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ABSTRACT
Understanding the ways in which ecological communities are affected by habitat
modification is one of the conditions for effective conservation and sustainable landmanagement. This study used capture-mark-recapture methods to investigate the response
of small non-volant mammals to tropical forest logging and conversion to oil palm at a site
in Northern Borneo. Trapping grids were established in unlogged primary forest, twice
logged forest and oil palm plantations as part of the Stability of Altered Forest Ecosystems
project, a large ecological experiment investigating the effects of disturbance on tropical
forest biodiversity. Measures of community structure, composition and species richness
were compared between the three habitats. Species-specific densities were estimated and
contrasted between the different grids using innovative spatially explicit mark-recapture
techniques. Finally, habitat use at the trap-level was further investigated for the three most
common species as well as for the genus Rattus by modelling detection as a function of 10
micro-habitat characteristics. A total of 23 different species were caught overall. Grids
sampled in logged forest showed higher species richness and similar structure to that of the
unlogged forest site. Communities in both these habitats were considerably more diverse
and harboured a higher number of specialised species than in the oil palm site, which was
largely populated by invasive Rattus species. For two of the three species considered
(Maxomys surifer and Maxomys whiteheadi), densities were found to be markedly higher in
logged forest, a response partly explained by increased ground vegetation density and a
pronounced heterogeneity in micro-habitat patches. Although the design limitations of this
study preclude firm conclusions, it appears that logged forests play an important role in
maintaining the integrity of small mammal communities and ensuring the persistence of
individual species. Recommendations concerning the use of capture-mark-recapture
methods to study small mammals in tropical forests are made accordingly.

Word count: 14,399
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1. INTRODUCTION
The ongoing loss and degradation of primary rainforests continue to be of major concern to
ecologists and conservation scientists (Sala et al., 2000; Tilman et al., 2001). In many tropical
regions of the world, rapid conversion of these biodiverse environments to logging
concessions and intensive agricultural lands has resulted in a dominance of disturbed
habitats at the landscape level, with far-reaching but often unpredictable consequences for
the ecological communities affected. Unsurprisingly, understanding how these communities
and the species that compose them respond to habitat modification has become one of the
central goals in conservation biology (Hansen et al., 2001).
With this in mind, the crucial requirement of any biodiversity monitoring program should be
the ability to unerringly characterise and interpret these often subtle responses, both at the
level of the species as well as that of the whole community (Gardner et al., 2008). Ecological
studies should therefore strive to implement reliable methods for data collection and
analysis, which can then be improved upon and complemented by the work of others
(Yoccoz et al., 2001). Not only does this ensure techniques are optimised and cost-effective,
but it allows comparison of findings between different studies focusing on similar taxa.
1.1 The tropical forests of Borneo
Borneo’s tropical forests are some of the richest on the planet (Myers et al., 2000),
harbouring more than 15,000 different species of plants and 210 species of mammals
amongst many others (WWF Germany, 2005). In particular, the island is famed for its large
dipterocarp trees (family Dipterocarpaceae), which dominate lowland forests and whose
fruits sustain a wide variety of mammals and birds (Ashton et al., 1988).
Unfortunately, Borneo is also home to the highest deforestation rates in the world (Sodhi et
al., 2010). In recent years, the combined efforts of the timber and agro-industries have
resulted in annual deforestation rates reaching 1.3% (FAO, 2010). Much of the island’s
landscapes have been reduced to a disjointed matrix of logged secondary forest and
agricultural establishments, with very few patches of old growth forest remaining outside of
protected areas (MacMorrow & Talip, 2001). In addition, the changing economic climate has
made the cultivation of crops such as oil palm highly profitable and these are now replacing
1

valuable expanses of regenerating secondary forests (Berry et al., 2010). As a result, concern
has now shifted to preserving these viable alternative habitats, thus creating a need to
assess the extent to which they can maintain biological species and communities (Meijard &
Sheil, 2007; 2008).
1.2. The Stability of Altered Forest Ecosystems project (SAFE)
One approach to studying the responses of biodiversity to land-use change is through the
establishment of large-scale ecological experiments. The SAFE project is an example of such
an enterprise (Ewers et al., in press). Based in the Malaysian state of Sabah, SAFE’s
overarching aim is to quantify the effects of logging, deforestation and fragmentation on the
biodiversity and physical processes inherent to tropical forest habitats. It will make use of
the planned expansion of local oil palm activities to study changes in biodiversity, climate,
hydrology and ecosystem processes of impacted forests over a 10 year period. More
specifically, the project will investigate the responses of ecological communities within predefined fragments of selectively logged forest that will remain standing within a clear-felled
and gradually cultivated palm oil matrix. The Maliau Basin Conservation Area and the nearby
oil palm estate of Selangan Batu will act as unlogged primary forest and established
plantation control sites, respectively.
1.3. A focus on small non-volant mammals
As part of the SAFE project, the present study focuses on communities of small non-volant
mammals (hereafter, small mammals), and in particular species of the Muridae (rats and
mice), Sciuridae (squirrels) and Tupaiidae (tree shrews) families. These play key roles in
tropical forest ecosystems as important seed consumers (Terborgh et al., 2001; Wells &
Bagchi, 2005) and as prey to many larger predators such as Clouded leopards Neofelis
nebulosa (Wilting et al., 2006). Investigating their responses to forest disturbance is
therefore sorely needed.
Capture-mark-recapture (CMR) trapping is the most common method used to sample small
mammal populations (Williams et al., 2002). In tropical forests, its use is highly
advantageous when considering the nocturnal habits of many Muridae and the difficulty
associated with carrying out observational studies on more arboreal species. Above all, data
2

collected with CMR can be exploited in a variety of ways and yield a wealth of information
relating to demographic parameters, such as abundance or density, as well as species
habitat use and occupancy patterns (White et al., 1982; Cooch & White, 2011). All of these,
in addition to measures of community composition and species richness, can serve to
characterise the response of small mammals to forest disturbance and conversion.
However, the vast majority of studies focusing on small mammals in tropical forests have
adopted a community approach, with often little consideration for individual species.
Although informative and generally more meaningful to policy-makers, the patterns
observed at higher organisational levels do not necessarily provide a full understanding of
why ecosystems respond to disturbance as they do. To paraphrase Hansen et al. (2001),
“while ecologists have sometimes not seen the forest for the trees, so to speak, it is also
true that forests cannot be understood without knowledge of the trees and other
component species.” When considering small mammal species, it is therefore crucial to
consider both communities and individual species.
1.4. Study aims and objectives
This study exploits the versatility of data derived from CMR trapping to investigate the
responses of small mammals to tropical forest logging and conversion to palm oil, both at
the species and community levels. Its aims are to:
1. Compare small mammal community composition, structure and species richness
between logged forest, unlogged forest and palm oil plantations.
2. Model the density of three species using spatially-explicit mark recapture (SECR)
methods in order to determine whether this parameter varies across logged and
unlogged forest sites.
3. Model micro-habitat use by three species and one group of small mammals in order
to assess the importance of habitat heterogeneity and help explain community and
density patterns.
4. Assess the value of logged forests to preserving the integrity of small mammal
communities and individual species.
5. Critically review the use of CMR techniques as implemented by SAFE in view of
suggesting ways of improving small mammal monitoring in future studies.
3

2. BACKGROUND
2.1. Capture-mark-recapture methods applied to small mammals
2.1.1. Sampling small mammal populations
The study of small mammal populations generally involves the use of CMR sampling, a field
technique that allows a wide variety of demographic parameters to be investigated,
including abundance (Williams et al., 2002). Due to their generally nocturnal behaviour and
limited sizes, small mammals are commonly caught using baited live-traps, which greatly
facilitates the handling of individual animals. Typically, traps are deployed along line
transects or arranged in rectangular grids (Kennedy & Hopkins, 2004), which may vary in size
to cover more or less of a particular landscape.
Traps are set and checked over a number of trapping occasions, which may be carried out in
rapid succession in the case of abundance estimation, or divided over longer periods of time
if population trends are the study focus (Cooch & White, 2011). At its most basic, estimating
population parameters requires a minimum of two trapping occasions. On the first of these
a population is sampled and captured individuals are given an individual mark, following
which they are released. After a reasonable length of time, generally the following day in
the case of small mammal trapping, the population is re-sampled using the same methods.
Unmarked individuals are given a mark and a record is made of the identity of recaptured
animals. Repetition of this process over a finite number of trapping occasions results in a
capture history for each animal encountered that is best represented by a string of “0”’s
(individual captured on a specific occasion) and “1”’s (individual not captured). The
individual capture histories of a sampled population form the basis of CMR models.
2.1.2. Abundance and density estimation
2.1.2.1. Closed-capture models
A wide variety of models can be applied to investigate and quantify the demographic
parameters of a sampled population (Nichols, 1992; Pledger, 2000; Williams et al., 2002;
Cooch & White, 2011). In particular, the abundance of a species within an area can be
estimated using closed-capture models (Otis et al., 1978; White et al., 1982; White, 2008),
4

which fundamentally assume that the sampled population is closed to immigration and
emigration, as well as unaffected by births and deaths for the length of the sampling period.
While this may seem like a considerable assumption, the use of successive trapping
occasions carried out within a short time-frame (e.g. under two weeks) can prevent any
strong violation (Chao, 2001). Two other major assumptions of closed capture models are
that animals should be caught independently of each other and that individuals are correctly
identified as captured or re-captured (Cooch & White, 2011).
The parameters of a basic closed-capture model applied to the sampled population of a
species include the probability of first time capture p, the probability of recapture c, and the
population size N (Cooch & White, 2011). The focus is on estimating the latter using the
method of maximum likelihood (ML – Kendall et al., 1995). In effect, ML introduces
variations in the values of p, c and N that aim to maximize the likelihood of obtaining the
pattern of captures observed in a given dataset. For each model thus considered, N can be
obtained by extracting it from the selected likelihood. Crucially, closed-capture parameters
can be constrained (e.g. p = c), thus allowing models with different assumptions about the
data to be tested and compared on the basis of their Akaike Information Criterion (AIC)
value (Akaike, 1974; Burnham & Anderson, 2004).
2.1.2.2. Density
For studies interested in comparing two populations of the same small mammal species
between two or more different localities, estimating population size on its own may be of
limited use. Indeed grid size may differ between sites, or even between successive studies,
making it difficult to compare estimates of abundance, which would increase with the area
sampled. In addition, identifying the “boundaries” of the sampled population is fraught with
uncertainties (Parmenter et al., 2003). In light of this, a more sensible approach would be to
account for the spatial distribution of animals and estimate the number of individuals of a
particular species within a certain area, i.e. its density. This measure could then be
standardized to common units such as animals per hectare and more readily compared
between sites and studies.
However, developing robust methods of determining the true density of a species has
proven to be a challenge, especially for small mammals. Typically, an estimate of population
5

size is obtained using closed-capture models, and the value divided by some approximation
of the effective sampling area (ESA) of a trapping grid (Borchers & Efford, 2008). Ecologists
disagree on the best way to represent the ESA given the dimensions of a grid and the
species considered. In general, ad-hoc measures include adding a buffer strip to the grid
area in order to account for individuals that are caught in boundary traps. In the past the
width of this buffer has been based on values such as half of the trap spacing (Efford, 2004),
half of the species’ mean maximum distance moved (MMDM - Wilson & Anderson, 1985), or
in some cases the whole MMDM (reviewed in Parmenter et al., 2003).
In this context, Efford (2004) proposed a method for estimating density from CMR data
whilst taking into account the spatial component resulting from the trap layout (Efford,
2004; Efford et al., 2005; Borchers & Efford, 2008; Borchers, 2010). Known as spatiallyexplicit capture-recapture (hereafter SECR), this method incorporates a state model
describing the distribution of the home ranges of animals within an area, and an
observation model relating the probability of detecting an animal at a particular trap to the
distance of the trap from a central point in each animal’s home range (Borchers & Efford,
2008). In most cases, the state model assumes the location of home range centres follows a
homogeneous Poisson distribution (Figure 2.1 A). The capture histories and associated
spatial coordinates of trap sites are used to model the intensity of this distribution, i.e. the
density. In addition, the spatial capture histories also serve to model the decline in the
probability of detection with increasing distance from the home range centres, usually
assumed to be half-normal although other shapes can be accommodated (Figure 2.1 B). This
observation model includes two parameters that together describe the shape of the
function: g0 and sigma. The former measures the magnitude of the detection function (i.e.
the probability of detection at 0 meters), whilst the latter describes its spatial scale.
2.1.3. Micro-habitat use
CMR trapping also provides the opportunity to investigate the use of micro-habitat patches
by small mammals in a complex environment such as a tropical rainforest. The practice of
recording tap-level covariates, such as vegetation density or canopy height, has led to
fruitful insights into the micro-habitat preferences of different species. For example,
Lambert & Adler (2000) collected a total of 14 variables at each trap site, which were
6

subsequently reduced to a smaller set of factors using ordination methods. These were then
analysed in a logistic regression to assess the significance of their association with the
presence or absence of the study species (Proechimys semispinosus) at a particular trap site.
Other studies have applied similar methods (August, 1983; Puttker et al., 2008), and whilst
their results generally highlight species-level differences in micro-habitat use, as well as a
strong preference for dense vegetation due to the availability of food resources and
increased predation cover, very few of them outline recommendations on forest
management as a result (Bernard, 2004).

A

B

Figure 2.1. A – Example of hypothetical home range centres (open circles) distributed in an
environment following a Poisson distribution. Red crosses represent an array of traps. B –
Representation of half-normal (blue curve) and exponential (green curve) functions relating the
probability of detection to the distance from home range centre (in meters). Figures are taken from
Efford (2011).

2.1.4. Community structure, composition and species richness
In contrast to more species directed approaches to using CMR data, information pertaining
to the structure and composition of small mammal communities has also been successfully
derived from CMR studies (Wu et al., 1996; Wells et al., 2007; Bernard et al., 2009). In
particular, designs with sufficient replication of trapping grids or transects allow comparison
of diversity indices, such as the Shannon-Wiener index, between habitats or sites. Observed
species richness as well as rarefied species accumulation curves (Gotelli & Colwell, 2001)
often serve to highlight differences in the alpha diversity of specific habitats (Pardini et al.,
2005). Finally, the structure of a community and in particular patterns of rare and common
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species can be investigated by ranking species according to their relative abundance (for
example, the number of animals caught per unit trapping effort).
2.2. Small non-volant mammals in Bornean tropical forests
2.2.1. Overview of species
In the context of Borneo, as in the rest of South East Asia, the term ‘small non-volant
mammals’ generally refers to four taxonomic orders: Erinacemorpha (moonrat and lesser
gymnure), Soricomorpha (shrews), Scandentia (tree shrews) and Rodentia (squirrels, rats,
mice and porcupines). Whilst the first two are rarely caught, rodents and treeshrews form
the vast majority of small mammals encountered in trapping studies. Of these, terrestrial
and scansorial rats and mice (family Muridae) are the most common and are widely
accepted as occurring in a variety of different localities and habitats (Payne & Francis, 2007).
The majority of species included in this family are habitat generalists that feed on a mixture
of leaves, seeds, fruit and roots (Wells & Bagchi, 2005). Rarer more specialist species can be
found at higher altitudes (e.g. the summit rat Rattus baluensis and the long-tailed mountain
rat Niviventer rapit) as well as in primary unlogged forests (e.g. Maxomys ochraceiventer).
Additional species that are regularly caught include squirrels (family Sciuridae) and tree
shrews (family Tupaiidae). Some of these more arboreal species are known to forage on the
ground in search of fruit and insects, such as Sundasciurus lowii and Tupaia tana (Bernard et
al., 2009), which may explain why they are often caught in traps placed on the forest floor.
As might be expected, strictly arboreal species are more susceptible to forest logging,
especially clear-felling activities (Wells et al., 2007). Finally, unless traps are placed high up
in the forest canopy, flying squirrels are rarely caught.
2.2.2. The role of small mammals in tropical forests
Small mammal species play key ecological roles in tropical forests. They are important seed
predators and dispersers of many tree species, including large lowland dipterocarps, as was
shown by Wells & Bagchi (2005) who measured a high rate of seed removal by Muridae at
feeding stations. In addition, they found that the potential for these species to act as
important dispersers was aided by their habit of removing seeds before consumption and
the ability of half-eaten seeds to germinate. Whereas there is little doubt that small
8

mammals contribute to floral recruitment in undisturbed tropical forests (Asquith et al.,
1997), it has been argued that in predator-free areas, which include many highly disturbed
habitats, an increase in seed and sapling consumption resulting from inflated densities of
small mammals may have detrimental effects on forest regeneration (Terborgh et al., 2001).
In addition, they are important prey items for medium-size carnivores such as leopard cats
(Grassman et al., 2005) and raptors such as Malaysian Barn owls (Puan et al., 2011).
2.3. Small mammal responses to tropical forest logging and conversion in Borneo
2.3.1. Logging
Whereas the effects of tropical forest fragmentation on small mammal assemblages have
been widely studied (Laurance, 1994; Lynam & Billick, 1999; Pardini, 2004), the response of
small mammal communities and species to forest logging has received less attention. Most
research to date has been carried out over varying sampling scales and trapping efforts,
making it difficult to highlight clear patterns in small mammal responses as a result of
logging. For example, Wells et al. (2007) found higher species richness and diversity in
unlogged forest (27 species) versus logged forest (17 species) by pooling data obtained from
several localities in Northern Borneo. In contrast, Bernard et al. (2009) and Nakagawa et al.
(2006) concluded that small mammal communities in logged forest sites did not differ
markedly from that of unlogged forest sites. They further noted that in areas of continuous
tropical forest the distance between the paired logged and unlogged sites may affect
whether or not a study is able to detect a change in small mammal community composition
and richness.
Much of what is known about the response of small mammals to forest logging originates
from the Neotropics. Lambert et al. (2006) noted a significant increase in small mammal
abundance in disturbed forest sites, further linking this positive relationship to both
resource abundance (e.g. insect and fruit biomass) and habitat features such as the
presence of vines. In landscape fragmentation experiments, small mammal abundance was
shown to vary considerably depending on the forest structure of the considered fragments
(Pardini et al., 2005). Those comprising both forests in early stages of regeneration and
forests showing a high level of disturbance were both associated with increased abundance
of small mammal species. Although it seems likely that similar processes should act on small
9

mammal assemblages in Borneo, information relating to abundances and habitat use are
lacking.
Regardless of the geographical region considered, previous studies have all highlighted the
detrimental effects of logging activities on the persistence of specialist small mammal
species (Wells et al., 2007; Umetsu & Pardini, 2007; Puttker et al., 2008). Puttker et al.
(2008) showed that species able to withstand the effects of fragmentation occurred in
disturbed micro-habitats whereas those that were more susceptible to fragmentation were
closely associated with old growth forest characteristics. Interestingly, this pattern was not
observed at larger spatial scales, highlighting the importance of micro-scale examination of
habitat use. However, there is little doubt that the clear-felling of trees within an area will
have deleterious consequences for strictly arboreal species that are unable to adapt to
ground conditions (Dunn, 2004).
2.3.2. Conversion to palm oil agriculture
Whereas the impact of forest logging on small mammal communities appears to be context
and species dependent, the effect of palm oil plantations on the native forest species of
Borneo is drastic (Bernard et al., 2009). The species-rich communities found in forest
habitats are replaced by a small number of dominant generalists that are typically invasive
(Yaap et al., 2010). These include human commensals such as Rattus rattus and Rattus
tiomanicus, which proliferate within plantations owing to the availability of food (e.g. oil
palm seeds). In contrast, forest specialists are largely absent from this landscape (pers.
obs.).
2.4. Study site: a gradient of land-use in Northern Borneo
2.4.1. Yayasan Sabah Concession Area
The Yayasan Sabah Concession Area, located in the Eastern part of Sabah (4°40’29.70”N,
117°34’44.25”E), comprises one million ha of logged forest. The latter shows wide variation
in its quality and structure, reflecting the uneven logging intensities experienced in the past
30 years (McMorrow & Talip, 2001). Most areas have undergone at least two rounds of
selective logging, although the vast majority show characteristics of heavier exploitation
(e.g. marked invasion of Etlingera and Macaranga spp. – see Appendix 1). The concession is
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currently bordered by extensive palm oil plantations at various stages of growth. Beginning
in late 2011, part of the forest concession will be converted to more economically profitable
agricultural land.
This planned conversion will form the basis of the SAFE project’s large scale forest
fragmentation experiment. Currently, the project has established blocks within a 7,200ha
area of continuous forest (Figure 2.2) which, following clearance and conversion of the
surrounding habitat, will be left standing within a gradually cultivated matrix. Importantly,
the creation of fragments has been planned for the end of the year 2011. Until then, the
SAFE experimental site is assumed to encompass a relatively continuous patch of logged
forest.
2.4.2. The Maliau Basin Conservation Area (MBCA)
The 390km2 Maliau Basin (5°02’47.40”N, 117°16’02.94”E) was first designated as a
conservation area by the Sabah Foundation in 1981. Since then, it has been upgraded to a
class I Protection Nature Reserve by the Sabah state government and currently represents
7% of Sabah’s protected area network (Jones, 2000). The rim of the basin is roughly circular
in shape and comprises steep cliffs on its outer side, thus complicating access to the interior.
Partly as a result of this isolation the fauna and flora of the basin have remained remarkably
understudied, with many new species being discovered each year. Most research to date
has been carried out on the more accessible north-eastern side, close to the Maliau River
catchment and adjacent to the Maliau Basin Studies Centre.
Forests within the basin range from lowland mixed dipterocarp to more upper montane
habitats close to the basin rim (Saw & Marsh, 1989). Having never been logged in the past,
the former comprises many large trees and a continuous closed canopy at a height of 25 to
35m (Jones, 2000). It is further characterized by a rich top soil and an open understorey
level. The SAFE project has established old growth control sites within the MBCA, which are
considered representative of the primary forest in the wider region.
2.4.3. Benta Wawasan oil palm plantation
The Benta Wawasan oil palm plantation covers an area of 45,601ha (see
http://www.bentawawasan.com.my), and is adjacent to the Yayasan Sabah Concession Area
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(4°33’50.16°N, 117°28’24.41”E). It includes 10 business estates, each growing palms that
vary in age from four to 10 years. The SAFE project has established control sites in the
Selangan Batu estate, located seven kilometers west of the experimental site.

Figure 2.2. Overview and location of the SAFE project in Northern Borneo.
Experimental (red contour) and control (purple shading and black dots) sites are spread
out along a line of similar latitude. Unlogged control sites are labelled as OG1, OG2 ad
OG3 and are situated within the Maliau Basin Conservation Area. Palm oil control sites
are situated west of the experimental site and consist of plots OP1, OP2 and OP3. The
experimental site comprises six sampling blocks, each composed of one 100ha
fragment, two 10ha fragments and four 1ha fragments. Isolation of the fragments is
planned for the end of 2011. Therefore, blocks A, B, C, D, and F are currently imbedded
in a twice-logged continuous forest area. Additional sites that will be sampled by the
SAFE project include the logged forest edge (LFE) and a nearby Virgin Jungle Reserve
(VJR). Figure obtained from http://www.safeproject.net/experiment/maps/.
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3. METHODS
3.1. Methodological framework
This study exploited the multifaceted nature of CMR data to investigate both small mammal
species and community level differences across three habitat types: logged forest, unlogged
forest and oil palm plantation (see Appendix 1 for photographs of the three habitats).
Capture histories compiled from trapping sessions carried out on large grids were used to
compare densities of three small mammal species between and within logged and unlogged
forest sites. When combined with trap-level covariates, detection/non-detection data
pooled over all types of habitat were utilised within a logistic regression framework to
highlight species preferences at the micro-habitat level. At the community level, observed
species richness was compared between and within logged and unlogged forests. In
addition, relative abundances of species trapped within each grid served to contrast small
mammal community structure and composition across the three habitats considered. Figure
3.1 summarises the methodological framework of this study.
3.2. Data collection
3.2.1. Grid design and location
The design and layout of the SAFE experimental blocks and control sites aim to minimise the
effects of potential large-scale confounding factors. All blocks are placed such that the
majority of sampling points are located within a single altitudinal band between 400 and
500 meters, and are oriented to control for differences in slope, latitude, longitude and
distance to forest edges prior to forest conversion. These factors were therefore not
considered in the design and marking out of grids, nor were they taken into account in the
analysis of the CMR data.
3.2.1.1. Logged forest
Small mammal trapping in logged forest was carried out within the SAFE project
experimental site. More specifically, four trapping grids were established that encompassed
the planned 1ha fragments of experimental blocks E (grids E1 and E2) and F (grids F1 and F2
– see Figure 2.2 for location of blocks and Figure 3.2 for location of grids within a block).
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Each trapping grid consisted of 48 trap stations arranged in a four by 12 rectangular pattern.
Trap stations were separated from each other by a distance of 23m and all were marked out
in the field using painted poles.

Figure 3.1. Methodological framework of the present study. Colour coding indicates the four steps
involved in the obtainment of results. CMR data was collected and analysed in order to extract
information relating to both small mammal species and communities within the three habitats. This
information was then used to compare habitats and evaluate the effects of forest disturbance on small
mammals. SECR describes the technique of spatially explicit capture recapture modelling, and LF and UF
represent logged and unlogged forest, respectively.

Each pole formed the centre of a 10m radius circle within which two locally made wire-mesh
traps were positioned (280x140x140mm). These were equipped with a plastic cover to
increase shelter and provide rain protection. Thus, each grid consisted of a total number of
96 traps. For each trap, the distance from its centre to the respective station pole was
recorded (in meters), and a compass bearing (in degrees) was taken using the pole as a
reference point. The resulting distance and bearing measurements allowed for the exact
position (XY coordinates) of each trap to be determined using the “Direction/Distance” tool

14

in ArcGIS 10 (ESRI, 2011). This information was essential in order to perform spatially explicit
analyses on the CMR data.
Both blocks considered were characterised by a low and discontinuous canopy cover (1020m), an abundance of small trees of little commercial value and dense understorey
vegetation. Within each one hectare fragment sampled, the quality of micro-habitat patches
varied considerably depending on steepness and the presence of trails. Therefore, grids
sampled in this area were assumed to cover a wide range of micro-habitat qualities.
Figure 3.2. GIS map of experimental block F with
planned fragments shown as transparent discs.
Large, medium and small discs represent the
planned 100, 10 and 1ha fragments, respectively.
Examples of trapping grids encompassing the 1ha
fragments and used in this study are delimited by
black rectangles. Blue dots represent trapping
stations separated by a distance of 23m. Two
wire-mesh live-traps were placed at each
trapping station. Additional features include:
planned trap stations that were not used in this
study (blue dots outside of the black rectangles),
SAFE project vegetation sampling points (red and
white dots, and green squares) and elevation
colour gradient (darker squares indicate higher
elevation).

3.2.1.2. Unlogged forest
A single 96-trap grid was established within the SAFE old growth plot located at Maliau
Basin (OG2W), using the same protocol as for logged forest grids. In addition, a smaller sized
grid was marked out on the eastern side of the control plot (OG2E). The latter consisted of
10 trap stations (20 traps – two traps per station) arranged in three rows (two of four and
one of two) and spaced out following similar dimensions as logged forest grids. Both grids
were assumed to include vegetation that was representative of old growth forest that had
never been logged in the past.
3.2.1.3. Oil palm plantation
A single grid consisting of 30 trap stations arranged in a four by eight rectangular pattern
was marked out in the SAFE palm oil control plot situated within the the Benta Wawasan
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plantation estate of Selangan Batu (OP2). Trap stations were spaced out as in logged forest.
It must be noted that one of the grid rows consisted of only two trap stations. Distance and
bearing measurements at each station were not recorded on this grid. OP2 was considered
as representing an intensive agricultural monoculture.
3.2.3. Trapping protocol
CMR sampling of trapping grids was carried out between the months of April and July 2011.
Grids E1, E2, F1, F2 and OG2W were each sampled for seven consecutive days, with the
location of traps remaining constant throughout that period. OG2E and OP2 were sampled
for three and five consecutive days, respectively. Traps were baited with oil palm seeds (see
Appendix 1) and checked daily (between 7am and 9am). Animals caught for the first time in
a trapping session were anaesthetised using diethylether (which had no apparent long-term
effects), injected with a unique pit tag (Biomark®), identified down to species level and
released at the point of capture. Species identification was based on Payne & Francis (2007),
but detailed descriptions of each specimen were retained for future reference. A full list of
observations and measurements taken on each new capture can be found in Appendix 2.
Tagged individuals were given a fur clip on the left leg in order to facilitate identification of
re-captures during subsequent trapping days. Injuries resulting from trap doors and tag
injectors were disinfected thoroughly.
3.2.4. Trap-level habitat covariates
A total of 10 habitat covariates were collected at each trap site in view of characterising the
micro-habitat preferences of trapped species. A trap-level micro-habitat was defined as
including structural and vegetation aspects of the environment within a 10m radius
centered on the trap. Trap-level covariates are described below and the levels of factors are
presented in Table 3.1.
Habitat quality (HQ): 6-level factor classifying the level of disturbance and overall structure
of the micro-habitat in terms of presence or absence of small, medium and large trees. It
aimed to assess whether small mammals responded to general disturbance patterns caused
by logging or plantation activities.
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Canopy closure (CC): used to describe the percentage canopy closure as derived from an
average of four spherical densitometer readings taken at the trap site. Readings were
recorded facing north, south, east and west directions. In this study, the word “canopy” was
applied to the highest vegetation feature above a trap. Previous studies have suggested that
small mammals utilise forest gaps preferentially (Beck et al. 2004) and so this measure was
used to assess the degree to which this occurred in the habitats considered. It was expected
that arboreal small mammals would show significant response to this measure.
Canopy height (CH): estimated height of the canopy (in meters) directly above the trap. If
emergent trees were present, the estimated height of the tallest emergent and that of the
surrounding canopy were averaged. This measure was chosen as a complement to CC since
traps placed within dense but low patches of vegetation may exhibit high CC, but low CH.
Ground vegetation density score (GVD): 1-4 score index representing increasing density of
vegetation between zero and one meter high. For terrestrial small mammals, high ground
vegetation density may have provided increased predation cover as well as more foraging
opportunities (see Bernard, 2004).
Understorey vegetation density score (UVD): 1-4 score index representing increasing density
of vegetation between one and five meters. The density of this vegetation layer may have
affected habitat use by arboreal species as well as semi-arboreal species of small mammal.
Sub-canopy vegetation density score (SVD): 1-4 score index representing increasing density
of vegetation between five meters and the canopy. Measures of this covariate were
predicted to have an effect on arboreal small mammal species.
Ground and understorey vegetation density index (GUVI): Continuous measure of vegetation
density within a hypothetical 8m3 volume centred on the trap. Values for the index were
obtained using a 2m long density pole (see Urban & Swihart, 2010) bearing forty, five
centimetre divisions. At each trap site, the number of divisions directly in contact with
vegetation was recorded for 1) a vertical position centered on the trap, 2) a 0m horizontal
position in the north-south direction and 3) a 1m high horizontal position in the east-west
direction. Values for each of these positions were multiplied and the result taken as a
measure of the index at the trap site.
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Predation risk score (PR): 1-4 score index describing the level of exposure associated with a
trap site. Exposure was evaluated by recording whether the trap could be seen from above
and on the sides. Assessment of this variable assumed small mammal species avoided open
areas and preferred to use cover features, such as logs and rocks.
Coarse woody debris count (CWD): represented the number of dead fallen trees and
branches >10cm diameter around the trap. Terrestrial small mammals are known to exploit
these features to progress along the forest floor, as they provide clear pathways and
potential cover from predators (pers. obs.).
Depth of leaf litter (LL): thickness of the leaf litter layer averaged across measures taken
directly in front, behind and on the sides of the trap.
3.3. Data analysis
3.3.1. Vegetation structure
Four trap-level covariates (CC, CH, GUVI and LL) were selected to compare the vegetation
structure found within unlogged forests, logged forests and palm oil. Owing to the differing
number of traps deployed within each of the habitats, a random sample of 40 traps within
each of these was selected. For each habitat, the median of the samples was compared
using pairwise Mann-Whitney non-parametric tests. The results of these comparisons
served to characterise and contrast the overall vegetation structure found in the three
habitats in terms of relative importance of each variable.
3.3.2. Community composition, structure and species richness
In order to compare community composition across and between the different grids (E1, E2,
F1, F2, OG2W and OP2), successive trapping occasions were considered as independent
samples of the community. Furthermore, due to the lower number of traps deployed in the
palm oil site (60 versus 96 in the larger grids), a random sample of 60 traps was taken from
the larger grids. Species that were in traps not included in the samples were not considered.
The compositional dissimilarity over all the grids as well as between each possible pair of
grids was summarised using distance matrices derived from the Bray-Curtis index of
dissimilarity (Bray & Curtis, 1957). The latter is expressed as a value between 0 and 1, with 0
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signifying that two communities are identical and 1 indicating that they have no species in
common. Non-parametric multivariate analyses of variance (Anderson, 2001) were then
performed between the different grid combinations to assess the significance of their
dissimilarity. This form of redundancy-based analysis allows measurement of statistical
significance (i.e. p-value) by applying multiple permutations (in this case, n=1000) to the
data in order to derive an ANOVA-type F statistic (McArdle & Anderson, 2001). It is
especially suited to ecological community data as it can accommodate a number of different
distance estimators, such as the Bray-Curtis index.
Table 3.1. Description of levels for factor-type covariates recorded at each trap site.
Factor covariate

Factor levels

Level description

Habitat quality

Oil palm

Oil palm plantation

Logged poor

No trees

Logged average

Occasional small trees

Logged good

Small to medium trees abundant

Logged very good

Many trees, including some large

Unlogged primary

Large trees abundant, unlogged

Ground vegetation density

1

Density between 0 and 25%

score

2

Density between 26 and 50%

3

Density between 51 and 75%

4

Density between 76 and 100%

Understorey vegetation

1

Density between 0 and 25%

density score

2

Density between 26 and 50%

3

Density between 51 and 75%

4

Density between 76 and 100%

Sub-canopy vegetation

1

Density between 0 and 25%

density score

2

Density between 26 and 50%

3

Density between 51 and 75%

4

Density between 76 and 100%

1

Invisible from sides and from above

2

Visible from one side or from above

3

Visible from one side and from above

4

Visible from sides and from above

Predation risk score
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Differences in community structure were analysed by comparing the shape of rankabundance curves (RACs) obtained on each grid. The latter were generated by ranking the
species caught on each grid according to their respective relative abundance, which was
measured as the total number of individuals marked over the seven trapping days. Twosampled Kolmogorov-Smirnov tests were carried out to evaluate differences in shape
between the different grids (see Wells et al., 2007). This statistical method tested whether
the distributions of two samples differed significantly from each other. Grids resulting in
similar shaped curves were interpreted as showing a similar proportion of rare versus
common species.
Finally, in order to compare observed species richness between grids situated in logged and
unlogged forests, adjacent lines of traps were paired together to form 16-trap samples. This
approach resulted in a total of six samples per grid. Observed species richness per sample
consisted of the total number of individuals of each species caught over the seven trapping
days. Multiple non-parametric Mann-Whitney tests were performed to compare observed
species richness between each grid.
3.3.3. Density comparison and estimation using SECR models
Grid-specific density estimates were modelled for the three most common species
(Maxomys surifer, Maxomys whiteheadi and Leopoldamys sabanus) using the R package
“secr” (Borchers & Efford, 2008; Efford, 2011; R Core Development Team, 2011). Only the
96-trap grids (E1, E2, F1, F2 and OG2W) were considered in this analysis owing to a low
number of captures and missing trap coordinates in the smaller grids.
Data input consisted of multiple files, including a capture history file and several trap layout
files (Efford, 2011). The former detailed the unique individual ID of successive captures and
recaptures as well as the traps they were caught in. Captures made on the same trapping
day were considered within a specific trapping “occasion” (1 to 7 days in this case).
Occasions representing trapping days of the same grid were further regrouped (1 to 5 grids
in this case). Grid-specific trap layout files consisted of the X and Y coordinates of each trap
location within a grid.
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Population closure was tested using the Otis et al., (1978) closure test implemented in
“secr”. This test looked for significant variations in the length of time between first and last
capture of different individuals in a sampled population to infer closure or non-closure.
Both density (D) and detection parameters (g0 and sigma) were included in the model for
each species. The former was either modelled as a function of grid or as a constant, whilst
both detection parameters were modelled as a function of one or more predictor variables
(Table 3.2). The spatial distribution of small mammal home-range centres within the area
sampled by a grid was assumed to follow a Poisson probability distribution (Borchers &
Efford, 2008) and the shape of the detection function at each trap site was taken to be halfnormal.
Table 3.2. Description of predictor variables used to model density and detection parameters using
spatially-explicit capture-recapture methods. *grid and ~1 (constant) were the only variables used
to model density.

Predictor variable

Description

~1*

Constant parameter across occasions and sessions

Time factor t

One level for each occasion

Time trend T

Linear trend over occasions on link scale

Step change in parameter after first detection of
Learned response b

animal

Parameter depends on detection at previous
Transient response B

occasion

Grid factor grid*

One level for each grid

2-class mixture (heterogeneity)

Finite mixture with 2 latent classes
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For each species, all combinations of the considered predictor variables were tested for
both density and detection parameters. Models were fitted and compared on the basis of
their AICc. This measure is derived from the more commonly known AIC metric described by
the formula -2ln(L)+2K, in which L is the model likelihood and K is the number of parameters
in the model. Effectively, the AIC selects the best model by comparing likelihoods but
penalising increases in the number of model parameters (Boyce et al., 2002). The AICc is a
similar metric, only adjusted to account for small-sample biases (Cooch & White, 2011).
Unless the second ranking model showed a ΔAICc<2, the model with the lowest AICc was
selected as the best model and discussed accordingly (Burnham & Anderson, 2004). Because
selection of a model in which density varied as a function of grid could signify either density
differences between unlogged and logged grids or only within logged forest grids, separate
models that only considered the four logged forest grids were run. The latter were used to
assess whether density of a species varied between the two habitat types or between
logged forest sites. Estimates of density are expressed as the number of animals per
hectare.
3.3.3. Associative modelling of species-specific micro-habitat use
In order to model habitat use by the most common species, detection/non-detection data
at the trap level were pooled over all of the seven grids (E1, E2, F1, F2, OG2W, OG2E and
OP2), resulting in a species-specific detection history for each of 560 trap sites. In addition,
each trap site was associated with a set of covariates that were selected out of those
presented in section 3.2.4 on the basis of their relevance to small mammal species. These
represented the explanatory variables in the tested models. Due to the non-independence
of traps within a grid (the same individual could have been caught in adjacent traps) and the
potential for strong spatial auto-correlation, a choice was made not to use the detection
history over seven days in conventional occupancy models (MacKenzie et al., 2002; Royle &
Nichols, 2003), but to collapse this data into a measure of whether or not the species had
been detected at least once at a particular trap site. Detection at a trap site was taken as
evidence that the species used the associated habitat.
Species habitat use was modelled using logistic regression, as the binary response variable
precluded the use of standard linear regression. In order to account for spatial auto22

correlation, “Grid” was considered as a random effect in a generalised linear mixed effects
model (GLMM) with a binomial error structure (Bolker et al., 2008). Additive fixed effects
included HQ, CC, CH, GVD, UVD, SVD, PR, CWD and LL. Modelling was carried out in R
version 2.13.1 (2011-07-08 – R Core Development Team, 2011). Models were built using the
“lme4” package (Bates et al., 2011) and model simplification was carried out using a
backward elimination process (Burnham & Anderson, 2004). Fixed effects were removed
from the saturated model and tested for significance using chi-squared tests (Saturated
model: detection ~ HQ + CC + CH + GVD + UVD + SVD + PR + CWD + LL). The final nested
model was one from which no fixed effect could be removed. Threshold for significance was
set at α=0.05.
For each factor term included in the selected model, the predictive power of the different
levels was measured with reference to a baseline level of the same factor (the model’s
intercept). Table 3.3 summarises the baseline levels of each factor considered. For ease of
clarity, variable scores as described in Table 3.1 are converted to descriptive labels. When
interpreting results, the word “detection” is used to mean unconditional probability of
detection, as opposed to the probability of detection given presence, which is the
conventional definition in CMR analysis.

Table 3.3. Baseline levels used for each factor variable included in the tested models.
Factor

Baseline level

Habitat quality

Oil palm

Ground vegetation density

0-25% ground vegetation density

Understorey vegetation density

0-25% understorey vegetation density

Midstory vegetation density

0-25% understorey vegetation density

Predation risk

Exposed
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4. RESULTS
4.1. Vegetation structure
Vegetation structure within the three broad habitats included in this study (logged forest,
unlogged forest and palm oil) showed considerable differences in all four aspects of
vegetation structure tested. CC (Figure 4.1 A) was highest in unlogged forest with a median
value of 88.56%. Although logged forest had a significantly higher CC than palm oil (W40 =
1240.5, p<0.001), both were inferior to that of unlogged forest (Unlogged/Palm Oil: W40 =
55, p<0.001; Unlogged/Logged: W40 = 574.5, p<0.05). Of particular interest was the fact that
the median for CC in logged forest was found to be only marginally lower than that of
unlogged forest. Concerning CH (Figure 4.1 B), values for unlogged forest were found to
have a median of 25.5m, which was significantly higher than that obtained for logged forest
(median = 7.0m, W40 = 40, p<0.001) and palm oil (median = 2.5m, W40 = 25.5, p<0.001). For
the latter two habitats, the canopy was found to be higher in logged forest (W40 = 140.7,
p<0.001). The median of GUVI (Figure 4.1 C) values for oil palm was highest overall (Palm
Oil/Unlogged: W40 = 1566.5, p<0.001; Palm Oil/Logged: W40 = 249, p<0.001). In addition,
vegetation density was measured as lower in unlogged forest than in logged forest (W 40 =
1175.5, p<0.001). Finally, difference in the median values for LL (Figure 4.1 D) was greatest
between logged forest and oil palm (W40 = 1592, p<0.001). Unlogged forest had a higher
median value for LL than palm oil (W40 = 86, p<0.001), but this was nevertheless found to be
lower than that obtained in logged forest (W40 = 1049.5, p<0.01). Table 4.1 summarises the
main characteristics of the three different habitats as deduced from the pair-wise statistical
comparisons.
4.2. Trapping rates
A total of 523 individuals belonging to 22 different species were captured 995 times over
3,420 trap nights in logged and unlogged forest, resulting in a trap success of 29.1% over the
two habitats. When including detection/non-detection data obtained in the oil palm
plantation site (OP2), the total number of species captured overall was 23, and the overall
trap success, 28.6%. Trapping rates for each grid are detailed in Table 4.2. In general,
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capture rates were higher in logged forest, in which more species as well as more individuals
were caught.

Figure 4.1. Box and whisker plots showing the median (thick lines), the 25th and 75th percentiles
(bottom and top limits of boxes), the minimum values (whiskers) and the outliers (open circles)
for the four aspects of vegetation structure considered in each habitat type. Graphs show
percentage canopy closure (A), canopy height in meters (B), ground and understorey vegetation
density index (C) and depth of leaf litter in cm (D).

Table 4.1. Relative comparison of vegetation characteristic across the three habitats considered.
“High”, “Medium” and “Low” describe the average value expected for each characteristic.
Habitat
Unlogged forest
Logged forest
Palm Oil

CC

CH

GUVI

LL

High

High

Low

Medium

Medium

Medium

Medium

High

Low

Low

High

Low

25

A list of species as well as the number of individuals trapped within each grid is provided in
Table 4.3. Individuals belonging to the family Muridae made up 88.5% of all captures (first
captures only) made within logged and unlogged forests. The remaining 11.5% consisted of
members of the Sciuridae (6.9%) and Tupaiidae (4.6%) families. In contrast, Muridae
accounted for 95.8% of total captures made in OP2, of which 78.3% belonged to the genus
Rattus.
Table 4.2. Trapping rates for each grid, obtained by dividing the number of captures by the
number of trapping nights. *indicates grids for which only presence-absence data was
available.
Grid
OG2W
OG2E
E1
E2
F1
F2
OP2*
Total

Number of trap-nights
672
60
672
672
672
672
300
3720

Number of captures
73
19
263
287
181
172
69
1064

Trapping rate (%)
10.9
31.7
39.1
42.7
26.9
25.6
23.0
28.6

From trapping rates alone, it was clear that some species seemed to only be captured in
certain types of habitat. Maxomys rajah was the most commonly caught species in unlogged
forest (45.7% of all captures) despite being absent from both logged forest and palm oil
sites. In contrast, members of the genus Rattus (including Rattus rattus, Rattus tiomanicus
and Rattus exulans) were never caught in unlogged forest but were present in the other two
habitat types. Finally, Sciuridae and Tupaiidae were never trapped in palm oil whereas they
were regularly captured in logged forest (7.2% of individuals caught) and present in
unlogged forest (4.1%).
M. surifer and M. whiteheadi were the two most common species encountered, both overall
(125 individuals caught for each species) and within each logged forest grid (Table 4.3). L.
sabanus was represented by more than 10 individuals on each logged forest grid. S. lowii
was the most common Sciuridae in logged forest, whilst being uncommon in unlogged
forests and totally absent from palm oil plantations. E. gymnurus, H. brachyurus, G.simus, S.
brookei, T. glis and T. minor were only caught once overall.
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Table 4.3. Number of individuals trapped and overall proportions for each species and family in the various grids.
Latin name authority

Total number of
individuals captured

Overall proportion (%)

E1

Thomas 1887
Thomas 1994
Thomas 1994
Thomas 1894
Miller 1900
Thomas 1894
Miller 1900
Peale 1848
Linnaeus 1758
Miller 1900
Jentink 1879

483
55
37
2
28
125
125
18
4
38
23
28

88.46
10.07
6.78
0.37
5.13
22.89
22.89
3.30
0.73
6.96
4.21
5.13

12
8
1
29
29
4
11
9
12

10
10
26
44
11
3
12
3
9

11
11
36
18
2
2
1
2

12
8
1
28
20
12
5
2

7
21
5
2
1
-

3
7
1
-

1
6
7
5
3

Sciuridae
Glyphotes simus
Sundasciurus brookei
Sundasciurus hippurus
Larisucus hosei
Sundasciurus lowii
Sundasciurus tenuis

Thomas 1898
Thomas 1892
Geoffroy 1831
Thomas 1892
Thomas 1892
Horsfield 1824

36
1
1
4
4
24
2

6.59
0.18
0.18
0.73
0.73
4.40
0.37

3
-

1
3
-

1
2
1
8
2

1
3
9
-

1
1
-

-

-

Erinacaeidae
Echinosorex gymnurus

Raffles 1822

1
1

0.002
0.18

-

-

1

-

-

-

-

Diard and Duvaucel 1820
Thomas 1893
Gunther 1876
Raffles 1821

25
1
8
1
15

4.58
0.18
1.47
0.18
2.75

2
8

1
6
1
2

1

3

-

-

-

Gray 1837

1
1

0.002
0.18

-

-

-

-

-

-

1

128
12

142
15

99
16

104
12

38
7

11
3

23
8

Species
Rodentia
Muridae
Leopoldamys sabanus
Maxomys baeodon
Maxomys ochraceiventer
Maxomys rajah
Maxomys surifer
Maxomys whiteheadi
Niviventer cremoriventer
Rattus exulans
Rattus rattus
Rattus tiomanicus
Sundamys muelleri

candentia
Tupaiidae
Tupaia glis
Tupaia gracilis
Tupaia minor
Tupaia tana
Carnivora
Herpestidae
Herpestes brachyurus
Total individuals
Number of species

546
23

27

Logged forest
E2
F1

F2

Unlogged forest
OG2W
OG2E

Oil palm
OP2

4.3. Comparison of community composition, structure and species richness
Communities sampled on each grid differed significantly in their species composition
(F=5.5247, DF=1, p<0.001 – Table 4.4). Pairwise comparisons using permutational
multivariate analysis of variance revealed that species compositions were similar between
logged forest grids. Communities sampled in unlogged forest and in the palm oil plantation
showed high compositional dissimilarity when compared to both logged forest sites and to
each other.
Table 4.4. Results of pairwise permutational multivariate analyses of variance carried out
between the different grids in order to compare the compositional dissimilarity of the
sampled communities. The F-ratios resulting from 1,000 permutations of the raw community
data are shown, as well as the corresponding p-values. The number of degrees of freedom
for all tests was 1. Values in bold indicate significant dissimilarity between two communities.
E1, E2, F1 and F2 = logged forest grids; OG2W = unlogged forest grid; OP2 = oil palm
plantation grid.
E1
E2

E2

F1

F2

OG2W

F=1.2627
p>0.05

F1

F2

OG2W

OP2

F=2.0798

F=1.974

p>0.05

p>0.05

F=1.3506

F=1.1954

F=0.93781

p>0.05

p>0.05

p>0.05

F=6.0569

F=6.3867

F=6.9663

F=6.9546

p<0.001

p=0.002

p=0.002

p<0.001

F=4.5785

F=6.3869

F=9.307

F=7.3446

F=5.877

p=0.003

p=0.001

p<0.001

p<0.001

p<0.001

The shape of the rank-abundance curve did not vary significantly across forest and palm oil
sites considered (n=12 Kolmogorov-Smirnov tests, all p>0.05), indicating that the sampled
communities within each of these shared a similar distribution of rare and common species
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(Figure 4.2). As a qualitative observation, it must be noted that relative abundances within
the unlogged forest and palm oil plantation sites were markedly lower than in logged forest,
i.e. their curves were consistently below those corresponding to logged forest sites.
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Figure 4.2. Rank-abundance curves based on the standardised
relative abundances of species trapped on each grid. 60 traps were
randomly sampled from the larger 96-trap grids (logged: E1, E2, F1,
F2 and unlogged: OG2) in order to be comparable to oil palm (OP2).

Finally, observed species richness on each of the logged forest grids was higher than in
unlogged forest (E1>OG2:

W6=2, p=0.004; E2>OG2: W6=36, p=0.004; F1>OG2:W6=32,

p=0.02; F2>OG2: W6=33, p=0.02). Within logged forest, observed species richness in E2 was
higher than in E1 (W6=2, p=0.009) and F2 (W6=34.5, p=0.008), but no different from that of
F1 (W6=25, p=0.285).
4.4. Density modelling and estimation
4.4.1. Population closure
The populations sampled in each grid were found to be closed for all species (Otis et al.,
1978 closure test, all p > 0.05), thus validating the use of spatially explicit close-capture
models to estimate density in this study. Graphical representations of capture distributions
over grids are shown in Appendix 3.
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4.4.2. Density modelling
Predictor variables retained to model density differed between the three species considered
as well as between the two sets of grids considered (Table 4.5). The 10 best models in each
case, including AICc values, can be found in Appendix 4. The variable grid was found to be a
good predictor of density for M. surifer and M. whiteheadi when data from OG2W was
included but not when it was omitted, indicating that densities of the two species differed
significantly between logged and unlogged grids but not between logged forest grids. For M.
surifer, density was lower in the unlogged forest (D = 1.504 ± 0.286) than in the logged
forest sites (Figure 4.2 – Logged forest sites: E1: D = 8.918 ± 1.693; E2: D = 8.010 ± 1.521; F1:
D = 11.220 ± 2.130; F2: 8.601 ± 1.633). Density estimates showed reasonable standard error
values (Figure 4.3), indicating a good level of confidence.
Table 4.5. Summary of predictor variables retained in the best model selected for each
species and for the two sets of grids considered. Both density (D) and detection (g0 and
sigma) were modelled. The predictor grid represents the effect of different sampled grids, t
indicates a trend in detection over trapping occasions and B signifies a transient behavioural
response in detection. The formulation ~1 indicates that the parameter was modelled as
being constant.
Model predictors

Model predictors

Logged and unlogged forest grids

Logged forest grids

D

g0

sigma

D

g0

sigma

Maxomys surifer

~1

t

~1

grid

t

~1

Leopoldamys sabanus

~1

grid+B

~1

~1

grid+B

~1

Maxomys whiteheadi

~1

grid+B

~1

grid

B

~1

Species

For M. whiteheadi, density estimates were lower in unlogged forest (D = 0.745 ± 0.145)
versus logged forest (Figure 4.3). Within logged forest, density was found not to vary
between grids. However, it must be noted that although models with grid as a predictor of
density occupied all the ranks directly following the selected best model, the second best
model (D~grid, g0~grid+B, sigma~1) had a ΔAICc of 2.859 (Appendix 4). This was judged as
being too large to consider this model as being supported.
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The predictor variable grid was however not retained in either of the best models for L.
sabanus, indicating that densities of this species did not vary significantly between unlogged
and logged forest grids as well as between the different forest grids. A baseline density for
this species was estimated at 1.71 ± 0.272 individuals per hectare.
4.4.3. Detection parameters
The spatial scale of the detection function, sigma, was always best modelled as being
constant. In contrast, the predictors best able to describe the variations in the amplitude of
the detection function at each trap site, g0, were found to be species-specific as well as
different depending on whether all grids or only logged grids were considered (Table 4.5).
For M. surifer, g0 was best modelled as a function of a time factor t for both sets of grids,
highlighting the fact that detection of the species at a trap site varied between the different
trapping occasions. In contrast, a transient response variable B was found to influence the
detection of M. whiteheadi when all grids were considered. However, the tendency to
either return to or avoid a trap if it had been caught there on the previous occasion
(transient trap happiness or shyness, respectively) was coupled to a grid effect when
considering logged forest sites only. This indicated that the location of the site sampled in
logged forest had an important effect on the detection of this species.
25
M. surifer

Density (animals/ha)

20

M. whiteheadi

15
10
5
0
E1

E2

F1
Grid

F2

OG2

Figure 4.3. Estimated densities (animals per hectare) of M. surifer and M.
Whiteheadi on
the four logged forest grids (E1, E2, F1, F2) and the
unlogged forest grid (OG2). Bars represent standard errors.
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Finally, L. sabanus was the only species whose detection amplitude was best modelled as an
additive effect of the two predictor variables session and B in both sets of grids, implying
that the amplitude of the detection function for this species varied between all grids and
was dependent on the outcome of the previous occasion at the trap level.
4.5. Associative modelling of species trap-level detection
4.5.1. “Grid” as a random effect
Use of the variable “grid” as a random effect was justified in all of the selected models by
showing a variance always superior to 1.12, which was the lowest value of variance
obtained (Model 1: Var. = 1.76, SD = 0.73; Model 2: Var. = 1.29, SD = 0.95; Model 3: Var. =
1.12, SD = 0.33; Model 4: Var. = 1.17, SD = 0.61; Model 5: Var. = 1.20, SD = 1.07).
4.5.2. Model 1: Maxomys surifer
With regards to the selected model, patch quality was found to be the most important and
only factor affecting the detection of M. surifer at a particular trap site (X2 = 25.105, DF = 5,
p<0.001). Palm oil acted as the baseline level against which all the other levels of the patch
quality factor were compared (Table 4.6).
Table 4.6. Estimates of fixed effect coefficients derived from the selected
model for M. surifer detection and their significance in terms of effect on the
response variable. The standard error, z-value and p-value (α=0.05) are given.
Values in bold indicate statistical significance.
Fixed effects

Estimate

SE

z-value

p-value

Intercept

-3.38

0.74

-4.57

4.87E-06

Logged poor

2.78

0.77

3.59

0.000329

Logged average

3.09

0.78

3.97

7.13E-05

Logged good

3.26

0.76

4.02

7.71E-05

Logged very good

3.87

0.84

4.60

4.28E-06

Unlogged primary

1.11

0.82

1.36

0.174021

Detection probability increased significantly for trap sites associated with patch qualities
characteristic of logged forest compared to those associated with a patch quality
characteristic of oil palm. Furthermore, this increase appeared to be gradual over the
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different qualities of logged forest patches, with good quality logged forest patches showing
the highest detection probability and poor quality logged forest patches, the lowest (see
Figure 4.4 for a graphical representation of this trend). Unlogged primary forest patches had
a positive effect on detection but the latter was no different to that of palm oil microhabitat. Therefore, patches that showed a quality characteristic of unlogged forest could not
be considered good predictors of the detection of M. surifer. In terms of micro-habitat use,
the model therefore suggests that M. surifer prefers patches of logged forest that have
retained a high level of similarity to unlogged habitat, i.e. a high abundance of medium to

Level parameter estimate

large trees.
6
5
4
3
2
1
0
-1
-2
-3
-4
-5
OP

Poor

Average

Good

Very good

Unlogged

Micro-habitat quality

Figure 4.4. Partial effect of micro-habitat quality on detection probability of M.
surifer at a trap site. Labels indicate: OP=Oil Palm, Poor=Poor quality logged
forest, Average=Average quality logged forest, Good=Good quality logged
forest, Very Good=Very good quality logged forest, Unlogged=Unlogged
primary forest. Black lines indicate standard error bars. See Table 3.1 for more
details on covariates.

4.5.3. Model 2: Maxomys whiteheadi
Two factors were found to influence the detection of M. whiteheadi at the micro-habitat
level: habitat quality (X2 = 15.126, DF = 5, p<0.01) and ground vegetation density (X2 =
15.965, DF = 3, p<0.01). However, the effect of the different levels within each factor varied
significantly (Table 4.7). Only unlogged primary forest was determined to be a good
predictor of detection probability, the latter being much lower in this particular habitat type
than in any other.
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In addition, ground vegetation densities scored between 51 and 75% and between 76 and
100% were associated with increased detection of M. whiteheadi (Figure 4.5). The selected
model therefore suggests that M. whiteheadi used micro-habitat patches within logged
forests equally. In contrast, patches associated with aspects of oil palm and unlogged forest
were less used.
Table 4.7 Estimates of fixed effect coefficients derived from the selected model for
M. whiteheadi detection and their significance in terms of effect on the response
variable. The standard error, z-value and p-value (α=0.05) are given. Values in bold
indicate statistical significance.
Fixed effects

Estimate

SE

z-value

p-value

Intercept

-1.05

0.54

-1.95

0.05136

Logged poor

-0.50

0.61

-0.83

0.40425

Logged average

0.06

0.60

0.10

0.92268

Logged good

0.48

0.58

0.82

0.41134

Logged very good

0.31

0.72

0.43

0.66786

Unlogged primary

-2.10

0.81

-2.59

0.00966

26-50% ground veg. density

-0.13

0.27

-0.49

0.62548

51-75% ground veg. density

0.82

0.34

2.43

0.01515

76-100% ground veg. density

1.26

0.40

3.16

0.00159

Level parameter estimate

2
1.5
1
0.5
0
-0.5
-1
-1.5
-2
0-25%

26-50%

51-75%

76-100%

Micro-habitat ground vegetation density

Figure 4.5. Partial effect of micro-habitat ground vegetation density score on
detection probability of M. whiteheadi at a trap site. Black lines indicate
standard error bars. See Table 3.1 for more details on covariates.
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4.5.4. Model 3: Leopoldamys sabanus
Micro-habitat quality alone was the best predictor of whether or not L. sabanus would be
detected at a trap site (X2 = 14.556, DF = 5, p<0.05). Both logged and unlogged forests were
associated with higher detection probabilities for this species when compared to oil palm
(Table 4.8). The difference between detection probabilities in the different types of forest
was not significantly different, which is typical of a forest generalist. A decreasing trend in
detection probability as logged forest quality increased suggested that detection was
marginally higher for traps situated in patches associated with poor quality logged forest
(Figure 4.6).

Table 4.8. Estimates of fixed effect coefficients derived from the selected model
for L. sabanus detection and their significance in terms of effect on the response
variable. The standard error, z-value and p-value (α=0.05) for each estimate are
given. Values in bold indicate statistical significance.
Fixed effects

Estimate

SE

z-value

p-value

Intercept

-3.37

0.72

-4.68

2.84E-06

Logged poor

2.58

0.75

3.45

0.000571

Logged average

2.40

0.76

3.15

0.00164

Logged good

2.22

0.74

3.00

0.002699

Logged very good

1.84

0.87

2.11

0.034769

Unlogged primary

1.86

0.76

2.45

0.014316

4.5.5. Model 4: Genus Rattus
Micro-habitat patches of good and very good quality logged as well as unlogged forests
were associated with a significant decrease in the probability of detecting Rattus species at
a particular trap site, in comparison to the oil palm baseline (X2 = 25.654, DF = 5, p<0.001 –
Table 4.9). The model also indicated that this decrease was more pronounced as patch
quality increased from poor to unlogged primary (Figure 4.7). Detection of Rattus species
was more strongly associated with patches typical of highly disturbed habitats such as oil
palm plantations.
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Figure 4.6. Partial effect of micro-habitat quality on detection probability of L.
sabanus at a trap site. Labels indicate: “OP” = Oil Palm, “Poor” = Poor quality
logged forest, “Average” = Average quality logged forest, “Good” = Good quality
logged forest, “Very Good” = Very good quality, “Unlogged” = Unlogged primary
forest. Black lines represent standard error bars. See Table 3.1 for more details
on covariates.

Moreover, the model indicated that percentage canopy closure had a significant negative
effect (the slope of the linear model was -0.13) on the probability of detecting Rattus
species at a particular trap site (X2 = 6.6049, DF = 1, p<0.05). Traps placed in areas with high
canopy closure (i.e. logged and unlogged forest) were less likely to catch these species
whereas those placed in open canopy areas (i.e. mainly oil palm) had a significantly higher
probability of detection.
Table 4.9. Estimates of fixed effect coefficients derived from the selected model for the
genus Rattus detection and their significance in terms of effect on the response variable.
The standard error, z-value and p-value (α=0.05) for each estimate are given. Values in
bold indicate statistical significance.
Fixed effects

Estimate

SE

z-value

p-value

Intercept

6.43

3.60

1.79

0.07363

Logged poor

-0.97

0.64

-1.51

0.13062

Logged average

-1.10

0.67

-1.64

0.10176

Logged good

-2.33

0.73

-3.20

0.00139

Logged very good

-3.72

1.26

-2.96

0.00311

Unlogged primary

-4.60

1.55

-3.02

0.00364

% Canopy closure

-0.13

0.04

-1.94

0.04192
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Figure 4.7. Partial effect of micro-habitat quality on the probability of detecting
members of the genus Rattus at a trap site. Labels indicate: “OP”=Oil Palm,
“Poor”=Poor quality logged forest, “Average”=Average quality logged forest,
“Good”=Good quality logged forest, “Very Good”=Very good quality,
“Unlogged”=Unlogged primary forest. Black lines represent standard error bars.
See Table 3.1 for more details on covariates.
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5. DISCUSSION
5.1. Small non-volant mammal response to tropical forest logging
5.1.1. Community level
The results of this study support the idea that, in comparison to oil palm plantations, logged
tropical forests in Northern Borneo can support rich and diverse communities of non-volant
small mammals. Over a total of 2,688 trap nights, twenty-two species were found to occur
in logged forest, a figure that is equal to or higher than that put forward by previous studies
carried out in the same region, even though the latter often employed higher trapping
efforts distributed over larger areas. For example, Wells et al. (2007) trapped 17 species
over 17,800 trap nights in logged forest whilst Nakagawa et al. (2006) reached a similar
number as the present study, with 22 species caught over 6,821 trap nights. Despite the
obvious disparities in sampling designs, a possible explanation for the observed differences
could be formulated in terms of variation in the inherent diversity between the areas
considered within the different studies (Caley & Schluter 1997; Pardini et al., 2005). Indeed,
Williams et al. (2002) showed that the composition and richness of small mammal
assemblages within tropical rainforests in Australia was dependent on habitat heterogeneity
and complexity at both large and small scales. Similar processes might be expected to shape
the small mammal communities within logged tropical forests in Northern Borneo,
especially when considering the varying intensity of logging activities within the region
(pers. obs.). In line with this, Bernard et al. (2009) advise caution when interpreting the
results of small scale studies such as the present one, as species richness and diversity may
increase on a local scale in logged forest due to increased local habitat heterogeneity.
Interestingly, the more extensive study carried out by Wells et al. (2007) found a higher
number of species in unlogged forest sites, thus lending support to the idea that detecting
the effect of logging on small mammals may depend on the sampling scale considered (Hill
& Hamer, 2004). Their study pooled data from three logged and unlogged forests situated in
different areas of Northern Borneo, thus encompassing a much larger sampling scale than
the present study.
In addition, within the area of continuous logged forest that forms the SAFE experimental
zone, small mammal community structure and composition showed a high level of similarity
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as shown by the rank-abundance curves and Bray-Curtis dissimilarity index results. This
implies that communities have similar patterns of common versus rare species. This finding
suggests that the patch-level variations in forest quality within the area (Ewers et al., in
press) may not be sufficient to cause segregation of the different species into small areas
that are more or less impacted by logging and their proximity to oil palm plantations.
Although it is difficult to draw strong inferences from this study, it appears that rare species
(as defined by Wells et al., 2007) in particular are able to persist within this landscape.
However, this may be conditional on the continuity of the logged forest, which could
increase the likelihood of source-sink relationships between patches of differing quality
(Pulliam, 1988) and enable the persistence of these rarer species (Pardini et al., 2005). In
view of the spread of nearby agricultural land, it is predicted that the resulting
fragmentation of logged forest landscapes will have a more pronounced effect on local
occurrences of small mammals, highlighting the need to maintain continuous areas in order
not to radically alter community structure and composition (Laidlaw, 2000; Dunn, 2004). In
this respect the findings of large fragmentation experiments such as the SAFE project will
undoubtedly be of great value.
However, owing to a potentially unrepresentative sample of primary forest small mammals,
this study may be a special case. In general, specialised species of small mammals have been
found to be the first to disappear following primary forest disturbance (Turner, 1996;
Pardini et al., 2005; Wells et al., 2007; Puttker et al., 2008), a process that was not observed
here. This increased susceptibility has been linked to a reliance on forest features that are
absent or largely reduced in logged forests (Emmons, 1984; Yasuda et al., 2003; Wells et al.,
2004). The family Sciuridae includes species that are largely arboreal, and therefore
expected to respond negatively to forest logging, which in some cases can significantly
decrease the number of trees and the connectivity of the canopy (pers. obs.). However,
while this may be true in highly degraded forest sites (e.g. old logging roads and processing
sites) where trees have been replaced by open areas of rapidly colonising ground flora (e.g.
Etlingera and Macaranga spp. – Johns, 1985), in most regenerated logged habitats the
presence of even low canopy cover could play an important role in the persistence of these
arboreal species. Although this study found a higher number of Sciuridae species in logged
forest sites, quantifying the real value of disturbed canopy from this study is difficult due to
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unequal sampling between the two types of forest habitats (see section 5.3 of this
Discussion). Despite this, another interpretation of the observed patterns could be
suggested from the work of Wells et al. (2006), who recorded very high densities of
Sciuridae species in the high canopy of unlogged forest in comparison to the ground and
understory levels, thus highlighting a clear vertical segregation within this habitat (see also
Vieira & Monteiro-Filho, 2003 for similar findings in the Amazon rainforest). In the present
study, traps were predominantly placed on the forest floor, thus not specifically targeting
strictly arboreal species. The fact that the latter were caught in logged forest (e.g. Tupaia
gracilis), but not in unlogged forest provides some support for the vertical zoning theory.
Indeed, it is possible that owing to the typically low canopy and notable lack of high fruiting
trees in logged forests (Wells et al., 2006b), more adaptable arboreal and terrestrial small
mammal species may be reduced to sharing similar food resources within the lower
vegetation strata (Malcolm, 1997), explaining the higher capture rate in this habitat. Similar
results in a study by Lambert et al. (2005) lead to the suggestion that only ground and
understorey traps need be deployed in highly disturbed forests in order to assess diversity.
5.1.2 Individual species level
As well as being highly informative to conservation scientists, a whole community approach
to studying the response of small mammals to tropical forest logging using measures such as
species richness, often leads to results concerning the value of logged forests that are more
readily understood and acknowledged by non-scientist policy makers (Watson et al., 2005;
Scott et al., 2007; Mace et al., 2007). Despite this, investigating the responses of individual
species to forest disturbance by modelling density and habitat use should not be overlooked
as it can help highlight the processes that lead to changes observed at the community level
(Hansen et al., 2001; Verheyen et al., 2003; Jorgensen, 2004).
5.1.2.1. Densities
The increased overall trapping rates and species-specific densities found in this study are in
agreement with the view that Bornean small mammals can respond positively to secondary
habitats, including logged forests. Indeed, similar work by Lambert et al. (2006) in the
neotropics highlighted increased abundances in sites showing the same overall
characteristics as the logged forest sites in this study, namely dense ground and understorey
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vegetation and low canopy height. Conversely, the density of small mammals, and terrestrial
Muridae in particular, may be constrained in unlogged forests by understorey openness and
the presence of large trees (Malcolm, 1997), which may lead to increased predation risk and
competition, respectively (Lambert et al., 2005). Reasons as to why this may be are
discussed in section 5.1.2.1.
Furthermore, as well as providing an example of how this type of habitat can benefit certain
species, the higher densities of M. surifer and M. whiteheadi observed in Bornean logged
forest have interesting implications for conservation. Given the seed predation habits of
most small mammals (Wells & Bagchi, 2005; Payne & Francis, 2007), it has been suggested
that an increase in their density may have detrimental effects on regeneration, especially in
freshly logged habitats. Supporting this idea, Terborgh et al. (2001) found that in predatorfree island environments, densities of rodents could increase 10 to 100-fold. This finding
could apply to disturbed Bornean rainforests, which have been shown to harbour lower
densities of top predators than their unlogged counterparts (e.g. Clouded leopard Neofelis
nebulosa – Wilting et al. 2006). The dynamics of vegetation growth in relation to small
mammal density, and especially the threshold at which these become detrimental rather
than beneficial to seed dispersal, presents a challenging topic for future research.
On the other hand, the persistence of threatened small mammals must be weighed up
against their potential to depress forest succession. Whitehead’s spiny rat M. whiteheadi,
for instance, is currently listed as vulnerable on the International Union for the Conservation
of Nature’s Red List (Aplin et al., 2008), and therefore preservation of logged forests may be
critical to this species’ survival if primary habitats at the local and regional scales continue to
be lost. However, caution must be taken in interpreting the results of this study as implying
an increase in M. whiteheadi following logging. Indeed, in previous studies this species was
found to be more common in unlogged forest, thus potentially highlighting a
methodological flaw of the present research (see section 5.3.1 of this Discussion).
5.1.2.2. Species micro-habitat use
While it is clear that specific characteristics inherent to logged forests positively affect the
success of some small mammal species, identifying these has proven to be a challenge
(Jorgensen, 2004; Bernard, 2004). Many studies have suggested that the vegetation
41

structure in disturbed patches of forest is an important determinant of the presence of
small mammal species (Dueser & Shugart, 1978; August, 1983). For example, Lambert &
Adler (2000) found that the presence of the spiny rat Proechimys semispinosus within
rainforests of Panama was strongly correlated with aspects of young and disturbed forests,
namely dense herbaceous cover at the ground level as well as an abundance of small
softwood trees and lianas. Others have postulated that the availability of resources in the
form of seeds and young roots dictate the distribution of small mammals within a habitat
(Lambert et al., 2005; 2006), but the relationship remains uncertain especially for more
generalist species (Adler, 2000; Beck et al., 2004).
Reasons for the success of species trapped within logged forests in this study can be
explored based on their habitat use preferences. Compared to unlogged sites, logged forest
grids in this study were strongly associated with high vegetation density at the ground level.
The latter characteristic also appeared to be a good predictor of the presence of M.
whiteheadi at a particular trap site, indicating that this species may benefit from increased
predation cover (Lambert & Adler, 2000), and/or resource availability (Lambert et al., 2006).
Although this study did not consider the latter factor directly, the finding that the level of
exposure and the number of coarse woody debris (both measures describing the amount of
cover at a trap site) were not included in the best model for this species implies that
increased vegetation cover does not necessarily translate to lower predation risk. On the
other hand, it may be that the subjective approach to judging predation risk adopted in this
study was ill-adapted (see section 5.3 of this Discussion). Alternatively, Wells et al. (2004)
showed that generalist feeders such as M. surifer and M. whiteheadi tended to favour
similar micro-habitats within primary unlogged forest, meaning that they most likely shared
the same resources. Consequently, the higher densities of some generalist species in logged
forest could be explained by the fact that increased diversity and abundance of ground
vegetation reduces the inter-species competition for foraging patches (da Fonseca &
Robinson, 1990; Wells et al., 2004; Hodara & Busch, 2010).
In contrast, M. rajah, whilst being the most commonly caught species in unlogged forest
was found to be virtually absent across all of the logged forest sites (see Bernard et al., 2009
for similar observations). Although the ecology of this species is poorly known, two main
hypotheses could be put forward to explain this pattern. First, it is possible that M. rajah
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was locally absent from the logged forest sites considered in this study. Whilst previous
studies have reported captures of this rodent in patches of logged forest (Wells et al., 2005;
2007), it is possible that limited dispersal abilities in fragmented landscapes may have
prevented it from colonising the area considered in this study (Nakagawa et al., 2007;
Shadbolt & Ragai, 2010). Second, M. rajah may be negatively affected by the proliferation of
competitors in logged forest, including M. surifer and M. whiteheadi that share very similar
ecological requirements in terms of habitat and resource use (Payne & Francis, 2007;
Nakagawa et al., 2007; Hodara & Busch, 2010).
Finally, whereas some species may go from being rare to more common, and vice-versa,
others appear to respond indifferently to habitat disturbance, i.e. their density does not
change markedly. This response may characterise generalist species that, owing to specific
life history traits, cannot adopt an opportunistic behaviour. L. sabanus is an example of a
species whose population densities were found not to differ between logged and unlogged
forests. As well as being semi-arboreal, this species is considerably larger than both M.
surifer and M. whiteheadi (Payne & Francis, 2007, Gorog et al., 2004). In addition, home
ranges of this species are more extensive than that of the other two smaller species, most
likely due to its increased mobility and size (the species is known to travel within the lower
layers of the canopy - Wells et al., 2006). In previous studies, the home range size of L.
sabanus was also found not to differ between logged and unlogged forest sites, possibly
allowing for competition between neighbouring individuals to limit the density within an
area (Wells et al., 2008).
5.2. The value of logged forests to maintaining small mammal communities
This study agrees with previous research highlighting the value of logged tropical forests to
conserving small mammal species and communities in the face of ongoing loss of primary
habitat (Dunn, 2004; Meijard & Sheil, 2008; Bernard et al., 2009; Berry et al., 2010).
Unfortunately, even these sometimes highly modified forest habitats are under threat from
the expansion of agricultural activities such as palm oil production, which are increasingly
viewed as a more economically viable land-use option (Butler et al., 2009; Wilcove & Koh,
2010).
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Above all the necessity to sustainably manage existing logging concessions, as well as
prevent regenerating secondary forests from being converted to agricultural land, becomes
unquestionable when considering the drastic impoverishment of small mammal
communities observed in palm oil plantations (Danielson et al., 2008; Bernard et al., 2009).
Bernard et al. (2009) reported a significant decrease in the rate of capture of native forest
species in palm oil sites (e.g. Maxomys baeodoon, Niviventer cremoriventer). The present
study, as well as agreeing with this finding, highlights the dominance of Rattus species
within this highly degraded habitat (Wood, 1984; Buckle et al., 1997). These are considered
as agricultural pests and expensive management schemes are often put in place in an
attempt to control their populations in plantations (Wood & Gait Fee, 2003). The fact that
only two forest species (S. muelleri and M. whiteheadi) were found in the oil palm
plantation indicates that these converted areas, despite offering significant feeding
opportunities, are ultimately highly unsuitable to many of the species found within tropical
forests (Umetsu & Pardini, 2007). Furthermore, the absence of canopy associated with the
palm oil plantation in this study suggests that this characteristic effectively prohibits the use
of this habitat by arboreal species. As such, these converted landscapes may act as effective
barriers to the dispersal of these species between current and future forest fragments,
which may have further consequences in terms of susceptibility to extinction (Pardini et al.,
2005).
Whilst consideration of habitat as a whole emphasises the considerable change in small
mammal community structure and composition following conversion to palm oil, the value
of logged forests can be further underlined when considering forest quality at small spatial
scales (Hill & Hamer, 2004). For example, the finding in this study that the detection of M.
surifer tended to increase with micro-habitat quality whilst that of Rattus species decreased
is a fitting example of the benefits derived from the preservation of high quality logged
forest at smaller scales. Applied to more species, this type of approach could lead to forest
management options that would maintain heterogeneity within the landscape (allowing
specialist species to persist) as well as high quality micro-habitats (mitigating the invasion of
invasive species). It could be accommodated through the implementation of reduced impact
logging methods (Azevedo-Ramos et al., 2006; Putz et al., 2008) that 1) reduce canopy gaps
and maintain more continuous high vegetation cover (Meijard & Sheil, 2008), 2) preserve an
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adequate number of fruiting trees able to support frugivorous species and 3) prevent the
felling of non-targeted trees through the pre-cutting of lianas (Gerwing & Uhl, 2002).
5.3. Study limitations and areas for future research
5.3.1. Study design
Owing to time constraints, this study suffered from unequal sampling effort carried out
across the different habitats considered. The fact that only one large trapping grid was
sampled in unlogged forests introduced a significant level of uncertainty concerning the
representativeness of the community measures obtained. More specifically, it is possible
that pronounced understory openness as well as soil composition – two aspects known to
affect small mammals (Emmons, 1984) – may have influenced the occurrence of species at
this particular site, and thus resulted in the lower densities estimated for M. whiteheadi and
M. surifer. In contrast, a more mobile species such as L. sabanus may be less affected by
these local environmental factors, explaining why the density of this species was found not
to vary. Consequently, more reliable conclusions concerning the increase or decrease in
density of specific species following disturbance will require additional sampling of unlogged
forests within the SAFE old growth plots in Maliau Basin. It is also recommended that
additional grids be placed at varying distances from each other in order to account for scaledependent biases in measures of community diversity and structure within an area (Hill &
Hamer, 2004).
5.3.2. The effect of bait
The density modelling carried out in the present study highlighted a transient behavioural
response to trapping in two of the target species, M. whiteheadi and L. sabanus, suggesting
that their behaviour may have been altered by the use of bait. This has two notable
consequences on the interpretation of trapping data and the study of habitat use by small
mammal species. First, the increased likelihood of repeatedly capturing the same marked
individual at a particular trap naturally results in a decreased probability of encountering
new unmarked animals over the duration of the trapping period (Seber, 1970). In this case,
captures cannot be assumed to be independent of each other, which is one of the
assumptions of closed capture models such as those used in SECR estimation. Violation of
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this assumption may therefore lead to an under-estimate of population parameters, such as
density. Second, a positive response to bait may result in individuals of a particular species
using micro-habitats that they would normally avoid. The obvious consequence of this is the
misguided association of species presence with certain micro-habitat features.
Although there is no simple way of overcoming these problems, one possibility might be to
include the use of multiple types of traps within a study (e.g. live-traps, pitfall traps or hair
traps – e.g. Garden et al., 2007) and determine which one best minimises the behavioural
response of small mammals (Wilson et al., 2007). For example, traps that do not require
baiting, such as pitfall traps, may present an advantage in this respect. Such an approach has
yet to be implemented in a tropical forest setting and should be a priority for studies intent
on improving SECR modelling accuracy.
5.3.3. Trap-level covariates
This study could have benefitted from a more complete description of the trap microhabitats, which would have enabled comprehensive modelling of habitat use by small
mammals. Indeed, whilst only 10 covariates were collected to characterise the general trap
micro-habitat, Bernard (2004) collected a total of 23 variables mainly relating to vegetation
structure. In particular, the lack of covariates associated with tree species present or insect
biomass precluded the investigation of the effect of resource distribution on habitat use
across the three types of habitat.
In addition, many of the micro-habitat features were evaluated using score indices. As well
as being subjective, these are not easily reproducible between studies and may not be
adapted to describing the environment as experienced by the studied animals. For example,
evaluation of predation risk was based on how exposed the trap site was, and while this is a
reasonable assumption it may not suit the behaviour of a species, e.g. the latter may
venture out into the open if a significant cover-feature, such as a large log, is present
nearby. However, whilst prior knowledge relating to the study species’ behaviour is
preferable, the data from which it could be derived are often lacking, owing to the nocturnal
nature of most terrestrial small mammals and the difficulties associated with carrying out
observational studies on small arboreal species. In recent years, techniques such as radiotelemetry and spool-and-line tracking have become increasingly cost-effective in obtaining
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detailed data on the ranging patterns and habitat uses of small mammals (see Haughland et
al., 2008 for radio-tracking applied to squirrels). Recently, Wells et al. (2006) used spooland-line tracking of terrestrial small mammals to determine the extent of habitat
partitioning in logged and unlogged forests of Northern Borneo. This method, which
involves fitting a ball of thread to individual animals and following movements through the
habitat, may be a less bias method of studying habitat use and should be explored further in
a tropical forest context.
5.3.4. Time varying detection parameter
Interestingly, in the case of M. surifer, the detection parameter g0 was best modelled as
varying between trapping occasions of the same grid. This finding could indicate either
inconsistencies in the setting of traps that would affect these species in particular, or an
effect of climatic or environmental conditions on detection during a trapping session. Both
of these could be accounted for by incorporating the relevant covariates into SECR models.
For example, detection could be modelled as a function of whether or not it rained on
trapping nights. Equally, the use of multiple observers could be included in the model,
thereby controlling for human-induced effects on detection at a trap site. Indeed, the latter
would have benefitted the present study. Due to the relatively high trapping rates and the
need to efficiently process a large number of animals, data collection was in part carried out
by Malaysian para-ecologists. Whilst this need not be a problem – on the contrary, local
para-ecologists are an invaluable source of help in most studies – the fact that they were
swapped on a daily basis throughout a trapping session introduced inconsistencies in trap
baiting and checking. Therefore, future CMR trapping studies should collect relevant data
relating to observer bias and take it into account when modelling detection in SECR models.
Alternatively, the use of multiple observers in CMR studies should be avoided unless a
standard trapping protocol has been established and sufficient as well as consistent training
has been provided to all research participants.
5.3.5. Occupancy models and CMR data applied to small mammals
Recent advances in the field of occupancy modelling have made it possible for ecologists to
estimate the relative abundance of a species based on presence-absence data (Royle and
Nichols 2003, Royle 2005). Royle and Nichols (2003) developed an occupancy model that
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accounts for heterogeneity in detection probability between individuals of a species. By
making assumptions concerning the distribution of the population at a particular site (e.g.
Poisson), the model enables estimation of abundance over a number of sites sampled more
than once. Applied to small mammals, this approach could offer two huge advantages over
the currently intense methods of capture-mark-recapture estimation. Firstly, the ability to
estimate abundance from the detection history of a species within a grid (i.e. animals are
not marked) would decrease costs in terms of tagging equipment and would mean faster
processing of animals, allowing more time to be spent collecting habitat covariates, for
example. Secondly, larger areas could be surveyed using smaller grids and occupancy
estimated at the level of the landscape, thus complementing diversity measures. In this
respect, research into the optimum size of trapping grids needed to produce reliable
estimates of abundance from occupancy would be of great value (Joseph et al., 2006).
5.3.6. Validation of density estimates obtained from SECR
The density of a species within an area is an intuitive measure of its commonness or rarity,
and is an essential parameter to quantify the effects of habitat disturbance (Borchers &
Efford, 2008). However, its comparative potential is lost across many CMR studies of small
mammals due to uncertainty in the measurement of the ESA covered by the trapping grid.
SECR therefore offers an alternative in which estimation of the ESA is based on the CMR
data itself. Whilst the present study suggests that consistent application of such a method
can enable robust comparison of small mammal densities obtained in different locations, it
provides no empirical validation as to the precision of the density estimates obtained.
One way to address this problem would be to exhaustively sample a patch of forest of
known area, with the resulting true population size being compared to the SECR estimates.
Although not easily implemented in a tropical forest environment, such an approach could
involve setting up enclosures in order to facilitate the counting and control of small mammal
populations, as per Parmenter et al. (2003). Alternatively, and of more relevance to SAFE in
view of the controlled fragmentation of logged forest, small mammals within the smaller
isolated fragments (i.e. 1ha) could be exhaustively counted.
Recent years have seen a plethora of SECR models applied to ecological studies (Efford, in
press). Different sampling designs, such as pre-determined search plots, can now be
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accommodated in addition to a wider range of detector and data types. For example, Royle
et al. (2009) used SECR models within a Bayesian framework to estimate densities of tigers
in Nagarhole National Park, India, using data from an array of 120 camera traps. Other types
of data that are compatible with SECR modelling now include acoustic signals (Marques et
al., 2010 – minke whales) and DNA samples (Gardner et al., 2009). Validation of SECR
estimates applied to different taxa would therefore represent a major advance in the field
of biodiversity monitoring.
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6. CONCLUSION
CMR trapping provided a versatile platform to study the effects of logging on both
communities and species of small non-volant mammals in Northern Borneo. Logged tropical
forests sampled within the SAFE experimental site were found to support a diverse and rich
community of small non-volant mammals in contrast to the impoverished assemblages
found in palm oil plantations. Species-level density and habitat-use modelling proved
successful in studying the individual responses of the most commonly caught species. These
offered insights into how micro-habitat preferences could be used to explain the persistence
or increase of species in disturbed forests, with potentially negative impacts on forest
succession. Such methods are predicted to become increasingly important to the study of
small mammals in view of the ongoing loss of tropical forests in the region of Southeast
Asia. Optimising these must become a priority for conservationists interested in monitoring
the future of small mammal communities in threatened tropical forests.
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APPENDICES
Appendix 1 – Photographs of the three habitats (© 2011 Jeremy Cusack)
Unlogged forest – the Maliau Basin

View of the South-eastern ridge of the Maliau Basin.

The Maliau River, bordered on either side by tall primary forest.

Looking up a 30m63
dipterocarp tree.

Logged forest – the SAFE experimental site

Heterogeneous logged forest. In the foreground, dense herbaceous cover with little
trees and in the background, broken canopy forest.

Logged forest understory, with few large trees.
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Palm oil plantation – OP2

OP2 control plot within the Selangan Batu oil palm plantation.

Oil palm seed. Used as bait in this study.

65

Example of a set trap

Live-trap set for the night alongside a buttress root.
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APPENDIX 2 – Trapping protocol measurements and observations
Measurement (mm) or observation
Sex

Protocol or assessment
Presence of testes or of a perforated vagina; alternatively, the
AGD was used

Age

Size, colouration and development stage of the genitals

Breeding status

Presence of testes or of a perforated vagina

Left hind-foot length

Measured from heel to tip of longest finger (excluding claws)
using calipers

Left ear length

Measured from base of ear to tip using calipers

Anal-genital distance

Measured using calipers

Body length (excluding tail)

Measured using calipers and by laying the animal out flat on a
white sheet of paper

Tail length

Measured from base of tail to bony tip using calipers

Muzzle length (Tupaiidae only)

Measured from the centre of the eye to the tip of the muzzle
using calipers

Weight

Weighed using spring scales whilst in a plastic bag of known
weight

Tissue sample

Collected from ear punch and stored in 95% alcool

Written description

Brief description of the characteristic features of the captured
animal
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1

APPENDIX 3 7–occasions,
SECR72 detections,
capture
and movement plots
29 animals

2
7 occasions, 57 detections, 26 animals

Maxomys surifer - Plots of the distribution of individual movements (lines) between
captures (dots) over the trapping grids (red crosses). Colours are arbitrary.
E1

E2

3
7 occasions, 78 detections, 36 animals
4
7 occasions, 57 detections, 28 animals

F2

F1

5
7 occasions, 14 detections, 5 animals

OG2

68

1
7 occasions, 59 detections, 29 animals

2
7 occasions, 81 detections, 44 animals

Maxomys whiteheadi - Plots of the distribution of individual movements (lines) between
captures (dots) over the trapping grids (red crosses). Colours are arbitrary.
E1

E2

3
7 occasions, 26 detections, 18 animals

F1

4
7 occasions, 32 detections, 20 animals

F2

5
7 occasions, 5 detections, 2 animals

OG2

69

2
7 occasions, 42 detections, 10 animals

1
7 occasions, 40 detections, 12 animals

Leopoldamys sabanus - Plots of the distribution of individual movements (lines) between
captures (dots) over the trapping grids (red crosses). Colours are arbitrary.
E1

E2

3
7 occasions, 29 detections, 11 animals

4
7 occasions, 20 detections, 12 animals

F2

F1

5
7 occasions, 21 detections, 7 animals

OG2
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APPENDIX 4 – SECR modelling outputs
In each case, the top 10 models are presented and ranked according to their AICc value.
Logged and unlogged forests
Maxomys surifer
Model

NPar.

LogLikelihood

AICc

dAICc

AICweight

D~session g0~t sigma~1

13

-1482.331

2993.971

0.000

0.5396

D~session g0~T sigma~1

8

-1489.192

2996.136

2.165

0.2347

D~session g0~t + session sigma~1

17

-1478.349

2996.471

2.500

0.1207

D~session g0~b + T sigma~1

9

-1488.579

2996.736

2.765

0.0754

D~session g0~t sigma~t

19

-1476.246

2997.799

3.828

0.0296

D~session g0~session sigma~session

15

-1483.588

3001.620

5.149

0.0000

D~session g0~B sigma~1

8

-1492.274

3001.800

7.829

0.0000

D~session g0~b sigma~1

8

-1494.062

3005.377

11.406

0.0000

D~session g0~1 sigma~1

7

-1495.550

3006.065

12.094

0.0000

D~session g0~b sigma~b

9

-1493.965

3007.510

13.539

0.0000

D~session g0~h2 sigma~1 pmix~h2

9

-1178.285

2376.317

0.000

0.2544

D~session g0~B sigma~1

8

-1179.825

2377.035

0.718

0.1777

D~session g0~1 sigma~1

7

-1181.099

2377.264

0.947

0.1585

D~session g0~T sigma~1

8

-1180.012

2377.408

1.091

0.1474

D~session g0~B + session sigma~1

12

-1175.460

2378.039

1.722

0.1090

D~session g0~b + T sigma~1

9

-1179.244

2378.236

1.919

0.0975

D~session g0~b sigma~b

9

-1179.437

2378.621

2.304

0.0804

D~session g0~b sigma~1

8

-1181.038

2379.461

3.144

0.0528

D~session g0~t sigma~1

13

-1175.572

2380.822

4.505

0.0267

D~session g0~t + session sigma~1

17

-1171.642

2383.725

5.686

0.0129

D~1 g0~B + session sigma~1

8

-812.1689

1643.687

0.000

0.7132

D~1 g0~B sigma~1

4

-818.4377

1645.726

2.039

0.2573

D~1 g0~session sigma~1

7

-817.7801

1652.106

8.419

0.0106

D~1 g0~1 sigma~1

3

-822.9040

1652.308

8.621

0.0096

D~session g0~B + session sigma~1

12

-810.1850

1652.370

8.683

0.0093

Maxomys whiteheadi

Leopoldamys sabanus
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D~session g0~B sigma~1

8

-817.4679

1654.285

10.598

0.0000

D~1 g0~T sigma~1

4

-822.7376

1654.326

10.639

0.0000

D~1 g0~b sigma~1

4

-822.8223

1654.496

10.809

0.0000

D~1 g0~b + T sigma~1

5

-822.1722

1655.649

11.962

0.0000

D~1 g0~b sigma~b

5

-822.6223

1656.549

12.862

0.0000

D~1 g0~t sigma~1

9

-1345.568

2710.788

0.000

0.3892

D~1 g0~t + session sigma~1

12

-1342.262

2711.467

0.679

0.2771

D~1 g0~t sigma~t

15

-1338.964

2712.589

1.801

0.1581

D~1 g0~T sigma~1

4

-1352.947

2714.245

3.457

0.0691

D~1 g0~b + T sigma~1

5

-1352.416

2715.363

4.575

0.0395

D~session g0~t sigma~1

12

-1344.564

2716.071

5.283

0.0277

D~session g0~t + session sigma~1

15

-1341.197

2717.055

6.267

0.0170

D~session g0~t sigma~t

18

-1337.859

2718.557

7.769

0.0080

D~session g0~T sigma~1

7-

1351.942

2718.893

8.105

0.0068

D~1 g0~B + session sigma~1

7

-1352.511

2720.031

9.243

0.0038

D~1 g0~B + session sigma~1

7

-1111.103

2235.294

0.000

0.2797

D~session g0~B + session sigma~1

10

-1107.976

2238.153

2.859

0.1169

D~1 g0~session sigma~1

6

-1112.771

2238.349

3.055

0.1060

D~session g0~B sigma~1

7

-1111.717

2238.522

3.228

0.0972

D~session g0~h2 sigma~1 pmix~h2

8

-1110.785

2238.983

3.689

0.0772

D~session g0~b sigma~b

8

-1110.811

2239.034

3.740

0.0753

D~session g0~1 sigma~1

6

-1113.224

2239.255

3.961

0.0674

D~session g0~session sigma~1

9

-1109.823

2239.428

4.134

0.0618

D~session g0~T sigma~1

7

-1112.282

2239.651

4.357

0.0553

D~session g0~b + T sigma~1

8

-1111.613

2240.637

5.343

0.0338

D~1 g0~B + session sigma~1

7

-681.2786

1379.584

0.000

0.9192

D~1 g0~B sigma~1

4

-688.1773

1385.355

5.771

0.0513

D~session g0~B + session sigma~1

10

-680.3866

1387.244

7.660

0.0200

D~1 g0~session sigma~1

6

-687.2512

1388.713

9.129

0.0096

Logged forest
Maxomys surifer

Maxomys whiteheadi

Leopoldamys sabanus

72

D~1 g0~1 sigma~1

3

-692.7373

1392.060

12.476

0.0000

D~1 g0~T sigma~1

4

-691.9178

1392.836

13.252

0.0000

D~session g0~B sigma~1

7

-688.0528

1393.133

13.549

0.0000

D~1 g0~b sigma~1

4

-692.5483

1394.097

14.513

0.0000

D~1 g0~b + T sigma~1

5

-691.8512

1395.241

15.657

0.0000

D~session g0~session sigma~1

9

-686.3769

1395.897

16.313

0.0000
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