya limnocharis,
Polypedates leucomystax with plantation and non-forest habitats



Fig. 4. Means and standard errors of number of species detected across sampling
sites within each habitat type. Open bars – arboreal species; solid bars – terrestrial
species; gray bars – stream-breeding species.
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Fig. 5. NMDS of species composition amongst all sampling sites. (a) Habitat
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sites. (b) Habitat polygons with species distributions in the ordination space.
Species abbreviations are listed in Table 1.
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(Fig. 5b). In contrast, species on the left side of the plot, such as
Philautus spp., Rhacophorus harrissoni, Limnonectes leporinus and
all the Microhylidae, are all strongly associated with forest habi-
tats, and rare or absent in non-forest or plantation habitats.
4. Discussion

Most of our current knowledge of Bornean amphibians is de-
rived from the Malaysian states of Sabah and Sarawak, and Brunei
Darussalam (see Lloyd et al., 1968; Inger et al., 1986; Inger and
Voris, 1993; Das, 1996, 2006; Inger and Stuebing, 2005; Grafe
and Keller, 2009; Haas and Das, 2011), with very few published
accounts from the larger Indonesian region of Kalimantan (see
Iskandar et al., 2004; Bickford et al., 2008). However, most studies
have been undertaken in upland or foothill forests, and there are
few published accounts of amphibian species communities or
assemblage composition in particular habitats other than riparian
habitats (see Lloyd et al., 1968; Inger and Voris, 1993; Grafe and
Keller, 2009; Keller et al., 2009). Our discovery of three likely unde-
scribed anuran species in a relatively accessible area of lowland
forest shows that current knowledge of amphibian biodiversity
and patterns of species richness and assemblage composition in
the region is by no means comprehensive.

Our study area does not contain any clear-flowing rocky/stony
streams, typical of foothill and montane environments, which in
Borneo, support a rich guild of obligate stream-breeding anurans
(Inger et al., 1986; Grafe and Keller, 2009; Inger, 2009; Das,
2006), so detection of very few stream-breeding species in our
study is not unexpected. Excluding stream-breeding species, we
recorded most of the previously described frog species that have
been recorded in lowland regions (below 400 m elevation) of
Sabah. Another nine species previously recorded from lowland
floodplain and swamp forests in Sabah could potentially occur in
our study area (see Inger and Stuebing, 2005; Haas and Das,
2011). Several of these species have also been reported from
secondary forest, such as Ingerophrynus quadriporcatus and
Rhacophorus reinwardtii (Haas and Das, 2011). The combined total
number of described frog species that could potentially occur in
the Lower Kinabatangan region where the present study was
undertaken is therefore at least 40. This estimate is similar to the
uppermost species richness estimate inferred from our data
(Fig. 2), which suggests that the actual species richness in the
habitats that we sampled may be similar to the total number of
described, lowland, non-stream breeding species, in eastern Sabah.
However, this estimate is not necessarily a good measure of the
potential species richness of the whole Lower Kinabatangan area,
as it is possible that certain habitat types that have not been sur-
veyed, may support species that are rare or absent in the habitat
types that we actually surveyed. Nevertheless, in terms of species
richness, our results are similar to most previous studies in low-
land Borneo, when obligate stream-breeding species are excluded.
Most of these previous studies were conducted in less-disturbed
habitats compared to the Lower Kinabatangan (e.g. Lloyd et al.,
1968; Inger et al., 1986; Tan, 1992; Inger and Voris, 1993; Das,
1996; Grafe and Keller, 2009). Therefore, it appears that to date,
the Lower Kinabatangan Wildlife Sanctuary may have retained a
large proportion of its original anuran species richness despite
extensive alteration from past timber harvesting.

No historic amphibian data are available for the Lower Kinaba-
tangan area prior to logging, so site-specific assessments of
changes in species richness and assemblage composition due to
logging or other disturbances are not possible. The potential for
more undescribed species to be discovered in Sabah is high (see
Das, 2006; Grafe and Keller, 2009 and this study); some species
may already have been extirpated from secondary forests such as
those in our study area prior to discovery. Other changes may have
occurred at the community level, such as changes in abundance of
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species, or contractions or expansions in habitats used, and
changes in assemblage composition of specific habitats. Some spe-
cies currently present may be undergoing long-term population
declines as a result of environmental changes instigated by historic
disturbances. Studies of impacts of logging on amphibians in Bor-
neo, or elsewhere in Southeast Asia, are few. Iskandar (1999a,b)
found that intensively logged forests contained only about 20% of
the frog abundance found in unlogged forests of the same area of
Sumatra, their abundance being correlated with the amount of leaf
litter. In contrast, in northeast Kalimantan, Borneo, Iskandar (2004)
found that relative abundance of amphibians and reptiles in un-
logged plots was less than half that of selectively logged plots,
but that species composition was similar. In Danum Valley, Sabah,
Wong (2006a, cited in Meijaard et al., 2005) found that unlogged
forest had more species than conventionally-logged forest but few-
er species than selectively-logged forest. Selective logging ap-
peared to attract disturbance-tolerant species, while also
maintaining most species present in primary and 30-year-old
regenerating logged forest. A range of post disturbance responses
have been reported in tropical amphibian communities in other
tropical regions, including: up to 40% loss of old-growth species
in secondary forests (Gardner et al., 2007b; Kudavidanage et al.,
2011) to virtually full recovery of communities (Hilje and Aide,
2011); reductions or losses of specific guilds, such as litter-dwell-
ing species (Ernst and Rödel, 2005; Gardner et al., 2007b; Kudav-
idanage et al., 2011); and differential population responses of
species with contrasting life histories (Ernst et al., 2007). The long-
er-term impacts of disturbance on amphibian communities and
their recovery potential is likely to be influenced by inherent eco-
logical characteristics of the community; nature and intensity of
disturbance; frequency of, and time since disturbance; geographic
extent, and availability and distribution of undisturbed refugia (de
Maynadier and Hunter, 1995; Gardner et al., 2007a,b). Given the
nature of the disturbance history of remaining Lower Kinabatan-
gan forests and those elsewhere in Southeast Asia, changes to
amphibian communities are expected. However, more robust com-
parative studies of primary and disturbed forest are required to
properly ascertain the nature and severity of these changes.

In contrast to secondary forest habitats, oil palm plantations
and other non-forest habitats supported fewer species, and dif-
fered markedly in assemblage composition. Amphibian assem-
blages of oil palm plantations and other non-forest habitats
were dominated by terrestrial, non-endemic, generalist species,
typical of human modified landscapes (Inger and Stuebing,
2005; Gillespie et al., 2005; Meijaard et al., 2005). Microhylids
were absent from plantations and other non-forest habitats, and
there were also less arboreal species, particularly rhacophorids.
We found a single specimen of Rhacopohorus appendiculatus on
one plantation transect, and single specimens of Rhacophorus
dilutensis and Rhacophorus pardalis on one non-forest transect.
These three species were much more abundant within forest hab-
itats and no evidence of breeding was found in non-forest habi-
tats. Both of these transects were within 100 m and 300 m of
forest edges respectively, and it is possible that the presence of
these species at these sites resulted from local dispersal from
nearby forested habitats. Exclusion of these individuals from the
analysis further increases the apparent differences in species rich-
ness and assemblage composition between forest, non-forest hab-
itats and palm oil plantations. Further investigation is required to
ascertain the full extent to which these species may use planta-
tions and other non-forest habitats.

The differences in species richness and assemblage composition
between forested, non-forest and plantations are undoubtedly
underpinned by marked differences in habitat structure and micro-
climatic characteristics amongst these environments. Oil palm
plantations are structurally less complex than primary or second-
ary rainforest, lacking many microhabitats important to tropical
amphibian species, such as leaf litter and a diversity of arboreal
and terrestrial aquatic or moist breeding microhabitats, and are
subject to greater microclimatic flux (Danielsen and Heegaard,
1995; Chung et al., 2000; Peh et al., 2006). Leaf litter and coarse
woody debris are important for sheltering, foraging and reproduc-
tion of many tropical forest amphibians (Gardner et al., 2007b; Vitt
and Caldwell, 2001). High amphibian species richness in tropical
forests is underpinned by availability of a wide variety of reproduc-
tive niches provided by the diversity of aquatic microhabitats,
stratified between the forest floor and lower canopy (Crump,
1974; Duellman, 1988; Vitt and Caldwell, 2001). Most of these
microhabitats are absent in oil palm plantations due to the almost
complete absence of forest plant species (Donald, 2004). The sim-
ple structure and open canopy of plantations results in greater
temperature flux between day and night, increased evaporation
rates and lower humidity (Fimbel et al., 2001), conditions which
are likely to adversely affect many tropical forest amphibians (Vitt
and Caldwell, 2001; Kudavidanage et al., 2011). The generally sim-
ple structure, lack of plant diversity and changed micro-climate of
plantations also alters the availability of invertebrate prey (Chung
et al., 2000), and reduces availability of shelter from predators.
These conditions favor some species, which in turn may disadvan-
tage others through changed competition and predator–prey rela-
tionships (Fitzherbert et al., 2008). Brühl and Eltz (2010) found that
ground ant communities of oil palm plantations in Sabah were se-
verely reduced in species richness compared with the forest inte-
rior and were dominated by invasive non-forest species, which
may explain the complete absence of microhylid frogs, which are
mostly ant and termite specialists (Wells, 2007), from non-forest
habitats examined in our study. Oil palm plantations are also sub-
ject to a continuous cycle of disturbance as they are cleared and re-
planted every 25–30 years (Corley and Tinker, 2003). Furthermore,
a variety of pesticides are used extensively in palm oil plantations
(Friends of the Earth, 2004; Fernandez and Behari, 2006), which are
likely to adversely impact various amphibian life stages (Relyea,
2005; Hayes et al., 2006; Wanger et al., 2010).

Our findings suggest that oil palm plantations, as with other
non-forest habitats, do not contribute substantially to amphibian
conservation. This is consistent with studies of other taxonomic
groups that have found reduced diversity/and or major shifts in
community composition in oil palm plantations, including: tree
shrews, squirrels and bats (Danielsen and Heegaard, 1995), large
mammals (Maddox et al., 2007), birds (Danielsen and Heegaard,
1995; Peh et al., 2006; Azhar et al., 2011), lizards (Glor et al.,
2001), butterflies (Koh and Wilcove, 2008b), beetles (Chung
et al., 2000; Davis and Philips, 2005), ants (Brühl and Eltz,
2010), and terrestrial isopods (Hassall et al., 2006). Furthermore
the types of differences we observed are also consistent with
the general patterns seen across other taxonomic groups; i.e.
plantations generally support fewer species than forest, and spe-
cies composition of plantations differs from forest habitat, with
few forest species being found within plantations (Fitzherbert
et al., 2008).

The conversion of secondary forests to agricultural production,
including oil palm plantations (Fitzherbert et al., 2008; Koh and
Wilcove, 2008a,b; Sodhi et al., 2010), has greatly reduced available
habitat for many forest-dependent species, especially those that
are endemic or restricted to lowland regions. In addition to not
supporting resident populations of many species, large continuous
plantations, such as oil palm, are likely to impose barriers to dis-
persal, recolonisation and gene flow, thus limiting the viability of
amphibian populations in forest remnants. Sabah currently retains
only about 50% of its original forest cover. Most of this remaining
forest has been degraded or significantly altered through timber
production, such that only about 20% of the original forest cover
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is considered intact, much of which is in upland areas. Most low-
land forests elsewhere in Malaysia and Indonesia have also been
cleared or heavily degraded (Sodhi et al., 2010). We can therefore
infer that most endemic lowland forest-dependent anuran species
in the region have suffered population declines and range contrac-
tions commensurate with these percentages.

Conservation of lowland amphibian biodiversity in Borneo is
therefore now highly dependent upon remnant secondary forests;
this is most likely the case throughout much of Southeast Asia
(Gillespie et al., 2005; Giam et al., 2011). Our findings suggest that
other remnant, and semi-degraded, forest areas in Southeast Asia
are also likely to be important reservoirs of amphibian diversity.
Conservation of primary forest should remain a priority, but de-
graded forests and multiple use forests are increasingly being rec-
ognized as playing important roles in biodiversity conservation
(Clough et al., 2011; Giam et al., 2011). The value of remnants is ex-
pected to be influenced by disturbance history and habitat type,
along with size and degree of isolation from other remnants or lar-
ger areas of habitat. Often remnant forest areas are set aside be-
cause the topography is unsuitable for agriculture or because
timber harvesting is not commercially viable. Limestone outcrop
habitat in the Lower Kinabatangan is an example of this default
conservation; however, despite the forest on some of these out-
crops being relatively intact, we found comparatively few frog
species there. These outcrops are well drained and comparatively
dry, which may reduce their suitability for many anuran species.
Consequently, the relative value of forest remnants for amphibian
conservation seems highly dependent upon local habitat charac-
teristics. Nevertheless, our findings highlight the value of setting
aside and preserving adequate areas of forest, representing a range
of habitats, within plantation landscapes in order to retain some of
the original amphibian diversity.

Our findings provide some directions for future research.
Firstly, similar studies in other parts of Southeast Asia will help
determine the generality of our findings, given that our study
was limited to a single catchment. Further studies will also in-
crease our knowledge of the conservation status of various
amphibian species, and the impacts of habitat alteration upon
them. Secondly, whilst becoming increasingly difficult in lowland
regions of Southeast Asia, due to the lack of available primary for-
est habitats, comparative studies with minimally disturbed pri-
mary rainforest are required in order to properly assess changes
in anuran assemblages in secondary forests brought about by his-
toric disturbances. Thirdly, obligate stream-breeding anuran spe-
cies make up a significant proportion of Bornean amphibian
diversity and may be more sensitive to forest disturbance, due
to hydrological, physical and chemical changes to breeding habi-
tats brought about by more distal disturbances upslope and in
catchment headwaters (de Maynadier and Hunter, 1995; Gillespie,
2002; Meijaard et al., 2005; Durnham et al., 2007). Studies are
required to evaluate how this guild responds to these habitat
changes.

The value of forest remnants and their long term viability for
amphibian conservation is likely to be influenced by size of rem-
nants, levels of connectivity and habitat characteristics (Gardner
et al., 2007a; Hillers et al., 2008). Because of their trophic niche,
small size, potentially high population densities and low dispersal
capabilities, the viability of anuran populations may be higher in
small, isolated fragments than for many other vertebrates; how-
ever understanding of these relationships for tropical amphibians
is poor (Gardner et al., 2007a,b). More detailed studies are required
in Southeast Asia on the relationships between disturbance re-
gimes, habitat structure, patch size and connectivity, and post dis-
turbance recovery rates for tropical Asian amphibian assemblages
in order to make informed conservation and management deci-
sions at the landscape scale.
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