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Abstract
There is substantial variation in the reported effects of logging on tropical forest fauna.
In addition to inherent variation in disturbance sensitivity among taxa, another contrib-
uting factor is that most studies use comparative analyses of unlogged versus logged
forests, which cannot fully account for heterogeneity in disturbance as well as under-
lying environmental gradients. To better understand how logging affects biodiversity,
we examined changes in bat assemblages across a disturbance gradient ranging from
old growth to forest logged several times. In one of the first evaluations of repeatedly
logged forest, we use both comparative and gradient analyses to reveal substantial sig-
nals in assemblage change in response to habitat alteration. Despite multiple rounds of
extraction in the most degraded forest, neither approach revealed a definitive effect of
logging on site-based richness. However, each approach generated insight into assem-
blage compositional responses to forest degradation. Structural differences were evi-
dent between old-growth and repeatedly logged forest, and depauperate
assemblages characterised degraded sites with low, open canopy. Ordinations identi-
fied species that best contributed to the signal of assemblage change, and also key asso-
ciated forest-structure variables. Models of trap-based abundance confirmed not only
the importance of forest height in determining assemblage change but also the role
of tree-cavity availability in supporting forest specialists, indicating that efforts to sup-
plement this resource could aid restoration. While highlighting the ecological impor-
tance of unlogged stands, we show that heavily degraded forests—even those that
have been repeatedly logged—still hold some potential value for tropical biota and
could have a role in conservation.
1. INTRODUCTION

Unprecedented levels of deforestation and forest degradation have led
to major concerns regarding the fate of tropical biodiversity (Bradshaw et al.,

2008; Frumhoff, 1995; Gardner et al., 2009). Throughout the tropics, forests

continue to be commercially logged, resulting in considerable ecosystem

degradation and fragmentation, to the point that logged-over and degraded

habitats now comprise more than 50% of the tropical forest estate (Blaser

et al., 2011). Nowhere is this crisis more acute than in Southeast Asia, a

region where rates of forest loss and exports of tropical timber are among
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the world’s highest (Asner et al., 2009; Cleary et al., 2007). Large densities of

profitable timber species in this region serve as an incentive for logging oper-

ations to harvest multiple times, resulting in potentially high levels of distur-

bance (Whitmore, 1998). The resulting logged forests are often severely

depleted of timber, making them vulnerable targets for conversion to other

land uses (Edwards et al., 2011; Fitzherbert et al., 2008). This can have con-

siderable implications for conservation and biodiversity management, not

least of which is the loss of potential biological corridors and buffer zones

around forest reserves (Chazdon et al., 2009). Nevertheless, although there

have been numerous logging-impact studies, only recently have researchers

begun to evaluate the biological value of forests logged multiple times

(Edwards et al., 2011; Woodcock et al., 2011).
1.1. The value of degraded forests for tropical biodiversity
The rapidly expanding coverage of degraded forests across the tropics, and

the concomitant scarcity of unlogged habitats, in a large part explain why

ecologists have changed their views of this modified resource. By presenting

an optimistic future for tropical biodiversity, Wright and Muller-Landau

(2006) ignited a fierce debate regarding the ecological value of secondary

forests (Laurance, 2007). A central part of Wright and Muller-Landau’s

argument was the equal value of these regenerating forests and those that

are undisturbed (i.e. old growth, sensu Putz and Redford, 2010) for

tropical taxa. Counter-arguments caution against this conclusion, given

insufficient knowledge of the ways by which biological communities

respond to forest disturbance (Gardner et al., 2007). In addition, numerous

tropical species are thought to already be committed to extinction

following population declines in degraded and fragmented habitat

(Brook et al., 2006). While much of this debate focused on the ecological

value of secondary forests regenerating from clearance, most arguments

are also applicable to forests heavily degraded by commercial logging.

Undisturbed old-growth forests are clearly valuable for tropical species

(Gibson et al., 2011), but the conservation value of heavily logged and

regenerating forests has been called into question (Didham, 2011;

Edwards et al., 2011). Nevertheless, despite some discord, there is a

growing recognition among ecologists and conservation planners that the

future of tropical biodiversity will depend, to a large degree, on how we

manage this modified resource (Chazdon et al., 2009; Clark et al., 2009;

Gardner et al., 2009).
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Over recent years, it has become progressively clear that large tracts of

disturbed forest are more valuable to biodiversity than alternative land uses.

In the Brazilian Amazon, for example, secondary forests regenerating after

burning are more similar in community composition to primary undisturbed

forests than they are to Eucalyptus plantations for the majority of taxa (Barlow

et al., 2007). Across the tropics, logged forests also support higher numbers

of forest specialists than plantations such as rubber (Hevea brasiliensis) or oil

palm (Elaeis guineensis) (Fitzherbert et al., 2008; Gibson et al., 2011). In rec-

ognition of this, there are mounting pressures on forest managers to mini-

mise the ecological impacts of logging activities and the inclusion in timber

certification schemes of criteria aimed to enhance biodiversity is testament to

this (e.g. Forest Stewardship Council; www.fsc.org). Biodiversity safeguards

may also feature in payments for ecosystem services programmes. For exam-

ple, the United Nations mechanism for reducing emissions from deforesta-

tion and degradation in developing countries (REDDþ; www.un-redd.

org) now includes provisions for biodiversity conservation as a co-benefit

of protecting forests for carbon stocks, and collating data from ground-based

biological inventories is proposed as one way of monitoring implementation

(Gardner et al., 2012). Substantive evaluations of biological communities in

disturbed forests have thus attracted renewed commercial and scientific

interest, with the aim of using sound ecological science to inform tropical

forest management and the design of managed landscapes (Clark et al.,

2009; Gibson et al., 2011; Meijaard and Sheil, 2008).

1.2. Logging impacts on biodiversity: taxonomic variation and
confounding factors

Tropical biota are thought to be highly sensitive to disturbance (Stork et al.,

2009), particularly in Southeast Asia (Brook et al., 2006; Sodhi et al., 2009).

Collateral damage associated with logging operations, including felling of

non-harvested trees and road construction, can result in significant alter-

ations to forest structure, including up to 80% loss in canopy cover

(Fimbel et al., 2001), and a reduction of canopy height that can take substan-

tial time to recover (Okuda et al., 2003). These changes can have consider-

able implications for forest fauna. For example, Wells et al. (2007) found

logging to have profound effects on the prevalence of rare, small-mammal

species in Borneo rainforests, a finding they attributed to reduced canopy

space and altered tree composition in disturbed forest stands. Population

declines of terrestrial birds in logged forests have been attributed to a

reduction in leaf-litter microfauna, foraging sites and tree cavities for nesting

http://www.fsc.org
http://www.un-redd.org
http://www.un-redd.org
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(Cockle et al., 2010; Johns, 1989; Lambert and Collar, 2002; Lammertink,

2004), while butterfly abundance is thought to be limited by the availability

of larval host trees post logging (Cleary et al., 2009).

Nevertheless, there remains huge variation in the reported impacts of

tropical forest disturbance (Chazdon et al., 2009; Foody and Cutler,

2003), which makes any synthesis of habitat value difficult and somewhat

controversial (Didham, 2011). Selectively logged forest in Uganda, for

example, is reported to host a more abundant and diverse small-mammal

assemblage than undisturbed forest, in part due to changes to understory

vegetation (Isabirye-Basuta and Kasenene, 1987). Similarly, once-logged

forest in Malaysian Borneo hosts comparable levels of bird richness to

unlogged forest (Edwards et al., 2011). Overall estimates of the proportion

of primary forest species remaining in degraded stands range from less than

10% to more than 90% across taxonomic groups (Berry et al., 2010;

Chazdon et al., 2009). Although the negative effects of logging are signifi-

cant in meta-analyses at the pan-tropical level, in comparison to other dis-

turbances faced by forests, the impact of timber extraction is relatively

benign (Gibson et al., 2011).

Several reasons are reported to explain discrepancies in the logging lit-

erature. Fundamentally, species are known to differ in their sensitivity to

environmental change, and so variation in responses to disturbance across

taxonomic groups is evident (Meijaard et al., 2005; Meijaard and Sheil,

2008). For example, of the 15 taxonomic groups sampled in the Brazilian

Amazon by Barlow et al. (2007), only four taxa (trees/lianas, birds, fruit-

feeding butterflies and leaf-litter amphibians) exhibited the reduced species

richness expected in Eucalyptus plantation compared to forest, with most

groups exhibiting idiosyncratic responses even between undisturbed and

regenerating forest treatments. Variation in population responses is also

apparent within taxa and is most evident when regional or global datasets

are collated. A synthesis of the literature on birds and butterflies in

undisturbed and disturbed forests, for example, found increased and

decreased diversity in response to disturbance in almost equal measure

(Hill and Hamer, 2004). However, when pan-tropical analyses have par-

titioned bird assemblages consistently into guilds or ensembles, they reveal

the abundance of granivores to increase in logged forests, insectivores and

frugivores to decline, and the responses of nectarivores and carnivores to

vary by tropical region (Gray et al., 2007).

While variation in disturbance sensitivity among taxa is undoubtedly

central to the reported variation in logging impacts, the very nature of
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timber extraction in the tropics also makes robust comparisons of unlogged

and logged forests difficult, and sometimes impossible. While these issues

have not gone unnoticed in the logging literature (e.g. Frumhoff, 1995),

only recently have ecologists voiced significant concern (Chazdon et al.,

2009; Dent and Wright, 2009; Gardner et al., 2009; Lindenmayer and

Laurance, 2012; Ramage et al., 2013). There is a growing recognition that

at least some statistical signals, or lack of signals, in logging-effect datasets

may be confounded by experimental design. The heterogeneous nature

of logging in the tropics typically results in a spatial mosaic of forest types

and disturbance levels, with some parts of concessions being heavily

degraded, while other patches escape logging completely, despite extraction

data to the contrary (Cannon et al., 1994).

Logging activities also tend to be undertaken on relatively accessible

terrain, and so signals in community data can also be confounded by

variation in topography, and hence forest productivity, between these sites

and unlogged controls (Gardner et al., 2009). Difficulties of access and

an increasing paucity of unlogged controls then raise the problem of

finding sufficient numbers of replicate experimental units to undertake

comparative studies. These units need to be not only appropriate to detect

any response by the study organisms under question (Hamer et al., 2003;

Hill and Hamer, 2004) but also large enough to encapsulate landscape-level

variation in disturbance, while being sufficiently spaced apart to be

considered truly statistically independent (Shea et al., 2004). Combined,

these limitations have the potential to mask signals in assemblage

datasets (Meijaard et al., 2005; Meijaard and Sheil, 2008), leading most

researchers to make understandable and often inevitable tradeoffs between

adequate scale, replication and sample sizes in study design. In addition to

these problems, the most important effects of forest disturbance are likely

to be more prevalent in high-intensity silviculture systems and will accumu-

late over multiple rounds of logging (Edwards et al., 2011; Lindenmayer and

Laurance, 2012).

In summary, although taxonomic variation in sensitivity to

disturbance is central to understanding the effects of logging on biodiversity,

the impacts of timber extraction, as with other disturbances, are likely to vary

over space, time and intensity, even within concessions with a similar

management history. This makes true replication for comparative studies

of disturbance treatments particularly difficult to achieve in tropical forests

and has the potential to confound signals from datasets and thus contribute to

some of the variation in logging effects reported in the literature.
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1.3. Viewing logged landscapes as gradients
Despite methodological challenges being long recognised (Frumhoff, 1995),

comparative approaches continue in the logging-impact literature and a

somewhat artificial dichotomy between unlogged and logged forests pre-

vails. Assessments of species differences solely between discrete forest man-

agement treatments risk overlooking potentially large community changes

in response to environmental and/or disturbance gradients that are inherent

in the study system. The simple premise of gradient analyses (sensu

Ter-Braak and Prentice, 2004) is that species are more abundant around

their environmental optimum and so successive changes in the abundance

and replacement of species occurs as a function of environmental variation.

Gradient approaches are well known in landscape ecology and have had a

marked influence on studies of urbanisation, fragmentation and land-use

change (Cushman et al., 2010; McDonnell and Pickett, 1990); yet the gra-

dient paradigm has received relatively little attention in the logging-impact

literature. Most gradient studies in the tropics to date have focused on

extreme gradients of land-use change from forest to non-forest habitats

(e.g. Kessler et al., 2009), habitat fragmentation (e.g. Ewers and Didham,

2006) and elevation (McCain and Grytnes, 2010) rather than forest

disturbance per se (but see Aguilar-Amuchastegui and Henebry, 2007;

Hamer et al., 2003; Lammertink, 2004). This is surprising, since viewing

forest landscapes as gradients has the potential to account for spatial variation

of inherent environmental parameters (Clark and Clark, 2000) as well as

disturbances within otherwise preconceived logging treatments. Gradient

analyses are also better equipped to detect subtle variation in population

sizes and assemblage structure of forest wildlife pertinent to silvicultural

management, and can provide deeper insights into biodiversity change

beyond simple measures of species richness. Moreover, quantifying

responses in this way also facilitates the prediction of species’ responses to

restoration efforts and potentially enables the identification of indicator

species for biological monitoring.
1.4. Gradient and comparative approaches: a logging case
study of Borneo’s bats

We report on the first evaluation of tropical biota in heavily degraded logged

forests based on both gradient and traditional comparative analyses. Most

previous logging-impact studies have focused on the effects of a single rota-

tion of timber extraction, and only recently has attention focused on the
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effects of a second round of activity (Edwards et al., 2011; Woodcock et al.,

2011). One novel aspect of our study is to take these appraisals one step fur-

ther by examining the biological importance of forests subject to further log-

ging, whereby the vast majority of commercial timber is removed from the

forest prior to conversion to other land uses. Our study is a product of a new

large-scale experiment examining forest modification on the Southeast

Asian island of Borneo, a biodiversity hotspot with some of the highest tim-

ber extraction rates in the world (Fisher et al., 2011). Central to the design of

this experiment is a forest modification gradient arising frommultiple rounds

of logging and the eventual clearance of forest to monoculture, a process that

mimics the real-world pattern of habitat conversion across much of the tro-

pics today. The study landscape also exemplifies many of the aforemen-

tioned difficulties experienced in the design of logging-effect studies

concerning replication and the influence of spatial correlation. We use both

gradient analyses and comparative approaches, as well as sensitivity analyses

where appropriate, to address these difficulties.

We focus on the effects of logging on insectivorous bats, which form a

centre of richness in the Indo-Malayan region where they represent up to

half of all forest mammal species (Findley, 1993). A number of ecological

traits, such as low fecundity, longevity and high survivorship, indicate that

bats are a resource-limited group (Findley, 1993), leading to recent studies

promoting their utility as bioindicators (Jones et al., 2009). Nevertheless,

there remains substantial variation in the reported effects of logging. To date,

the majority of disturbance studies for tropical bats have been undertaken in

the neotropics, where bat assemblages in forests are dominated by members

of the Phyllostomidae. While some of these studies reveal predictable

declines in overall bat richness and abundance in logged forest sites

(e.g. Medellı́n et al., 2000; Peters et al., 2006), others highlight inconsistent

responses among species, particularly in low-intensity extraction systems

(e.g. Presley et al., 2008). In well-managed forest stands, neotropical

bat assemblages are known to recover well from disturbance events

(e.g. Clarke et al., 2005a,b; Willig et al., 2007).

Far fewer logging studies have focused on palaeotropical bats, assem-

blages of which are structured differently to those in the neotropics as they

are dominated by insectivorous species not found outside the Old World.

Borneo bat communities comprise at least 93 species, of which 76 are insec-

tivorous, and up to 40 of these species can be readily captured in the forest

understory (Struebig et al., 2012). Several lines of evidence suggest that a

substantial number of these species use landscapes at much smaller spatial
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scales than is commonly perceived from their ability to fly. A recent

compilation of life-history characteristics of Borneo mammals reveals the

home ranges of insectivorous bats to be on average ca. 4–15 times

smaller than those of larger forest mammals (median range for: 40 understory

bat species¼44 ha; 13 primate species¼200 ha; 21 small carnivore

species¼700 ha; Wilson et al., 2010). While the ranges of cave-roosting

insectivorous bats can be substantial (median range for 14 species¼2200 ha),

the ranges of those species roosting in forest trees and vegetation are com-

parable to those of terrestrial mammals of similar size (ca. 2 ha: 19 species of

bat vs. 19 murid rodents and 10 tree shrews).

The ecological flexibility of palaeotropical bats is thought to be con-

strained by ecomorphological traits, roosting ecology and social organisa-

tion, which vary across taxa (reviewed in Kingston et al., 2003; Rossiter

et al., 2012; Struebig et al., 2008). Combinations of these factors affect local

dispersion and the capacity for movement, as indicated by differential pat-

terns of genetic structure and gene flow across bat taxa in intact forest

(Rossiter et al., 2012) and mosaic habitats (Struebig et al., 2011). Bat assem-

blages in this region are also known to undergo area-dependent declines in

diversity following forest fragmentation (Struebig et al., 2008, 2011), struc-

tural changes following forest degradation (Furey et al., 2010) and major

declines in diversity following deforestation in line with other animal groups

(Fitzherbert et al., 2008). As a number of ecological traits of bats are often

shared with birds and/or other mammals (e.g. wing morphology, Norberg,

1998; insectivorous/frugivorous diets and cavity-nesting tendencies, Kunz

and Lumsden, 2006), examining the effects of logging on these animals

may yield useful insights into the responses of other taxa.

We examine changes in bat assemblages across a habitat-disturbance

gradient, ranging from pristine old growth to twice logged to forest logged

several times. Our approach considers the utility of both traditional compar-

ative analyses of forest types, as well as gradient analyses of finely resolved

assemblage and forest-structure data. First, we examine patterns in species

richness and abundance across forest types and sites. We then quantify var-

iation in assemblage structure among sites using unconstrained ordination

and related techniques, capable of partitioning species compositional data

both as groups and in relation to gradients. Finally, we extend our gradient

appraisal to the use of mixed-effects models to tease out species-abundance

responses to forest disturbance at the level of sampling points and confirm

the most influential forest structural variables involved in this process.

By partitioning analyses in this way, and undertaking sensitivity analyses
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to account for potential effects of spatial pseudoreplication, we illustrate that

gradient approaches can provide deeper insights into the subtle responses of

biodiversity to forest disturbance than more traditional comparisons of forest

treatments. Nevertheless, we conclude that both approaches are compli-

mentary, each revealing its own element of the disturbance process that

can be used to inform tropical forest management and conservation.
2. MATERIALS AND METHODS

2.1. Study area
Figure
Sabah
sites h
some
ahead
the ex
65 km
Fieldwork was based at the Stability of Altered Forest Ecosystems Project

(www.SAFEproject.net), a recently established landscape modification

experiment in Sabah, Malaysian Borneo (Fig. 1). The SAFE project area

encompasses 7200 ha of lowland dipterocarp rainforest in the Kalabakan

Forest Reserve (4�430N, 117�350E), the majority of which has been long

designated for conversion to plantation by the Malaysian government

(Ewers et al., 2011). International sustainability standards (e.g. www.rspo.

org), and indeed Malaysian law, prohibit the clearance of forest on steep
1 Location of study sites at the Stability of Altered Forest Ecosystems Project in
Borneo in 2011–2012. A gradient of logging disturbance was evident; most forest
ad been logged at least two times (twice logged, intermediate shading), with
sites subject to additional repeatedly logging (repeatedly logged, light shading)
of clearance for plantation. Old-growth forest is indicated by dark shading in
perimental area (VJR) as well as at Maliau Basin (OG2, OG3), approximately
away. The plantation mosaic is shown in white and lines indicate rivers.

http://www.SAFEproject.net
http://www.rspo.org
http://www.rspo.org
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slopes and along watercourses, characteristics shared by approximately

500 ha of the estate. In addition to these areas, the concessionaire, Yayasan

Sabah, agreed to retain 800 ha for purposes of forest fragmentation research.

The schedule of forest clearance provided us with a rare opportunity to sur-

vey sites across the landscape to identify pre-existing environmental gradi-

ents prior to fragmentation.

At the time of sampling, all study sites were part of a contiguous expanse

of lowland dipterocarp forest (>1million ha). Land use to the south andwest

of the study area comprised a mosaic of oil palm and timber (primarilyAcacia

mangium) plantations. We benefited from an exemplary study design at

SAFE, defined by study sites which have been oriented to minimise factors

that could potentially confound the effects of land-use change, such as lat-

itude, slope and elevation (Ewers et al., 2011). Our sampling was undertaken

between April 2011 and June 2012 at 12 forested sites that varied in the

degree to which they had been logged (Fig. 1), and so the main gradient

under study was that of forest disturbance from timber extraction.

The majority of logged forest sampling was undertaken in the experi-

mental area in Kalabakan at six sites (A–F) that had been heavily logged mul-

tiple times prior to the scheduled clearance: two logging rotations under a

modified uniform system, with timber restrictions lifted during the second

rotation ahead of the planned clearance for plantation. Under the first rota-

tion, ca. 113 m3 ha�1 was removed (Fisher et al., 2011). Under the second

rotation, the forest was actually re-logged three times, resulting in a cumu-

lative extraction rate of 66 m3 ha�1 (26, 22, then 18 m3 ha�1; D.P. Edwards,

unpublished data). Forest at these repeatedly logged sites was therefore

heavily degraded and characterised by a high density of access roads and skid

trails, a paucity of commercial timber species, very few emergent trees, and

the dominance of pioneer and invasive vegetation (e.g.Macaranga). We also

sampled three twice-logged forest sites (LFE, LF2, LF3) in coupes within the

neighbouringUlu Segama Forest Reserve. Forest at these sites had been sub-

ject to similar timber extraction during the first logging rotation, followed by

an average of 37 m3 ha�1 during the second rotation. Notably, these sites

were subject to timber quotas during the second rotation, during which

extraction was ca. 1.7 times less than at Kalabakan. Distances between

our twice-logged forest sites ranged from 1.9 to 12.4 km (mean 8.4 km)

and repeatedly logged sites from 1.9 to 11.8 km (mean 5.6 km). Our

remaining study sites were in the nearest topographically matched old-

growth, or near-pristine, forest within the block. These sites were located

within the Brantian-Tantulit Virgin Jungle Reserve (VJR) adjoining
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Kalabakan, or the Maliau Basin Conservation Area (OG2, OG3), approx-

imately 65 km northwest. Although the distances between some of these

sites and those in the logged forest could potentially influence species turn-

over, analyses of bat inventories across little-disturbed forests of northern

Borneo confirm beta diversity to be low and non-significant in the absence

of environmental gradients (Struebig et al., 2012). Of these sites, OG3 and

VJR had been subject to some logging for construction of access roads, but

old-growth forest features remained intact. Dominant tree species in

old-growth sites included Eusideroxylon zwageri (Belian), Shorea parvifolia

(Meranti) and S. curtisii (Seraya), all highly prized for their timber.

We emphasise that logging damage and vegetation structure varied sub-

stantially across the landscape (evenwithin coupes), therefore precluding our

ability to reliably categorise sites into broad disturbance classes. However, to

illustrate the benefits of gradient approaches we compare results from gra-

dient analyses with those based on sites classified into broad habitat-

disturbance treatments akin to those used in other studies. We use three

broad categories pertaining to disturbance history, namely, old growth

(OG2, OG3, VJR), twice logged (LFE, LF2, LF3) and repeatedly logged

(A–F). While others have referred to twice-logged forest as ‘repeatedly log-

ged’ (Edwards et al., 2011; Woodcock et al., 2011), we note that our use of

this term is confined to sites that were logged more than two times. Using

the ecosystem classification system promoted by Putz and Redford (2010),

our twice-logged sites would be clearly defined as ‘managed forest’ (as would

those studied by Edwards et al., 2011 and Woodcock et al., 2011), but our

repeatedly logged sites would be more appropriately classified as ‘degraded

forest’, ‘derived woodland’ or in transition between the two heavily dis-

turbed states. In light of this ambiguity, we defined gradients using forest-

structure variables.
2.2. Animal sampling
Bats were captured at 42 sampling points per site, 50–150 m apart, along

trails used to access permanent SAFE project plots (see Ewers et al.,

2011). These trails were of comparable length (ca. 3 km) and spatial arrange-

ment across sites, and all sampling points were located in areas with vegeta-

tion exceeding trap height (>2 m). In order to minimise capture biases and

methodological heterogeneity, we targeted insectivorous bats that are

readily captured in the forest understory, restricted surveys to the dry season

and avoided sampling in periods of heavy rain. Bats were captured using
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four-bank harp traps (Muzeum Zoologicum Bogoriense, Cibinong, Indo-

nesia) using a standardised protocol employed elsewhere in Southeast Asia

(Kingston et al., 2003; Struebig et al., 2008, 2009, 2011, 2012). Up to seven

traps were set across transects each night and then moved to new sampling

points the following day—hence, one trap set at a sampling point for one

complete night constituted one harp trap night. The majority of sampling

was undertaken by two teams operating at different sites at any one time,

and trapping at any one site was completed within 10–12 days.

All bats were marked with wing biopsies (Stiefel Laboratories, Maiden-

head, UK), and in some cases by numbered forearm bands (Porzana,

Icklesham, UK), before release so that recaptured individuals could be iden-

tified and removed from analyses. We classified insectivorous species into

three ensembles based on aspects of roosting and foraging ecology, as outlined

in Struebig et al. (2008, 2012): (1) bats with generalist roosting habits that for-

age in partially cluttered edges and/or canopy gaps (hereafter edge/gap species);

(2) bats that predominantly roost in caves, but which commute to foraging

sites in the cluttered forest understory (hereafter cave species); (3) bats with for-

aging and roosting specialisations associated with ephemeral forest structures

such as trees, cavities/hollows or other foliage (hereafter forest species).
2.3. Forest structure and microhabitat
We used forest-structure data to delineate a disturbance gradient as well as

classify sites into logging treatments, because timber extraction was not

uniform across the landscape. Following logging operations, forests typically

become more open habitat, with a lower, broken canopy and a denser layer

of shrubs, climbers and bamboos (Felton et al., 2006; Pinard, 2005). We

therefore collected structural data on canopy height, openness, understory

clutter and densities of standing trees, fallen (dead) wood and tree

cavities/hollows—variables pertaining to timber management, and which

also describe important habitat structures for forest wildlife (Meijaard and

Sheil, 2008).

Canopy height (ordinal scale of 1–5: 1, 0–5 m; 2, 5–10 m; 3, 10–20 m; 4,

20–30 m; 5,>30 m), canopy openness (using a densiometer) and understory

clutter (ordinal scale 1–5 ranging from no vegetation to impenetrable thick

undergrowth) were estimated within a 5-m radius at 30 of the sampling

points used for trapping in each site. Canopy height and openness were both

correlated with an independent assessment of forest quality introduced by

Ewers et al. (2011), whereby sites were scored on a qualitative scale based
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largely on understory and canopy density (heightR¼0.94, p<0.001; open-

ness R¼�0.85, p<0.001). Height and openness were themselves nega-

tively correlated (R¼�0.817; p¼0.001).

Density estimates of trees and trees bearing cavities or hollows were

derived from 30 m�5 m plots established at the 30 sampling points per site

(Table 1). In each plot, we quantified densities of all standing and fallen trees

>1 m in length, as well as the presence of holes within them (hereafter ter-

med cavities in standing trees and hollows in fallen trees). All standing trees

>10-cm diameter were counted and classified into size categories according

to diameter at breast height (DBH). We then searched each tree (standing

and fallen) for the presence of cavities or hollows. These were defined as

holes >5 cm in length and >3-cm deep, based on the average body size

of forest insectivorous bats and birds in the region, and the roosting habits

of three bat species known from the study area (Kingston et al., 2006). Tree

and cavity counts were usually undertaken after trapping was completed.

Due to difficulties of access at two of the sites (B and LFE), these counts were

restricted to 10 sites, which were representative of the disturbance gradient.

Since ordination analyses can be strongly affected by missing data, we

followed recommendations byMcCune and Grace (2002) for these two sites

and estimated values using mean data from other sites within each

forest type.

2.4. Statistical analyses
2.4.1 Site-level species diversity
Differences in the observed species richness (Sobs) between sites were inves-

tigated by comparing 95% confidence intervals derived by sample-based rar-

efaction rescaled to individuals in EstimateS v.8.2 (Colwell, 2009). Estimates

of biodiversity value can be inflated by the presence of occasional species in

inventories (Barlow et al., 2010), so we also repeated analyses with all sin-

gletons removed from assemblages as a precaution. To assess completeness of

our site inventories, we also predicted the number of bat species at each site

using the multinomial model introduced by Shen et al. (2003). Here, rich-

ness was predicted to a common sample size of 300 individuals because the

majority of insectivorous bats are represented in Borneo inventories at this

sampling effort (Struebig et al., 2012).

2.4.2 Site-level species composition and habitat association
To quantify variation in bat assemblage composition in relation to forest-

structure variables across the disturbance gradient, we used non-metric



Table 1 Habitat characteristics of forest sites with varying degrees of logging disturbance at the SAFE project area, Sabah, Malaysia

Site
Canopy
height

Canopy
openness

Understory
clutter

No. of standing
treesa

No. of standing
trees with
cavitiesa

No. of fallen
treesa

No. of fallen
trees with
hollowsa

Old growth

OG2 2.58�0.08 4.68�0.01 2.77�0.13 8.7�0.51 1.40�0.25 1.87�0.31 0.70�0.16

OG3 2.50�0.09 4.08�0.01 5.53�1.38 10.53�0.56 0.80�0.15 2.23�0.40 1.03�0.18

VJR 1.98�0.09 10.20�0.01 2.40�0.12 7.81�0.52 0.35�0.1 0.32�0.52 0.06�0.05

Twice logged

LFE 1.43�0.09 3.08�0.01 3.07�0.04 9.57�0.14 0.22�0.07 0.93�0.80 0.17�0.01

LF2 2.10�0.05 12.43�0.01 3.14�0.05 9.67�0.52 0.27�0.10 0.30�0.52 0.13�0.06

LF3 2.17�0.01 9.56�0.01 2.83�0.01 9.47�0.71 0.17�0.07 1.57�0.71 0.20�0.09

Repeatedly logged

A 0.95�0.11 20.42�0.47 2.79�0.13 7.60�0.70 0.23�0.09 1.20�0.70 0.30�0.10

B 1.02�0.07 19.76�0.21 2.90�0.12 7.30�0.52 0.27�0.08 0.91�0.18 0.22�0.06

C 0.95�0.11 23.51�0.73 3.41�0.15 6.45�0.53 0.19�0.11 0.84�0.53 0.13�0.08

D 1.12�0.05 22.77�0.24 3.60�0.08 7.33�0.71 0.28�0.10 0.72�0.71 0.22�0.08

E 0.73�0.09 22.06�1.21 3.73�0.07 7.33�0.62 0.23�0.08 0.97�0.62 0.23�0.09

F 1.39�0.08 11.23�0.58 3.32�0.09 7.80�0.51 0.40�0.14 0.83�0.51 0.20�0.10

aTree density estimates based on counts in 0.015 ha plots centred on each sampling point. Due to difficulties of access, counts for sites LFE and Bwere estimated using the
means of other sites in each forest type.
Values represent means (�1 SE) from 30 sampling points per site.
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multidimensional scaling (NMDS). Ordinations based on Bray–Curtis dis-

similarity coefficients using species-abundance data were undertaken in

PC-Ord v.6 (MjM Software, Oregon, USA). We sought to generate an

optimal ordination solution that represented the majority of assemblage var-

iation with minimal stress (a measure of departure from monotonicity in the

relationship between dissimilarity distances of the original and reduced ordi-

nation space). To determine an optimal NMDS solution, we compared

ordinations with those based on randomised data matrices (abundances

randomised among sites, run 250 times with real and randomised data) to

assess whether our results were simply due to chance (i.e. reflecting

weak pattern or structure in the original matrix) or reflected biologically

meaningful structure. BIO-ENV analysis (Clarke and Ainsworth, 1993)

undertaken in PRIMER v.5 (Clarke andWarwick, 2001) was used to iden-

tify the forest-structure variables that were best associated with the overall

patterns of bat assemblage composition. We used weighted multi-response

permutation procedures (MRPPs) to test for compositional differences

in bat assemblages among forest types (i.e. old-growth, twice-logged and

repeatedly logged sites) and fitted general linear models in R 2.15.1

(R Development Core Team, http://www.r-project.org/, 2012) to deter-

mine the extent to which variation in assemblage structure exhibited by axis

scores was driven by forest-structure variables.

The relatively close proximity of some sites (i.e. OG2 andOG3; LF2 and

LF3) could potentially influence assemblage patterns and hence skew ordi-

nation results, so we repeated NMDS analyses using subsets of sites. Ordi-

nations were repeated by leaving out one site from each geographic pair for

the four ways in which this could be done. For each of these ordinations, the

linear models of axis scores versus forest-structure variables were then re-run

accordingly. For the optimal ordination, the extent to which each bat species

contributed to variation in assemblage structure among forest sites was deter-

mined using tau rank correlation coefficients of abundance versus NMDS

axis scores. We do not report p values for these correlations because of con-

straints associated with the number of samples and covariates for analyses

(McCune and Grace, 2002).

2.4.3 Trap-level responses to forest disturbance
Although the extent of our sampling was comparable to other studies in the

literature, and the sites sampled were fully representative of our forest types,

our analyses of 12 sites could potentially be constrained by statistical power

and/or pseudoreplication within treatment. To account for these potential

http://www.r-project.org/
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limitations, we also modelled abundance data at the level of individual sam-

pling points and controlled for any variation associated with spatial correla-

tion by fitting site localities as random effects. We used zero-inflated

generalised linear mixed models (ZIGLMMs) with negative binomial error

terms to identify the components of forest structure that affected the number

of bats captured along the disturbance gradient. The response variable in

all models was the number of individuals captured in each trap. Initial

inspection of models and residual plots revealed that ZIGLMM analysis

for individual species was not appropriate due to the presence of a small

number of highly influential points. We therefore pooled our capture data

either as all bats captured or separately for all forest bats or cave bats. Our final

response variables thus represented the number of individuals (abundance)

represented within these groupings. ‘Site identity’ was modelled as a random

effect (to control for any variation associated with site-based spatial

correlation—see Paterson and Lello, 2003) and forest-structure variables

were coded as fixed effect covariates using spatially matched capture and

habitat data. These data were derived from 272 traps in 10 sites (we were

unable to safely collect habitat data from 28 sampling positions due to

adverse local conditions—e.g. landslides, hornet nests).

To further account for any spatial correlation arising from the close prox-

imity of OG2/OG3 and LF2/LF3 sites, we repeated models by coding these

geographic pairs with the same site identity for each of the three ways by

which this could be done (i.e. OG2 and OG3 coded as ‘OG’, giving 11 site

identities in total; LF2 and LF3 coded as ‘LF’; and the combination of these

two altered codings). All explanatory variables were investigated for collin-

earity, which resulted in a restricted set of predictor variables in our

ZIGLMMs: forest height, understory clutter, total tree density, the number

of cavities in standing trees, and the number of hollows in large fallen trees

(>50-cm DBH). Variables were standardised to have a mean of zero and

standard deviation of 0.5 before model averaging to aid the interpretation

of model-averaged parameters measured at different scales.

Global models were fitted in R using the glmmADMB package (Skaug

et al., 2012) to account for the zero-inflated nature of our count data,

and an information theoretic approach to model selection was applied using

theMuMIn package (Barto�n, 2012), incorporating all possible model subsets.

Model-averaged parameters were then derived from a reduced subset of

models defined by Akaike’s information criteria (△AIC<4), and explana-

tory variables were judged to be significant if the 95% confidence intervals of

the coefficient estimate did not include zero.
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3. RESULTS

3.1. Forest-structure gradient

Our measures of forest disturbance—canopy height and openness—defined

a clear gradient in habitat structure over the 12 sites sampled (Table 1). The

canopy of old-growth forest sites was typically taller and more closed than

that in logged forest. Tree density varied substantially over the forested land-

scape, but as expected, was greatest at sites in taller forest (R¼0.771;

p¼0.003) with closed canopy (R¼�0.825; p<0.001) (Table 1). Of the

2724 trees counted in our vegetation plots, 221 (8.1%) contained cavities

or hollows. Estimates of the number of cavity/hollow-bearing trees ranged

from 140.0 ha�1 in old-growth (site OG2) to 17.8 ha�1 in the repeatedly

logged forest (site C). Although more cavity/hollow-bearing trees were also

found in taller forests (R¼0.655; p¼0.021), this was not significantly asso-

ciated with high tree densities at these sites (R¼0.307; p¼0.332).

3.2. Species richness
Across the landscape, species richness varied little among forest types, but

substantially among sites. We captured 1677 individuals of 31 bat species

in 504 traps set over the 12 forest sites (Tables 2 and 3). Inspection of rarefied

accumulation curves and confidence intervals for assemblage data pooled by

forest type showed repeatedly logged forest to host similar numbers of spe-

cies than old-growth forest, but significantly fewer than twice-logged forest

at the same sampling effort (i.e. the same number of bats captured; Fig. 2A).

However, many of the species in logged forest assemblages were occasional

singletons, and when these were removed from analyses, richness levels were

near-identical among forest types (Fig. 3A). A similar pattern emerged when

rarefaction analyses were partitioned by ensemble, although repeatedly log-

ged forest hosted significantly fewer cave species than twice logged or old

growth (Fig. 2B and C). Site-level richness varied considerably (Table 2),

indicating moderate levels of beta diversity particularly among the logged

forest sites. The six repeatedly logged sites typically supported fewer bat spe-

cies than sites in the least disturbed forest (Fig. 3B), but there was no decline

in richness consistent with the canopy height disturbance gradient

(R2¼0.033; p¼0.267). Again this pattern was consistent when assemblages

were partitioned by ensemble and also when singletons were removed prior

to analyses (Fig. 3B). Richness predictions revealed that our site inventories

were 71–99% complete (Table 2), indicating that the observed patterns of

richness were a reliable representation of actual patterns.



Table 2 Bat assemblage characteristics of forest sites subject to varying degrees of
logging disturbance at the SAFE project area, Sabah, Malaysia

Site

Abundance Observed richness (Sobs)

Predicted
richness
(SShen)

a

Inventory
completeness
(Sobs/SShen)

All
bats

Forest
bats

All
bats

Forest
bats Singletons

All
bats

Forest
bats

All
bats

Forest
bats

Old growth

OG2 214 97 19 11 4 20 14 0.94 0.81

OG3 210 93 18 10 1 18 10 0.99 1.00

VJR 113 74 12 9 3 14 13 0.84 0.67

Twice logged

LFE 110 82 19 12 8 27 14 0.71 0.85

LF2 120 53 13 9 3 15 12 0.86 0.73

LF3 177 58 20 12 8 24 17 0.83 0.72

Repeatedly logged

A 111 87 18 11 4 21 11 0.87 0.96

B 125 85 13 8 3 15 9 0.85 0.90

C 127 71 15 11 4 18 14 0.83 0.80

D 118 86 15 9 3 17 10 0.89 0.87

E 107 85 14 10 2 15 11 0.94 0.95

F 145 53 11 7 1 11 8 0.98 0.93

aRichness predicted to a common sample size of 300 individuals using the Shen multinomial model
(Shen et al., 2003).
Assemblage data are based on captures from 42 harp traps set at each site.

Table 3 Abundance (A) and observed species richness (S) of bats pooled across
rainforest sites classified into broad logging-disturbance classes

Ensemble

Total

Old growth Twice logged Repeatedly logged

Three sites
(OG2, OG3, VJR)

Three sites
(LFE, LF2, LF3)

Six sites
(A–F)

A S A S A S A S

All species 1677 31 537 22 407 24 733 21

Cave bats 707 8 269 7 211 7 227 4

Forest bats 924 17 264 13 193 14 467 13

Edge/gap bats 46 6 4 3 3 3 39 4
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Figure 2 Rarefied species-accumulation curves for bat assemblages in old-growth (dark
shading; n¼3 sites), twice-logged (intermediate shading; n¼3) and repeatedly logged
(light shading; n¼6) forest. Curves are derived from sample-based rarefaction rescaled
to individuals using pooled data from sites within each forest type. Dashed lines indicate
the upper and lower 95% confidence limits of the curves for repeatedly logged forest,
in which the most sites were sampled. Values outside of these confidence limits are
statistically different from the main curve.
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Figure 3 Rarefied species richness of palaeotropical bats across a logging-disturbance
gradient. Sites are either (A) grouped into forest disturbance categories or (B) presented
in decreasing order of forest height, in which case the reference richness level is the
least disturbed site (OG2). Bars represent total richness (mean and 95% CIs based on
rarefaction) and horizontal bars indicate richness with singletons removed.
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3.3. Patterns of abundance
More bats were captured in the taller and least disturbed forest sites than at

sites that had been heavily logged with a lower canopy (range 214–107 bats,

sites OG2-E; R2¼0.555; p¼0.003). Cave bats and forest bats represented a

similar proportion of all animals captured in old-growth forest (50%, 49%)

and twice-logged forest (52%, 47%), but at the repeatedly logged sites, forest

bats typically represented a larger proportion of the bat assemblage
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(64% overall, Table 3). The majority of edge-foraging bat species over the

landscape (85%) were also captured at the repeatedly logged sites (Table 3).

Twelve species represented 90% of all captures across the forested landscape

and the majority were present at all sites. The two most dominant species

across the landscape (Hipposideros cervinus and Kerivoula intermedia) represen-

ted 39% of all bats captured.
3.4. Assemblage composition and structure
The optimal NMDS ordination of site dissimilarities performed better than

that based on randomised data (Monte Carlo test of three-axis ordination

based on all species: observed stress¼5.641; simulated stress¼7.438;

p¼0.032; Fig. 4A), indicating meaningful gradient structure reflected in

the bat assemblages across sites. Most (91.1%) of the assemblage variation

was represented by the NMDS ordination, with 84.9% explained by two

axes and the majority (53.3%) on Axis 1.

MRPPs indicated that species composition differed significantly among

old-growth, twice-logged and repeatedly logged forest habitat (T¼�2.636;

A¼0.109; p¼0.013). However, pair-wise comparisons revealed that the

strongest compositional differences were between assemblages at the two

extremes of disturbance (old growth vs. repeatedly logged, T¼�2.318;

A¼0.999; p¼0.025), and so when data from old-growth sites were excluded

from the analysis, within-group agreement (A) was notably lower and non-

significant (T¼�1.465;A¼0.062; p¼0.085). There was therefore substantial

variation in compositional arrangement among sites regardless of site member-

ship to discrete forest types.

Differences in forest structure among sites were associated with variation

in assemblage composition, with the clearest signal coming from canopy

height (as well as openness). Plotting vectors of forest-structure variables

revealed that Axis 1 scores were associated with differences in canopy height

(Rtau¼�0.595; Fig. 4A, inset), tree density (Rtau¼�0.412) and openness

(Rtau¼0.333) between sites. Other forest-structure variables were associated

with NMDS Axis 2 scores: number of cavities (Rtau¼0.565), fallen trees

(Rtau¼0.534) and hollows (Rtau¼0.497). The BIO-ENV model with

the highest correlation identified canopy height, cavity density and hollow

density as the key factors influencing insectivorous bats, explaining 34.2% of

assemblage composition over the forest landscape. Nevertheless, canopy

height was the sole predictor of assemblage composition described by Axis

1, which represented the majority of assemblage variation (R2¼0.728;
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blage structure among rainforest sites with varying degrees of logging disturbance
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Figure 4—Cont'd assemblage structure are presented for clarity. Vectors indicate envi-
ronmental correlates of assemblage structure (tau coefficients>0.3) for macrohabitat
(upper-case labels) or microhabitat (lower-case labels) variables. Sites are colour coded
according to broad forest type: dark shading, old growth; intermediate shading, twice log-
ged; light shading, repeatedly logged. The inset shows the significant association of canopy
height with the Axis 1 site scores (R2¼0.728; p<0.001). (B) Tau correlation coefficients
between species abundance and the NMDS Axis 1 scores. Species are ordered according
to family (upper-case labels) and shading indicates ensemble (dark shading, forest
species; light shading, cave species; white, edge/gap-foraging species).
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p<0.001; Fig. 4A, inset). There was some reorganisation in ordination space

when NMDS was repeated on subsets of non-clustered sites (see Section

2.4.2), but the overall pattern of assemblage dissimilarity and correlation

of the main axis scores with forest structure was consistent across the addi-

tional four ordinations (Fig. 5).

Variation in assemblage structure was associated with changes in the abun-

dance of several species across sites. The abundances of cave-roosting species

were all negatively correlated with NMDS Axis 1 scores (Fig. 4B), indicating

that these species were more abundant in assemblages at the least disturbed

forest sites. Notably, two of the most abundant cave-roosting species

(H. cervinus,Rhinolophus borneensis) were present at all sites, but were less abun-

dant at logged sites (Rtau¼�0.791;�0.540). This was also evident for one of

the forest species, Kerivoula papillosa, which exhibited a decline in abundance

that closely followed the logging-disturbance gradient (Rtau¼�0.532). Not

all species of this ensemble followed this pattern, however, and notably two

forest species (Kerivoula hardwickii,Murina suilla) were much more abundant in

repeatedly logged forest than in old-growth forest (Rtau¼0.594, 0.532). The

majority of edge/gap species were also indicative of the most degraded repeat-

edly logged sites, although we note that fewer individuals of this ensemble

were captured over all.
3.5. Trap-level responses to forest disturbance
Model average parameters of our ZIGLMM analyses confirmed canopy

height to be the most important forest-structure variable to significantly pre-

dict overall bat abundance in traps (Table 4). Accordingly, as with those

based on sites, trap-based analyses revealed that more bats were captured

in the least disturbed forest localities defined by taller canopy. When models

were partitioned by ensemble, height remained a significant predictor for the

abundance of cave bats. However, the number of available cavities in stand-

ing trees was the single-most important and significant predictor of the
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Figure 5 Non-metric multidimensional scaling (NMDS) representations of bat assem-
blage structure based on subsets of data with geographically clustered sites removed.
The relative proximity of two pairs of sites (old growth, OG2 and OG3; twice logged, LF2
and LF3) could potentially confound the signals in assemblage change arising from for-
est disturbance. Ordinations were therefore undertaken after leaving out one site from
each geographic pair in the four ways (A–D) that this could be done. Ordination stress
(<4.611) is comparable to the optimal NMDS solution presented in Fig. 4, in which all
sites were included. Sites are colour coded according to broad forest type: dark shading,
old growth; intermediate shading, twice logged; light shading, repeatedly logged. Insets
show the association of canopy height with the main axis scores for each ordination,
which remains significant (R2¼0.32–0.82; p<0.05) and consistent with the findings
of the optimal ordination presented in Fig. 4.
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Table 4 Model-averaged coefficients of forest-structure variables used to predict
bat-species abundance in harp traps across the logging disturbance gradient
Response variable Predictor b SE Lower CI Upper CI RI

Abundance, all bats Intercept 1.23 0.07 1.10 1.36

Height 0.48 0.16 0.17 0.79 1.00

Tree density 0.19 0.14 �0.08 0.47 0.46

Hollows 0.13 0.13 �0.12 0.39 0.37

Cavities 0.06 0.13 �0.20 0.32 0.24

Clutter �0.05 0.13 �0.31 0.22 0.23

Abundance, cave bats Intercept 0.48 0.30 �0.12 1.07

Height 1.25 0.30 0.66 1.84 1.00

Tree density 0.44 0.24 �0.03 0.91 0.69

Cavities �0.36 0.23 �0.81 0.08 0.49

Clutter �0.12 0.23 �0.56 0.32 0.27

Hollows 0.02 0.21 �0.38 0.43 0.24

Abundance, forest bats Intercept 0.69 0.09 0.51 0.87

Cavities 0.26 0.11 0.04 0.47 0.93

Hollows 0.13 0.11 �0.09 0.36 0.37

Tree density �0.08 0.12 �0.33 0.17 0.23

Height �0.07 0.13 �0.33 0.19 0.22

Clutter 0.02 0.11 �0.20 0.25 0.20

Parameters are derived from zero-inflated generalised linear models with ‘Site ID’ fitted as a random
effect: adjusted standard errors (SE), 95% lower and upper confidence intervals (CI) and relative impor-
tance factors (RI). Variables are presented in order of their relative importance, with significant predictors
(i.e. those with confidence bounds not including zero) highlighted in bold. Outputs are consistent when
models are re-run with spatially clustered sites coded as identical (to account for potential spatial corre-
lation between OG and LF sites).
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abundance of forest bats, with more animals being captured in plots with

greater numbers of cavities. Using the results of this model to predict the

bat abundance from increasing number of cavities indicated that a twofold

increase in the number of tree cavities could more than double the number

of bats captured (Fig. 6). Notably, model outputs were identical regardless of

how sites were coded, indicating that abundance responses to forest-

structure variables were not confounded by the spatial proximity of some

of the sites.
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Figure 6 Increase in the abundance of forest bats (defined as those that roost in tree
cavities and/or foliage) at forest localities with large numbers of cavities in standing
trees. Circle size is proportional to the number of traps capturing bats at a given abun-
dance level in a single night (maximum abundance¼6, in old-growth forest, OG2). Black
triangles represent predicted bat abundance values as derived from a zero-inflated gen-
eralised linear mixed model (values are extrapolated to n¼8, but in principle could be
extrapolated further). Error bars represent standard errors of the predicted values.
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4. DISCUSSION

There remains much variation in the reported effects of logging on
tropical biota.Whilemostof this is likelydue to inherent differences in theways

by which taxa respond to environmental change, another contributing factor

is that many logging-effect studies evaluate impacts solely via comparative

analyses of unlogged versus logged forest treatments, which brings with it

methodological constraints. In our study of insectivorous bats in the heavily

degraded forests of Borneo, we demonstrate the virtues of aligning assem-

blage data to disturbance gradients alongside more conventional comparative

analyses of logged and unlogged habitats (Table 5): a straightforward

practise that has been relatively little used in the logging-effect literature.



Table 5 Summary of comparative and gradient analyses of bat assemblages across the modified forested landscape
Level of analysis Comparative approach (forest types) Gradient approach (sites/traps)

Rarefied richness

Section 3.2

– All species included.

– Singletons removed.

– Twice logged> repeatedly logged�old growth.

– No difference in richness among forest types.

– Repeatedly logged sites<old

growth, but not associated with

forest-structure gradient. Consis-

tent at ensemble level and when

singletons removed.

Patterns of abundance

Section 3.3

Representation of cave and forest bats:

– Old growth: 50%, 49%.

– Twice logged: 52%, 47%.

– Repeatedly logged: 31%, 64%.

GLM: overall abundance decline in

degraded forests associated with

canopy height (R2¼0.555;

p¼0.003).

Assemblage structure

(ordination)

Section 3.4

MRPP: variation among forest types, due to large

difference between old growth and repeatedly logged

forest assemblages.

– All types, A¼0.109; p¼0.013.

– Old growth versus repeatedly logged, A¼0.999;

p¼0.025.

– Twice logged versus repeatedly logged A¼0.062;

p¼0.085.

BIO-ENV: canopy height, cavity density and hollow

density identified as main correlates of overall variation

in assemblage structure.

GLM: canopy height as the sole

predictor of assemblage variation on

main NMDS axis (R2¼0.728;

p<0.001). Consistent when

ordinations re-run without spatially

clustered sites.

Correlations and vectors: association

of other forest variables with NMDS

axis scores.

Correlations of species abundances

with NMDS axis scores identify

main species driving assemblage

signal.

Continued



Table 5 Summary of comparative and gradient analyses of bat assemblages across the modified forested landscape—cont'd
Level of analysis Comparative approach (forest types) Gradient approach (sites/traps)

Trap-level responses in

abundance (ZIGLMMs)

Section 3.5

N/A Overall abundance decline predicted

by canopy height for ‘all bats’ and

‘cave bats’.

Lower numbers of forest bats in traps

associated with reduced availability

of cavities in standing trees.

Findings consistent when models

re-run but coding spatially clustered

sites as identical.

Each level of analysis refers to relevant section in the text.
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In our study, neither approach revealed a definitive impact of intensive

logging on species richness: comparative analyses indicated that repeatedly

logged and old-growth forest hosted similar species numbers, and although

inspection of site inventories revealed lower richness in the most degraded

sites, this was not consistent across vegetation gradients. However, each

approach generated insight into the structural responses of assemblages to

forest degradation. Species compositional differenceswere evident between

repeatedly logged and old-growth forest, with depauperate assemblages

defining degraded sites with low, open canopy structure. Constrained

ordination identified species that best contributed to the overall signal of

assemblage change, and also key associated forest-structure variables.

Finally, by modelling trap-based abundance data in relation to more finely

resolved forest-structure data, we were able to not only confirm the impor-

tance of forest height in underlying assemblage change for cave-roosting

species but also reveal the role of tree-cavity availability in supporting

populations of forest specialists.

4.1. Addressing methodological shortcomings of
logging-impact research

Our choice of study system in the lowlands of northern Borneo was by no

means free of limitations to study design, but importantly was typical of

many of the forested landscapes available to evaluate the effects of logging.

Some of the main lessons learnt from logging-impact studies in recent years

are the importance of controlling for scale, as well as problems associated

with underlying geographic and environmental variation in study sites

(Gardner et al., 2009; Hamer et al., 2003; Hill and Hamer, 2004); factors

that informed the location of study sites at the SAFE project where we based

our research. One potential improvement to our study, however, would be

to further replicate within forest type to minimise the possibility of

pseudoreplication for site-level analyses. A recent literature review revealed

this problem to be pervasive in the design of logging-impact studies, with

only few of the analysed investigations (7%) considered to be truly

pseudoreplication free (Ramage et al., 2013). As Ramage et al. (2013)

acknowledge, our ability to achieve true replication in tropical forest

research is extremely difficult, making it critically important howwemanage

this problem and interpret data. Indeed, as with other studies (Shea et al.,

2004), the high heterogeneity in topography and forest disturbance within

our system precluded our ability to implement further replication reliably at

the level of sites. By repeating ordinations without spatially clustered sites,
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we were able to assess the extent to which spatial autocorrelation could

affect our dataset (see Fig. 5). Moreover, our use of trap-based mixed-effect

models accounted for replication concerns in two ways. First, by increasing

the number of sample units (i.e. to 272 traps), and hence statistical power

of analyses, and secondly by coding site location as a random effect to control

for spatial correlation within and between sites. Notably, model outcomes

were consistent when the potentially autocorrelated sites were coded as

identical. These approaches highlight some of the analytical solutions to the

challenges faced in landscape ecology, which necessarily trade control for

realism—an issue that can in part be addressed through experimental research

(see Stewart et al., 2013, for a review).

Given the technical and logistical challenges involved in minimising

pseudoreplication in tropical forest research, further consideration of gradi-

ent approaches is clearly warranted, perhaps across even broader disturbance

gradients. Moreover, such approaches should be robust to detect signals

from temporal as well as spatial gradients over the long term (e.g. as we con-

tinue to monitor faunal assemblages in sites A–F during and after habitat

fragmentation at the SAFE project area). The fragmentation process brings

additional environmental gradients associated with habitat area, isolation and

edge effects, which are all known to confound statistical signals in distur-

bance research (Ewers and Didham, 2006). From the growing body of frag-

mentation research in Southeast Asia (e.g. Hill et al., 2011; Laidlaw, 2000;

Struebig et al., 2008, 2011), we expect faunal assemblages that have already

experienced substantial habitat change to become increasingly depauperate

and nested in small forest patches.

Taxonomic variation in resistance, resilience and vulnerability to distur-

bance is particularly evident in tropical forests and remains fundamental to

the variation in the reported effects of logging. For example, pan-tropical

analyses demonstrate substantial variation in the sensitivity of various animal

groups to forest degradation, with mammals being the most tolerant group

overall (Gibson et al., 2011). Therefore, it remains to be seen whether the

trends we report for Borneo’s insectivorous bats are congruent with the

responses of other animal groups in the SAFE project area. Gradient and

comparative analyses of spatially matched data from multiple taxonomic

groups, especially from our study landscape when available, could poten-

tially help us better understand some of the causes behind the levels of tax-

onomic variation reported. However, although gradient analyses are well

placed to detect subtle changes to populations and assemblages, it is still likely

that species will exhibit different responses to habitat change.



213Logging Impacts on Tropical Forest Biodiversity
4.2. Differences in bat assemblages between degraded forest
sites/habitats

A particularly novel aspect of our research was the appraisal of heavily

degraded forests that had been logged multiple times. Despite several rounds

of extraction at the most heavily degraded forest, we found that logging had

little effect on bat-species richness (see Figs. 2 and 3), though considerable

changes to assemblage composition and abundance were evident (see Figs. 4

and 5; Tables 2 and 3). The negligible effect of logging on overall faunal

richness is in broad agreement with a substantial number of previous studies

(Berry et al., 2010; Meijaard et al., 2005), although a low but significant

reduction of richness in logged forest is evident at the pan-tropical level

(Gibson et al., 2011). Nonetheless, it is difficult to establish definitive

responses to logging because the extent of disturbance typically varies

between studies and is not always documented. Our findings are most

appropriately compared to other studies of heavily degraded rainforests that

have been loggedmultiple times, but the general lack of research attention to

these modified ecosystems makes comparison particularly difficult. Edwards

et al. (2011) and Woodcock et al. (2011) provide the only studies to date,

though these were still restricted to the ecological value of twice-logged for-

ests. In these forests, remarkably high diversity following intensive logging

was documented, albeit from comparative approaches; 75% of bird and dung

beetle species, and 80% of ant taxa remained in twice-logged forests, with

the second round appearing most detrimental. As we examined exacerbated

disturbance via additional logging in our study (at sites A–F), it is somewhat

surprising that we found little effect on overall patterns of bat richness.

Indeed, at the site level our results suggest that tropical forests heavily

degraded by logging activities still retain some biological value.

In contrast to the patterns of richness, our examination of assemblage

structure and faunal responses at the trap level revealed subtle but consistent

changes in the abundance of several species over the logging-disturbance

gradient. This is consistent with the results of other studies on a variety of

taxa (e.g. Clarke et al., 2005a; Hamer et al., 2003; Presley et al., 2008;

Wells et al., 2007) and is also to be expected, given the substantial changes

to species composition frequently evident in forests regenerating from clear-

ance or burning (Dent and Wright, 2009). Elsewhere in Sabah, Edwards

et al. (2011) reported significant declines in abundance for 30% of birds

and 50% of dung beetles following the first round of logging, but little

change after the second rotation. Conversely, significant reductions in
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abundance were reported for leaf-litter ants from twice-logged forest, for

nearly half of the species commonly found in unlogged forest (Woodcock

et al., 2011).

The changes in the structuring of bat assemblages we documented across

sites and traps were largely associated with differences in canopy height, can-

opy openness and the densities of cavities/hollows in standing and fallen

trees. Ecologists have long considered vertical (and horizontal) complexity

to be important drivers of biological diversity, by virtue of the greater variety

of microhabitats and shelter that complex habitat provides (MacArthur and

MacArthur, 1961). As such, efforts to manage modified landscapes for bio-

diversity often focus on maintaining structural complexity, and measures of

canopy height and canopy density are frequently used to assess the integrity

of forest ecosystems (Lindenmayer et al., 2012; Meijaard et al., 2005). Our

finding that canopy height is significantly associated with the structuring of

biological assemblages compares favourably with other studies (e.g. Cleary

et al., 2007;Wunderle et al., 2006), and therefore supports the idea that sim-

ple measures of vegetation structure can serve as useful proxies for biodiver-

sity in forest management. This has important implications for the

application of remote technologies such as LIDAR that are increasingly used

to monitor tropical forest resources, in terms of timber and, by inference,

biodiversity (Müller et al., 2010; Pekin et al., 2012). It also suggests that

efforts to reduce the collateral damage caused by logging operations could

result in considerable biodiversity savings. For example, reduced-impact

logging techniques have been shown to markedly decrease tree mortality

and canopy gap fracture (Pinard and Putz, 1996), though the benefits to for-

est species are yet to be thoroughly demonstrated (Edwards et al., 2012).
4.3. Abundance responses of bats to forest degradation
The shift in insectivorous bat assemblage structure in response to logging in

our study system mirrored broad trends found by some studies in the neo-

tropics (e.g. Clarke et al., 2005a; Peters et al. 2006), but resulted largely from

the decline of cave-roosting species and changes to the abundance of several

forest-roosting taxa. Assemblages in old-growth and twice-logged forest

were typically characterised by a relatively even composition of cave bats

and forest bats; but far fewer cave specialists were found in the most heavily

(repeatedly) logged sites (Table 3). This was most notable for leaf-nosed bats

(Hipposideridae) and horseshoe bats (Rhinolophidae), echoing trends in

disturbed Vietnamese karst forests, which also exhibit lower abundances
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of these taxa (Furey et al., 2010). Hipposiderid and Rhinolophid species that

typically roost in caves tend to dominate bat assemblages in Borneo’s low-

land dipterocarp forests (Struebig et al., 2012), and so it is perhaps not sur-

prising that the main signal in community change was detected in this

ensemble. In Southeast Asia, cave-roosting bats can form large colonies,

commute over several kilometres to foraging areas and tend to be more

dominant in assemblages at localities near to major roosts (Struebig et al.,

2009), yet, to the best of our knowledge, there are no major cave systems

within the SAFE project area. Supporting this assertion is the fact that some

cave species (e.g.H. cervinus,R. borneensis) exhibited a gradual and consistent

decline in abundance from unlogged to the repeatedly logged sites, indicat-

ing that these bats were responding to disturbance effects rather than the

inherent patchy distribution of caves in the landscape. Anecdotal reports

suggest that some of these species roost in small boulder caves and rock for-

mations, andwill occasionally roost in sizeable hollows of large standing trees

(Kingston et al., 2006): structures that our forest plot data show are in par-

ticularly low numbers at intensively logged localities. An alternative expla-

nation for the lower abundance of cave bats in logged forest is that changes to

forest structure (notably canopy height and openness) effected capture rates

rather than bat abundance per se. We are unable to confirm this with our

capture-based data, but note that acoustically derived data could potentially

yield insight, as the detection range for horseshoe and leaf-nosed bats would

likely exceed the range of canopy heights experienced over the landscape.

In contrast to the cave-roosting taxa in our study system, forest bat spe-

cies tend to have smaller home ranges (Wilson et al., 2010) and much lower

movement capabilities (Kingston et al., 2003, 2006). Nevertheless, two

forest-dwelling species (K. hardwickii, M. suilla) were much more dominant

in logged than in unlogged areas. One potential explanation for this trend is

that these species might be more active in the midstory and/or canopy, and

so would be infrequently captured in understory traps set in tall forests com-

pared to other forest taxa, although this hypothesis has yet to be tested

empirically. The significantly lower and more open structure of our repeat-

edly logged localities compared to those in unlogged forest might therefore

bring with it a greater chance of detection for these species by our sampling

protocol. Two other forest species of interest, Hipposideros ridleyi and

Rhinolophus sedulus, are red-listed as vulnerable and near threatened due

to habitat loss (IUCN, 2011), yet we found them to be moderately abundant

in some of the most heavily logged sites. Both species exhibit small home

ranges (<100 ha) and are known to roost in hollows of large fallen trees,
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a relatively scarce roost resource (Kingston et al., 2006). These structures,

while typical of mature old-growth forest, are often left behind by logging

operations because hollow trees have little commercial value (Meijaard et al.,

2005). Therefore, while these bats may be able to persist in the short-term,

their long-term viability in managed forests will depend largely on how well

these structures are recruited back into the system. Recent research in mod-

ified forests of Australia indicates that not only are these areas losing large

trees at high rates but also that cavity-bearing trees are not being recruited

back into the system in sufficient numbers (Lindenmayer et al., 2012). Given

the highly degraded nature of our repeatedly logged sites, it seems likely

that this might also be the case in our study system, and so without

adequate intervention, time lags in the manifestation of logging-disturbance

effects (sensu Gardner et al., 2009), in particular, declines in richness,

seem probable.
4.4. The importance of tree cavities for logged forest wildlife
In addition to canopy height and openness, densities of tree cavities and hol-

lows were identified as key structural variables predicting the abundance of

bats (Figs. 4 and 6; Table 4). These findings suggest that declines of at least

some mammal species in logged forest are associated with a concomitant

reduction in available shelter. Indeed, one forest bat species (K. papillosa)

exhibited a substantial and consistent decline in abundance over our

logging-disturbance gradient. K. papillosa is a colonial tree-roosting species

that occurs at low to moderate population densities in undisturbed forest

(Kingston et al., 2006). Patterns of local dispersion and restricted gene flow

in intact forest indicate a limited capacity for movement (Rossiter et al.,

2012), and the species exhibits declines in abundance and genetic diversity

in small forest fragments, which are thought to be linked to a reduced avail-

ability of roosting trees (Struebig et al., 2008, 2011). The global decline in

cavity-bearing trees is an emerging conservation concern for the manage-

ment of forested and agricultural landscapes, because these structures provide

vital nesting sites for a variety of wildlife, including mammals, birds, snakes

and invertebrates (Cockle et al., 2011; Lindenmayer et al., 2012). Our find-

ing that unlogged forest localities containedmore trees, larger trees andmore

cavity-bearing trees than twice-logged or repeatedly logged sites is consis-

tent with global patterns revealed by meta-analyses, although the densities

quantified in our old-growth forest plots are much higher than the global

average (Remm and Lõhmus, 2011). Surprisingly, there are very few studies
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on cavity availability in Southeast Asian forests (Cockle et al., 2011). In sub-

tropical Atlantic forest, Cockle et al. (2010) found that logged stands had

one-third the density of large trees, as well as nine times fewer cavities

for cavity-nesting birds, than undisturbed forests—that is, comparable ratios

to those found in our study (Table 1).

Trees with large diameters are more likely to contain cavities than smaller

trees (Robles et al., 2011), in part because larger trees are typically older, with

heartwood less able to resist decay (Meijaard and Sheil, 2008). Indeed, we

found that very few of the pioneer trees bore cavities in repeatedly logged for-

est plots, especially species ofMacaranga that are typically dominant in second-

ary vegetation of the region. Although preliminary studies suggest that decay

processes may be central to tree-cavity development in the tropics (e.g. Boyle

et al., 2008), global analyses indicate that the extent to which avian excavators

are important is yet to be thoroughly demonstrated (Cockle et al., 2011). Else-

where on Borneo, cavity-excavating woodpeckers are known to undergo

substantial declines in density in logged forest (Lammertink, 2004), suggesting

that the cavity-production potential of degraded forests could indeed be

severely compromised by timber extraction. Given the biological importance

of cavities for forest wildlife, and that relatively little research has been under-

taken in the tropics, studies that identify the key factors behind cavity produc-

tion and subsequent use of this resource are clearly warranted for effective

biodiversity management in modified landscapes.
4.5. Applications to tropical forest management
In addition to confirming the value of undisturbed habitat for forest wildlife,

our results indicate that some components of the tropical fauna persist in

repeatedly logged forests. This would suggest that these degraded forests

are of higher biodiversity value than is currently appreciated in conservation

planning and land-use policies, which has also been proposed in the recent

literature (Edwards et al., 2011; Meijaard and Sheil, 2007). A crucial caveat

to this assertion is that the presence of less-disturbed forest stands over the

landscape mosaic likely contributes to spill-over effects in disturbed habitats

to some degree. The value of degraded forests is expected to improve over

time if species from remaining patches of old-growth forest move in and

accumulate (Chazdon et al., 2009). By linking assemblage change to

forest-structure variables our findings indicate that, at the same time, bats

could potentially recover from logging disturbance, given restoration invest-

ments to canopy structure and cavity availability.



218 Matthew J. Struebig et al.
By using gradient as well as comparative analyses, our study design served

as an effective space-for-time substitution, in which the key forest-structure

variables associated with disturbance and assemblage change could be iden-

tified as forests that were repeatedly logged. The unavoidable structure of

our capture data precluded our ability to generate species-specific predictive

models based onmeasures of forest structure. However, predictions based on

pooled data imply that populations of tree-cavity/foliage-roosting species in

heavily degraded forests could be boosted by increasing the number of cav-

ities available for roosting (Fig. 6; Table 4). If possible, this could facilitate the

post-logging recovery of assemblages akin to that seen elsewhere in the

tropics in low-intensity extraction systems (e.g. for bats, Clarke et al.,

2005b; Willig et al., 2007). Over the long term, this might be accomplished

by enrichment planting of cavity-bearing tree species, but supplementary

cavity boxes, such as those used successfully in Australia for insectivorous

bats and birds (Goldingay and Stevens, 2009), would likely be necessary.

Progressive forestry techniques, such as those implemented under

reduced-impact logging programmes and promoted by REDDþ policies,

are expected to yield more immediate cost-effective benefits to biodiversity

than targeted post-logging management. For example, elsewhere in Sabah,

post-extraction inventories of mammals in forest subject to sustainable

management indicate that diversity and community structure remain

unchanged after reduced-impact logging (Samejima et al., 2012). Such

practises might include preservation of cavity-bearing trees (including

those that are dead or partially dead) in addition to existing efforts to min-

imise collateral damage to canopy structure (Meijaard and Sheil, 2008).

Although, the potential for wildlife populations to recover from tropical

forest disturbance is yet to be fully realised, predictions from reviewed

literature indicate that the fauna of recovering cleared land could resemble

that of old-growth forest within 20–40 years (Dunn, 2004). While we note

that none of the studies used to generate this prognosis were undertaken in

tropical Southeast Asia, our work indicates that even forests heavily

degraded by repeated logging have the potential to be of some value to

tropical fauna. If the case, this could have implications for valuations of

biodiversity and associated ecosystem functions and services in human-

modified landscapes (see Raffaelli and White, 2013, for review). As

more data become available from large-scale field experiments such as

the SAFE project, the recovery potential and viability of tropical

populations and assemblages in these highly degraded habitats will become

increasingly clear.
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