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Abstract

Tropical rainforest canopies are structurally complex, floristically diverse, and- three
dimensionly vast They play key roles in ecological processes such as nutrient cycling

carbon storage, and plant primary productiviy ability to utilise the canopy provides

wildlife with access to resources and environmental niches not avaiigi®und leel,

thereby facilitating the cexistence ba very high number of specieand tropical canopies
support a substanti al proporti oRMammélsaee af or est
biodiverse and functionally important group and wittamforests, more than half of species

are arboreal or serairboreal,i.e. exclusively or habitually € the canopy spaddowever,

due to the practical difficulties of sampling at height, tropical forest canopies remain relatively
unexploredand most arborealxa, with the exception of some primatagelittle known to

science.

Arboreal mammal communities consist mainly of species that are-bodidid,
cryptically coloured, elusiveand/or nocturnal; yet, traditional groubdsed sampling
techniques are biadéowards largebodied, diurnal mammals that do not flee in the presence
of people Camerarapping, widely used in terrestri@searchhas started tbe implemented
at canopy levelith promising initial resultsparticubrly for singlespecies studiesr those
focussing onanimal use of habitat features such as canopy bridd¢mwever, the
implementatiorof canopy camer&rapping to inventory and studyborealcommunities has
to datebeen limited to eight sites, all in the Neotropics or Afriaad wth three focussing
only on medium and largebodied mammals Furthermore, around half of adirboreal
mammalstudies utilisingcameratrapsdeployed unit@t heights of ten metres sswhich,
in rainforests where canopiesachbetween 360 metresigh, missesan extensiveportion
of the vertical habitafThese factors point #clear gap in the application of the methodology,
and the understanding of arboreaiammalcommunities, in the extremely tall and hyper

diverse rainforests of Southeast Asia.

The unique height and structure of rainforests on the island of Borneo have given rise

to an exceptionally high diversity of canegwelling wildlife; more than half of all mammals

are arboreal or senarboreal, and the island represents the world epiceritrgliding
vertebrate diversity, includint gliding mammal specied4flying squirrels and the colugo

or o6flying | emur i8apervadiedareattotiorestsegloballyonithgsonme gf

the highest thber extraction rates in Bornédoe to he dominance of commercially valuable
dipterocarp trees. Many terrestrial taxa are able to persistaveringloggedforest, but the
changes irhabitatstructure associated witbgging activitiesare likely to have a greater

impact on species that diotty depend on the complexity and connectivity of the canopy



architecture. However, studies explicitly investigating arboreal manaspbnses to logging
are lacking, and in generalur understanding of rainforest communities is skewed towards
terrestrialspecies and processé¥e thereforaisk underestimating both the diversity and
potential vulnerability of arboreal wildlife, with implications for conservatiand habitat

management and restoration.

At our current state of knowledge, it is not cleadrwhether camertrapsset in the
forestcanoppr e an effective sampling method for ar
tall and biodiverse rainforests; (ii) what the outcome of this sampling would be in terms of
community richness and distinctnesatfrterrestrial mammals; and (iii) whether, and to what

extent, arboreal mammals are affected by logging.

In this thesis, | document the firstcommunityy de i nvestigation of I
mammal community using cametraps. | deployed a network of caras in the rainforest
canopy, paired withnits at ground leveh both unlogged and recoveritmgged forest areas,
to test the efficacy and cestfectiveness of this method in Borneo. Sampling was conducted
across fifty locations, divided equally betweaanlogged forestN=25) and recoveringpgged
forest N=25), with cameras (Reconyx Hyperfire HC500) deployed in a grid formation and
spaced on average 1.26 km apart (range < @u®). Every sampling location comprised one
terrestrial camertrap and oneanopy camersrap and, to evaluate the utility of placing more
than one canopy camera per tree to maximise species detections, experimentalasmond
units were deployed at a subset of twenty locations, selected at random and divided equally
between nlogged(N=10) and recoverindogged (N=10) forest areas. Total sampling thus
comprised fifty terrestrial cameras and seventy canopy cameras. Terrestriattapgveere
set approximately 0.3 m above the ground, while canopy units were set betwees tieight
9.852.3 m (mnean =25.9 m). Cameras at each location were deployed-8ompnths except
the experimental secofmhnopy units, which were in plader a subset 08 months. After
accounting ér malfunctionsmammal detection dataere obtainedrom 17,226 camerdrap
nights (CTN): 6,661 CTN from terrestrial camer@ad.56 CTN from canopy camerasd an
additional 1,409 CTN from experimental secarahopy unitslUsing these datd,quantify
species diversity, community composition, and diel activitygpas, and document responses
to logging, of both arboreal and terrestrial mammals, finding that differences across strata are
much greater than differences between unlogged and recoleguped forest. | further
quantify relationships between mammal weence and a suite of remotedgnsed, high
resolution vegetation covariates, including a novel measure of canopy connectivity, and show
that this is by far the most important predictor of occupancy for arboreal species among many

potential covariates.



My results illustate the applicability of canopgameratrapping to study arboreal
communities in Borneo, and extend those of terrestrial studies by demonstrating that
recoveringloggedforests can maintain mammal diversity across strata, underscoring thei
value for species conservation. Howeueaso highlight that the arboreal community as a
whole, and particular taxa within it, are more vulnerable to the effects of habitat degradation

than their terrestrial counterparts.

Keywords: arboreal mammal | conmunity inventory | canopy sampling | cameratrap |
diel activity | occupancy | forest structure | LIDAR | connectivity | logging impact study |

terrestrial comparison |whole community conservation| vertical stratification
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Chapter 1 Introduction

1.1 Tropical rainforests and tropical rainforest canopies

A forest is not a forest without a canopy: the interlinking architecture of trunks, branches,
stems, and vines that comprise the vegetation layers from a few metres above ground level to
the uppermost tree crowns @ffett 2000). And yet, forest canopies, especially in tropical
regions, remain one of the last ecological frontiers (Lowman 2020). Their height and
complexity i the very characteristics that define thénpresent significant challenges to
access, exploratn, and sampling. Consequently, our knowledge and understanding of canopy
habitats and their fauna lags far behind that of terrestgabfoundbased) systems (Zhat

al. 2021).

Tropical forests are crucial to life on earth, covering less than 128é afefree land
surface, but storing a quarter of all the carbon in-laaskd ecosystems, while producing a
third of the planetdos net pri mary productiv
global biogeohemical and hydrological cyclgEdwardset al. 2014),and at the regional
scale, their daily pattern of transpiration creates localised weather systems (Magbdkva
2014). What is perhaps less often considered is that a major part of these processes occurs
within the canopy itself (Cannaetal. 2021). Old growth tropical rainforests are characterised
by their immense height (Dudley and DeVries 1990), structural complexity (Lowman and
Moffett 1993), and density of canofgvel vegetation, resulting in dark, shaded conditions on
the forest floo and a relatively open habitat at ground level (Milodovetkal. 2021). The
majority of biomass, foliage, photosynthetic and reproductive structueegdqung leaves,
flowers, and fruit) in an undisturbed tropical forest is thus contained in the abowdgtrata
(Lowman and Moffett 1993), with canopies providing a key physical link in grtand

atmosphere cycles (Lowman and Wittman 1996; Raial. 2013).

Equally, the biodiversity for which rainforests are renowned is not confined to the
forest floor. Tropical forest ecosystems support at least-thirds of all landbased
biodiversity (Gardneet al.2009). Extremely high levels of plant species richness are linked
to yearround climatic stability and availability of resousc@liveira and Schedfs 2018),
and tropical canopies are the most structurally complex of any forest ecosystem, with far more
varied tree architecture than temperate regions (Lowman and Moffett 1993). This complexity

and floristic diversity gives rise to a high variation acdlised substrate characteristics (e.g.



branch strength, texture, and surface chemistithiin the canopy space (Lowman and Rinker

2004), andsteep microclimatigradients acroghe vertical column (Nakamuet al.2017).

Consequently, tropical canopiesntain a great variety of environmental niches, and
the ability to partition these niches across both horizontal and vertical space facilitates the co
existence of a great numberasfimalspecies (Oliveira and Scheffers 2018). Indeed, a review
of ten yars of research from across tropical locations found that more thargtragers of
rainforest vertebrates are arboreal or sarboreal i(e. dwell exclusivelyin, or habitually use,
the canopy), with a high degree of consistency across sites defprendies in their geologic
and evolutionary history, and the taxonomic compositiotheifr faunal communities (Kays
and Allison 2001). Because of the variation in physical and environmental conditions in the
canopy, arboreality the ability to climb inb and utilise the canopy spaicean be seen as a
form of ecological plasticity, which benefits wildlife by providing access to structural and
foraging resources unavailable on the forest fl&wahahan and Compton 2001; Schefétrs
al. 2017. For examp, cavities in tree trunks are important nest sites for a variety of species
(Cockleet al.201Z, Honeyet al.2021), while being able to reach canelayel flowers, fruits,
and seeds provides a foraging advantage over terrestrigrounddwelling) sgecies, which
must wait for them to fall to ground level (Oliveira and Scheffers 2018). An arboreal lifestyle
may also confer reduced mortality risk. Evidence suggests that cdn@hiyng species have
increasd longevity compared to closetglated terresial counterparts (e.g. trees. ground
dwelling squirrels), perhaps because of reduced exposure to gvased predators, disease
and environmental hazards (Shattuck and Williams 2010).

Despite these many reasons to study camopgystems, the statuend structure of
tropical rainforests present significant barriers to canopy access, which have |éistoram
undersampling of thesédnabitas and theirresident wildlife (Lowman and Moffett 1993;
Cannoret al.2021). The resultant groudével bias dmost certainly means that the diversity,
abundance, and functional roles of arboreal species, and their interactions within community
dynamics, have been consistently underestimated (Lowman and Moffett 1998t Zhu
2021).

1.2 The Borneo context

The sland of Borneo in Southeast Asia is divided between the Malaysian states of Sabah and
Sarawak, the Indonesian province of Kalimantan, andritiependent sultanatef Brunei
Darussalam 1t is the worldés third | esobtegcal i sl an

rainforest (Gaveaatal.2 0 1 6 ) . Borneobs rainforests are am



(Ehbrechtet al. 2021) and floristically diverse (Barthlat al.2005; Corlett 2016pn Earth,
and ecent analyses of rarepreserved fossilisetkaves indicate that these forests have

remained largely unchanged for at least the last four million years éW\lf2022).

Bornean lowland rainforests are distinguished from those of other regions by a
predominance of dipterocarp trees (fanilipterocarpaceag Whereas in th&mericanand
African tropics average canopy height is-86 metres, with occasional emergent trees rising
up to 60 metres, in Borneo the canopy reache80Metres and has a greater abundance of
emergents, which commonly exxk70 metres (Dudley and DeVries 1990). Recehbme
LiDAR (Light Detection And Ranging) surveys over Sabah have documented the presence of
sever al giant trees over 90 metres in height
tropical treeto date, at 100.8 metres (Shenlén al. 2019). Bornean forests are also
characterised by a lower density of lianas (Emmons and Gentry 1988pdy climbing
plants that provide movement pathways in the canopy by linking tree creauniie
individual vine in Panama was recorded to connect 64 trees (Put? 1R8Bjforest canopies
in Borneo therefore tend to be taller, more unevenralativelyless connectedompared to

those in théNeotropics or Africa.

These structural differences present differsgiection pressures for trelevelling
wildlife, and are thought tthave been the driving forces behind the prevalence of gliding
vertebrates in Southeast Asia, versus prehetalid vertebrates in the Neotropics (Emmons
and Gentry 1983). The ability gide between distant, unconnected treetops confers energetic
advantages in tall, nemniform canopies over descending to canopy level, travelling along
branches, and fascending the next tree (Emmons and Gentry 1983). For all gliding mammals
and particudrly largerbodied species, the energetic cost of a glide reduces as glide length
increases (Scheibe and Robins 1998; Dial 2003). Taller trees provide higher launch sites,
facilitating longer glidesand the ability to make one continuous rather than aksghporter
glides may also reduce the risk of injury or predation upon landing (Dudley and DeVries
1990). Thus, a forest with an abundance of very tall emergent trees likely presents conditions
that make gliding much more advantageous than a forest wilvex and less variable
canopy. On the other hand, while lianas provide movement pathways, as vines they may have
less physical stability than large branches, giving advantages to prefeitsiemammals
travelling at canopyevel in lianadense habitatsThus, theimmenseheight and age of
Borneob6s rainforests have provided the phys
number of faunal species to evolve, and with traits uniquely adapted to this tall, floristically
diverse habitat. Indeed, Bornezpresents the global epicentre of gliding vertebrate diversity,
with 33 known species (15 mammals, 15 reptiles, and three amphibians), in stark contrast to

threegliding speciesn Africa andonly one in the Neotropics (Emmons and Gentry 1983). In



totahbBor neob6s diverse mammal fvalantspecies,covephaliof es a't
which are arboreal or serair bor eal , including the worl dés s
pygmyflying squirrelPetuarillus emiliagand one of the largest, the rgidnt flying squirrel

Petuarista petaurist@Payne and Francis 2007; Thoringetral. 2012).

Despite their prevalence, many arboreal and sgbvreal mammals remain poorly
known, with even basic information about geographic distributions and habitateoreds
lacking. Behavioural and ecological data for Bornean species, where these exist, often
originate from studies in othe part s of ,&uchsgs enforimatisnbosanogyn g e
sleeping site selection of binturoAgctictis binurongand masked paleivetPaguma larvata
in Thailand (Chutiponget al. 2015), and nesting behaviour of red giant flying squirrel
Petaurista petauristén India (Krishnaet al. 2019). Occurrence data are often patchy, with
some species known only from single records (e.gBtber nean subspecies of
squirrelPetinomys hagenknown only from one specimen collected in Kalimantan and since
lost, Payne and Francis 2007), or derived from incidental observations. For example in 2018,
during bat s ur v egy Rande Matidhal Park G slikeC mdividkal of
Vor der mann 6 s Petinomys voglerrsagmias aaptueeti a species not previously
recorded throughout the state (N. Yoh, pers.cor®ayne and Francis 2007)hére isthen
much potential to update aregpand our knowledge of this understudied community.

1.3 Tropical rainforest mammals and arboreal mammals

Tropical rainforest mammals are diverse amtfionally important, and plagey roles within
ecosystem dynamics as predators, prey, and pollina®ssgell as in the regulation of trophic
cycles via herbivory, control of invertebrate populations, and seed predation and dispersal
(Kays and Allison 2001; Lachest al. 2019). Predators regulate tdpwn processes by
keeping populations of prey undentm| (Turner 1996). This indirectly aids plant persistence
(Laurance 1994) as many prey species are seetbr seedling predators with rapid
reproduction rates and the potential, if left unchecked, to seriously impact floristic abundance
and diversity v resource overexploitation (Asquith 1997; Wetlal.2007). When occurring

at sustainable levels however, seed consumption and dispersal are equally crucial to rainforest
dynamics (De La Sancla al.2014; Loveridgeet al.2016), both for regulating oapetition

within plant communities, and dispersing the seeds of many species greater distances than
they would be able to travel themselves (Digtieal. 2015). Indeed, estimates suggest that up

to 90% of tropical plant species dependnaumualistic inteactions with animals toomplete

their reproductive cycle (Malkgt al.2014) with some only able to be pollinated or dispersed

by one speciefCorlett 2017; Gardneat al.2019).Many rainforest trees produce hasigelled



seeds and rely on largmdiedanimals or those with specialised dentition (e.g. tufted ground
squirrel Rheithrosciurus macrotisMarshall, Meijaard and Leighton 2020) for dispersal
(Lacheret al. 2019) and dietary preferences between taxa suggest that, for example, seeds
dispersed bynammals are often not dispersed by birds aind versa(McConkey 2018),
underscoring the functional importance of specific grotjasest vertebrateisin particular
primates, rodents, and large birtigherefore play vital roles in the maintenance oétre
diversity and floristic composition (Gardner et al. 2Q¥8)d their loss could hawascading
effects at the ecosystem level, potentially destabilising symbiotic relationships (Btadie
20143, inhibiting forest regeneration (Chazden al. 2009), and reducing the ability of
tropical forests to provide crucial services such as carbon storage (Getrdh2019)

It is clear that mammals represent an important and informatiwe gmstudy in
tropical forests, andrboreal mammals form a distinahd diverse group in their own right,
comprised mainly of species rarely or never detected at ground level (Malcolm 1991; Wells
et al. 2004a; Gregoryet al. 2014; Whitworthet al. 2019a). In tropical forests, arboreal
mammals span a wide range of bodyesiand life history strategies, fulfilling similar
ecological roles to terrestrial speci€n(lett 1998 2017;Kays and Allison 2001)Smaller
mammals such as trebvelling squirrels form part of the diet of aerial birds of prey as well
asof semiarbore&carnivores (Becker, Leighton, and Payi®85). As with terrestrial species,
arboreal herbivores regulate plant primary productivity, either inhibiting tree graath
excessive feedin@r stimulating growth by consuming terminal buds, which promotes
brarching (Chapmaset al.2013). Primates and civets are important seed dispersers and, given
their larger body size and home ranges, may be critical to the-sadbr distribution of
resources (Corlett 1992017. In Borneo, over 90% of seeds consumed Ipagns were
dispersed more than 100 metres from the source tree, and many at potentially much greater
distances throughout their -B® hectare territories (McConkey and Chivers 2007). Arboreal
rodents are key seed predators, and likely also seed disp@tisarst al. 2021). Tropical
squirrels have been observed carrying seeds away from source tree crowns, perhaps to reduce
predation risk while feeding, and in the process likely facilitating dispersal if seeds are
dropped, excreted intact, or cached andratieved Becker, Leighton, and Payri®©85;

Becker and Wong 1985). In addition, studies in India and Malaysia have suggested that
arboreal mammals may play a role in pollination. Primates, squirrels, flying squirrels, and
civets were all observed to comse canopy flowers, with pollen remaining attached to fur on

the limbs and around the mouth. While pollen transfer from tree to tree has yet to be confirmed,
these observations provide a plausible mechanism for the pollination process (Ganesh and
Devy 2000;Yumotoet al.2000).



Predation, herbivory, seed dispersal and pollination in the canopy all form part of
wider nutrient cycling and plant reproduction at the ecosystem level. Caledpgd
resources are transferreth mishandling, defecation, or movernhdretween strata, to the
ground, where they may be consumed or further transported by secaligfzersers. For
example, excremenf Neotropicalrboreal primatethat falls to ground level has been shown
to present a resource itselfttracting an arrapf species includingerrestrialdung beetle
communities, whose burying activity can aid germinatidnthe seeds contained within
(Whitworth et al. 2019b). Thus, arboreal mammakdiated processes are likely integral to
the distribution and regeneratiohroany rainforest tree species, so helping to maintain plant
heterogeneity across the landscape. However, aside from a handful of primates, arboreal
mammals as a group are undampled and poorly known, especially in comparison to their
terrestrial countparts (Kays and Allison 2001; Whitworikt al. 2019a). In most areas,
canopybased, communitywide surveys are lacking (Gregoet al. 2014), and arboreal
species are often missed from inventories altogether (Batlal. 2017). Thus, their true
diversity and contributions to ecosystem processes are likely to have been significantly

underestimated.

1.4 The effects of 1l ogging on fores

Globally, the extent of humadiisturbed forests exceeds that of intact habitat (Wagsa@l.

2018), and one of the most pervasive causes of disturbance is selective logging, with most
tropical forests having already undergone at least one round of timber extractiongMalhi
2014). Selective logging involves the disproportionate rexhol/large timber species while
leaving sufficient younger trees to allow repeated future harvests (Johns 1985). This method
has less impact than complete forest clearance, where all vegetation is removed in a single
felling cycle, but nonetheless everlestive removal can cause substantial damage to the
forestecosystem (Pinard and Putz 1996; Gibsoral. 2011). Southeast Asian forests are
particularly vulnerable to degradation via logging because the dominance of commercially
valuable dipterocarps alls timber to be extracted at ten times the rate of foresighier

tropical regiongMalhi et al.2014). On Borneo for example, 45% of all lowland rainforest

and 59% in the state of Sabahhad undergone at least one round of logging by 2015

(calculatedrom figures reported in Gaveat al.2016).

This removal of large trees and collateral damage to surrounding vegetation leads to
considerable changes in forest structure. Overall canopy height and the density of canopy
vegetation are reduced, and tiember of canopy gaps increasgéurance and Laurance

1996; Milodowskiet al. 2021), with the effect of reducing connectivity between trees and



allowing more light to penetrate below the canopy, raising temperatures and lowering
humidity (Johns 1985; Fauset al.2017). On the forest floor, brighter light conditions enable
fastgrowing pioneer plant species to @ampete the slower growing, shade tolerant
seedlings of canopy trees, resulting in a higher density of herbs, shrubs, and saplings, and
alteringplant community composition (Johns 1985; Villelaal. 2006). The effects are long
lasting: dipterocarp seeds for example require a closed canopy to germinate (Johns 1985), and
a return to these conditions can take decades (FetuseP017; Milodowskiet al.2021).

Although old growth rainforests are irreplaceablepimtectingtropical biodiersity,
it has become clear in recent years tlegbvering selectiveHogged forest§ i.e. those in
which logging activities have now ceased, and which wereiously considered too degraded
to be of use for conservation (Johns 1985¢present a valuable refuge for biodiversity, as
well as retaining important carbon and timber stocks (Gilesam. 2011; Putzet al. 2012;
Edwardset al.2014). This is equbl true in Borneo, where multiple studies have shoat
recoveringlogged forests supportlargevariety of species (e.g. Bergt al.2010; Granados
et al.2016; Maiwaldet al.2021), with some mammal groups potentially benefitting from the
increased a@ncealment or foraging opportunities provided by more dense gieued
vegetation (Meijaard and Sheil 2007). However, the abilityeobveringlogged forests to
retain biodiversity depends on the extent of disturbance to the physical environment.
Convertional selective loggindechniquesresult in an overall structural simplification of
forest architecture, and the occurrence and abundance of terrestrial mammal communities has

been shown to decrease as degradation increAsesifet al.2017;Deereet d. 202M).

Arboreal mammals are thought to be more vulnerable to the effects of logging because
they are directly reliant on the structural features impactee. tree height, tree size, and
canopy complexity and connectivity (CassaBarlow, and Pardi 2012; Whitworthet al.
2019a). Connectivity between trees is a key driver of habitat selection for a number of arboreal
taxa (e.g. small rodents, Welisal.2004b, Fedymt al.2021; civets, Mudappa 2006; lemurs,
Chenet al. 2021; gibbons, Hankinsoa al. 2021) and the loss of large, interconnected
branches disrupts movement pathways at canopy level (Johns 1986; MilalaB016).

Lower canopy heights compact the vertical space, while fewer mature trees reduces the
number of critical habitat featess such as cavities (which can take hundreds of years to form,
Cockle et al. 2011). Together, thesenpactsdiminish the available niche space and may
increase competitive interactions and/or lead to the extirpation of less competitive species
(Schefferset al. 2017).

To date only one studin Pery has directly investigated communityide responses

of arboreal mammals to logging, finding that many taxa were more susceptible to declines in



occupancy podlisturbance than their terrestrial counterpartsifWtrth et al.2019a). Other
studies of canopy environments, while not explicitly testing the effects of logging, have
revealed links between arboreal mammal occurrence and forest structural integrity. In Mexico,
arboreal assemblages responded positivelincreased size and qualibf forest patches
(measured by tree densityasal area, and connectivity; canopy closame;liara and epiphyte
cover)(CudneyValenzueleaet al.2021). In Borneo, small arboreal rodents were less common
in logged than unloggkforest, a finding attributed to reduced habitat space and altered tree
composition (Wellset al. 2007). In singlespecies studies, tree size and canopy connectivity
were positively associated with the presence of Japanese flying sgeieemys momoreg
(Suzukiand Ando 2019) and maned slotBsadypus torquatugSantoset al. 2016); bald
headed saki monkey&thecia irroratawere reliant on the availability of tall trees (Palminteri

et al. 2012); and occurrence of yellebellied glidersPetaurus austra increased with
structural and floristic diversity at canopy level, but decreased with tree lbaaalaproxy

for logging) (Eyre2007).

Thus, many arboreal mammals appear to respond to changes in forest structure, but
studies directly investigating sponses to logging are lacking, especially those that take a
community approach. As the extent of forest subjgdb logging increases globally,
understanding the responses of tropical species to these disturbances is essential for effective
conservatior(Gibsonet al.2011). Failing to account for arboreal mammals, which comprise
a sizeable proportion of rainforest communities and play important functional roles (Kays and
Allison 2001), risks underestimating the true impacts of logging. Losing key \edsbr
affects the capability of rainforests to recover from disturbance (Chatdain2009), with
far-reaching implicationdor long-term ecosystem stability and resilience (Gardetenl.
2019) . An i ncompl et e under st antimsdirected spec
conservation actions, either by overlooking highly vulnerageciesthat remainpoorly
knowndue to arboreal habits, or channelling precious funds towards species thought rare due
to a lack of terrestrial records, but which are in factnalamt at canoplevel (Gerbetret al.

2014). In addition, some authors have suggested that findings of high terrestrial biodiversity
in recoveringlogged forests may be partially due to greater detections ofarbmieal
species using thground more fregently in these environment@alcolm and Ray 2000,
Berry et al. 2010). However, the lack of comparative studies sampling communities in both
strataacrosdothunlogged and loggeidrestsmeans that this hypothesis remains untested. In
the context of rapidates of global forest degradation, there is a pressing need to better
understand wholeommunity {.e. groundto-canopy) wildlife responses to logging, as this

underpins effective management, conservation, and restoration strategies.



1.5 Challenges ofampling arboreal species in canopy environments

The paucity of information on arboreal mammals is largely dubke practical difficulties of
accessing the canopy and sampling at height (Lowman and Rinker 2004). While some arboreal
species may descendtte forest floor under specific circumstances, e.g. grdevel travel

and foragingpbservedn maroon langur®resbytis rubicundédCheyneet al. 2018), most do

not do so reliably or frequently enough to enable robust data collection by ¢rased
remde-monitoring techniques such as cameegs. This is evidenced in numerous terrestrial
cameratrappirg studies, wherarboreal species are not pnesen the inventory listue to
negligible detectiong.g. Coveet al.2013; Wearret al.2017; Deereetal. 2020a; 2020p As

a result, arboreal mammals have traditionally been surveyed using dvased techniques

that require an observer to be present, such as transects. However, most rainforest mammals
are wary of humans, and many are rare, cryptic peagance or behaviour, and/or nocturnal,
(KaysandAllison 2001; Gregoret al.2014; Whitworthet al.2016) presenting challenges to
obtaining comprehensive community data via this method. Arboreal species have the added
sampling difficulty of living at leight, often obscured above several layers of vegetation.
Consequently, while effective for some species, transect surveys tend to be biased towards
detections of those which are lardgmdied, active during the day, and show a degree tolerance

to human pesence (Whitwortlet al.2016).

Since the 1980s, canopy access (initially using modified rock climbing equipment)
and canopy sampling techniques hawelved(Lowman 2020; Cannoat al. 2021). Some
researchers have set small mammal -tre@s in the rairdrest canopy, with results
demonstrating that arboreal assemblages are distinct from those at ground level (Malcolm
1991 Wells et al. 2004a Nakagaweet al. 2007 De CamargpSano, and Vieir2018).In
Brazil, live trapping at heights of zero, two, andmétres revealed significant differences in
species composition and abundance in the higaeopy traps, but not between the two lower
levels (Malcolm 1991), while in Sabah, lwe@pping detected a greater proportion of rarely
captured species in the apythan on the groun@Vells et al.2004a). Similarly in Sarawak,
trapping over nine years found that a fifth of small mammals were only ever recorded above
20 metres height. Recordsincludechr ee capt ur es of VBetindreys mann 6 s
vordemanni a species previously known only from Brunei and Kalimantan (Payne and
Francis 2007), with the authors noting that its small body size and exclusive use of the canopy
layers likely made it easy to overlook (Nakagaetaal. 2007). More reliable estines of
species diversity and abundance can thus be obtained when both-cambgyoundevel
sampling are undertaken (De Camar§ano, and Vieir2018), and failing to sample across

an appropriate height range can lead to false conclusions aboutsheqa®r commonness



of arboreal species (Malcolm 1991), in turn affecting our understanding of community

diversity and dynamics.

Therefore while both grounebased surveys and canepgsed livetrapping can
provide useful datan arboreal mammaldoth hae inherent and important limitations.
Transects are labour intensive, requiring repeated sampling across tens or hundreds of
kilometres during both day and night, and are more likely to miss small and elusive species
(Whitworthet al.2016). Livetrappingis disruptive to captureahimals, also labour intensive
T with traps requiring daily checking, and the use of bait introduces capture bias depending
on dietary preferences (Caravaggi al. 2020). In addition to these approachegrtain
arboreakpeciexanbe sampled without the nefat direct observations, e.gcoustic surveys
for gibbors Hylobates sp.(Gilhooly, Rayadin and Cheyne 201%)r nest surveys for
orangutansPongo sp.(Seamanet al. 2019) However, neither indirect monitoring for
individud species, nordirect sampling via transects or lWmpping, are able to
comprehensively sample the entire arboreal mammal community in a way that is comparable

to standard inventory methods for terrestrial communities.

1.6 The advent of canopy camer&rapping

Cameratrappingi the deployment of remotelyperated camera units that use inbuilt heat and
motion sensors to capture images of passing wildlife well-established as a sampling
method for terrestrial mammals (Toblet al. 2015). Camerdrapscan be coseffective,
minimally invasive, and, after initial setup, require relatively low labour inputs, as well as
allowing continuous monitoring across thel#sur cycle of multiple species simultaneously
(Bridges and Noss 2011; Whitworét al. 2016) In recent years, with thenprovementof
canopy access techniques atelelopment ofnore durable cameitaaps, the method has
begun to be tested at height. Early applications included quantifying foraging behafviou
Yakushima macaquédacaca fuscataakuiin JapanOtani 2001), surveying the population

of the elusive and Endangered bh#aded capuchi@ebus xanthosternas Brazil Kierulff
etal2004), and evaluating arboreal speciesb
(Goosenet al.2005).

In early 2015, at the timiat| initially developed the proposal for this thesis, there
was no published research testing the utility of canopy catregya to inventory arboreal
mammalcommunities. Tremaine Gregory and colleaguesitientified he potential of the
technique to provide robust community data in a study monitoring wildlife crossing points

over a pipeline clearing in Peru (Gregetyal. 2014), but this had yet to lhelly tested. The
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majority of canopy cametapping researcfor mammal studiesvas, and remains, limited

to documenting the presence or activity of one or a small group of species, or determining
responses to a specific habitat feature such as canopy bridges or fruiting treesdiMdore
2021, and see SupplementanbleeS2.7).

Nevertheless, in the intervening yeatghtcommunity inventory studies have been
published, all fromiges in tropicalAmerica or Africa (Whitworttet al.2016; 2019a; Bowler
et al.2017; Hongcet al.2020; Mooreet al.2020; Kaizeret al.2021; Scabin and Peres 2021
Agostini et al.2022). All highlighted the efficacy of canopy cameraps to survey arboreal
mammal assemblages in their respective study regions, although three excludéddiadll
species from analys€gvhitworth et al. 2016 2019a; Bowleet al. 2017) and three did not
set paired units at ground le#Vhitworthet al.2016; Bowleret al.2017; Kaizeret al.2021)
limiting the inferences that could be made regarding the distinctness of arboreal and terrestrial
communities Studies that did deploy cameras in both strata (Whitwetrtil. 2019a; Hongo
et al.2020; Mooreet al.2020; Scabin and Peres 202fostiniet al.2022 revealed arboreal
and terrestrial communities to be comprised mainly of different species (rafleesinlts of
the livetrapping researatiscussegreviously). Furthermore, comparisons between sampling
methods consistently found that canopy canrtexps detect greater numbers of arboreal
species than diurnal and nocturnal transect surveys or indidbstvations, andetermined
that for wholecommunity inventories, a combination of terrestrial and canopyecam
trapping would bemost effective (Whitwortret al. 2016; Bowleret al. 2017; Mooreet al.
2020) with authors noting the utiyi of canopy ameras to record a high number of otherwise
undetected taxa (Scabin and Peres 202&yeral studieadditionallydetected the presence
of species previously undocumented in the study areas, in some cases despite decades of
terrestrial researclenhancingknowledgeo f s peci es6 distributions a
(Whitworth et al. 2016; Moore and Niyigaba 2018; Hongb al. 2020; Kaizeret al. 2021
Agostiniet al.2022. Beyond contributions to specigisersityassessments, their results have
contributedto a wider understanding of arboreal communities, for example highlighting the
vulnerability of arboreal mammals to habitat disturbance (Whitwairéth 2019a) and hunting
(Scabin and Peres 2021). Others have afforded new insights into ystgvimknown
behaviour, such as the raé northernolingosBassaricyon gabbin Panama for dispersing
the seeds of an endemic plant (Mont&karenoet al.2022), orrevealing frequent nighttime
activity of the Guizhou snulnosed monkefRhinopithecus brelichi a species thought to be
exclusively diurnal,but which may in fact display behavioural plasticity in response to

seasonal fluctuations iday length and resources (Tan, Yang, and2QilB8).

Canopy camersrapping clearly has great potential for studies of cgrbpelling

wildlife. However, it has yet to be commonly implemented as a standard sampling technique
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for tropical arboreal communities in the way that terrestrial cameras are routinely used to
monitor mammals at ground level. A further point to considtrasalmost half of all canopy
studies placed cameras O10 metres above the
vertical space and thus potentially discounting high canopy species, which are often the least
known (Gregoryet al. 2014). Substdial differences in community identity and species
abundance have been detected between the ground and heigh@ah&fes in both live

and camerdrapping studies (e.g. Malcolm 1991; Wedsal. 2004a; Nakagawat al. 2007,
Whitworthet al.2019a; Hbngoet al.2020; Mooreetal,2 0 20) . Gi ven t hat Born
reach up to 60 metres, with emergent trees taller still, there is great scope for further advances

in arboreal mammal research. Howeuwbere have previously been no studies testigg
application of canopy cameteaps in Borneo. Indeed, with higher reported incidents of false
triggers from ortarget stimuli in the canopyattributed to increased wind and light exposure

in tree crowns (Gregorgt al. 2014)1 questions arise as to wher this method would be

feasible in Bor neouirmeantpiess mel y tall and non
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Figure 1.1Location of sampling sites in Sabah, Malaysian Borfheft): unlogged forest at
Maliau Basin Conservation Area (top right), aadoveringloggedforestatMt. Louisa Forest
Reserve (bottom right). Map reproduced with kind permission from \ickl. 2015, and
edited to show sites in this study. Photographs taken by J.K.Haysom during fieldwork.
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1.7 Aims and objectives

Tropical canopies remain largely umdored, particularly in Southeast Asia. The height and
complexity of Bornean rainforests have given rise to a great diversity of arboreal mammal
species, many of which are endemic, and the island further represents the global epicentre of
gliding mammal diersity. However, due to the historic difficulties of canopy access resulting

in a grounebased research bias, most arboreal mammals, as well as the canopy aspect of semi
arboreal ma mma | ecol ogy, are | itt]l eectiwvenown.
logging, and while many terrestrial species can persiseéoveringlogged habitats, the
tolerance of arboreal mammals to degradation remains poorly understood. My aim in this
thesis is to explore, for the first time, the application of canopyetatrapping to study the

Bornean arboreal mammal community.

Specifically, | aim to test this method in both unlogged amcbveringlogged
rainforest, and from the results compare the species richness and composition of arboreal and
terrestrial mammatonmunities (Chapter 2); examine the activity strategies of species in
bothstrata to discover what they might reveal about the constraints and opportunities present
at ground and canopyevel (Chapter 3); and quantify and compare the responses of arboreal
and terrestrial communities to logging, investigating how these are related to changes in
vegetation structureChapter 4). Due to the collaborative nature of these chapters | adopt a

shift in pasive voice, replacing singulatith plural pronouns

Althoughrainforest bat assemblages are also diverse and functionally important, the
differences in lifehistory traits and sampling techniques arising from their ability to fly meant
that it was beyond the scope of my PhD research to include this group, anaiyes iof bats
were obtained during sampling. All references to mammals therefore refer to thelaoh
community (but see Hirakawa 2005 and Agial.2017 for potential applications of camera
traps in the study of some bat species, detailing use of toleapture images, and confirming

the role of flying foxesPteropus hypomelantis durian pollination, respectively).

1.8 Thesis structure

In Chapter 2, | examine thefficiencyand coskeffectiveness of canopyersus groundevel
sampling using camartraps. | generate species accumulation curves for arboreal and
terrestrial communities in unlogged aretoveringloggedrainforesf encompassing species

of all body sizes across strand demonstrate that the inclusion of canlgpel sampling
significantly increases species inventorieslso compile a detailed cost comparison, and

provide recommendations on how to minimise the additional expense that canopy sampling
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incurs. This work was published krontiers in ForestandGlobal Changeand serve as the

first communitywide inventory of Bornean mammaisthe canopy

In Chapter 3, | quantify activity metrics (proportion of the daily cycle spent active,
and the time or times ahis activity) for 37 arboreal and terrestrial species, and show clear
dissimilarities in diel patterns between stratahile patterns between unlogged and
recoveringlogged forest remained largely consistdrtiscuss how these differences help to
shed light on the varying environmental conditions and selective presaceesdy ground

dwelling and treelwelling mammals.

In Chapter 4, | use multispecies occupancy models to investigate both spksiek
and communitytevel responses to logging for arboreal and terrestrial mammals, and highlight
the increased vulnerabiligf arboreal species. | test how the occupancy of each community
responds to a suite of highsolution vegetation covariates derived from LIiDAR surveys,
including a novel measure of canopy connectivity, and reveal the importance of both local
and landsgae-level canopyconnectivity for arboreal mammals.

Chapter 5 discusses the contribution of these findings in the context of global
arboreal mammal research, noting the limitations and remaining knowledge gaps, and

highlighting potentialavenues for futurstudies.
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Abstract

Arboreal mammals form a diverse group providing ecologically important functions such as
predation, pollination and seed dispersal. However, their cryptic and elusive nature, and the
heights at which they live, makesudying these species challenging. Consequently, our
knowledge of rainforest mammals is heavily biased towards terrestrial species, limiting our
understanding of overall community structure and the possible impacts of fnooaed
disturbance. We unden the first indepth appraisal of an arboreal mammal community in
Southeast Asia, using caméraps set in unlogged amecoveringloggedtropical rainforest

in Sabah, Borneo. Using paired canopy and terrestrial canag® at 50 locations (25 in
unlogged forest, 25 imecoveringlogged, we assessed the effectiveness of castiapping

at characterising the arboreal versus terrestrial community, and tested the influence of strata
andloggingon community structure and composition. The paired designtddt5 mammal
species across 15,817 camge nights, and additional canopy sampling in a subset of trees
added a further two arboreal species to the inventory. In @®@aspecies were detected
exclusively by terrestrial cameteaps,18 exclusively ly canopy camer&raps, and nine by

units set at both heights, demonstrating significant differences between arboreal and terrestrial
communities. This pattern was strongest in unlogged forest, reflecting greater structural
diversity of this habitat, but ke in recoveringloggedforest as well. Species accumulation
curves revealed that canopy cameepping significantly boosted species inventories
compared to terrestriginly sampling, and was particularly effective at detecting gliding
mammals, rodentsnd primates. Canopy inventories took longer to reach an asymptote,
suggesting that a greater sampling effort is required when deploying canopy -tapsra
compared to those set on the ground. We dem
rainforest fom a diverse and distinct community, and can be sampled effectively using canopy
cameratraps. However, the additional costs incurred by sampling in the canopy can be
substantial. We provide recommendations to maximise sampling effectiveness, while bringing
down costs, to help encourage further study into one of the last frontiers of tropical forest

research.

2.1 Introduction

Tropical rainforests support exceptional levels of biodiversity, but are highly threatened by
anthropogenic activities such as loggi(Barlow et al. 2018). Rainforests are structurally
complex environments, comprising not only grodeel (i.e. terrestrial) vegetation, but also

several interlinked abowground strata (hereafter the canopy (Moffett 2000)), and
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culminating in tree crowsthat can reach 36 m in height (Dudleyand DeVries 1990).
However, due mainly to the difficulties of canopy access (Lowiany, and Ganesk013),

most rainforest research is heavily biased towards terrestrial communities and processes
(Whitworth et d. 2019a). Consequently, the canopy remains a largely unexplored ecological
frontier (GodoyGuinaq Diaz, and Celidiez 2018). With only a limited understanding of
canopies and the wildlife they support, we are missing key insights into the composition,

dynamics and functioning of rainforest ecosystems as a whole.

The wildlife utilising the forest canopy plays essential roles in ecosystem functioning,
for example by regulating biogeochemical and nutrient cycles, and facilitating forest
regeneration via amal-mediated seed dispersal (Nakametal. 2017). An estimated 75%
of rainforest vertebrates are arboreal or sarhbreal, spending all or part of their lives in the
canopy (Kaysand Allison 2001). Among them, mammals are one of the most diverse and
numerous taxonomic groups, filling a wide variety of ecological roles including seed dispersal,
pollination, herbivory and predation (Kaymd Allison 2001; Nakabayashiet al. 2019;
Whitworth et al. 2019a). Removal of these key vertebrates may affect thabitiap of
rainforests to recover from disturbance, with potentially cascading consequences for

ecosystem stability and resilience (Gardeieal. 2019).

In addition, arboreal mammals may be more vulnerable to the effects of logging than
their terrestribcounterparts because the large, tall trees that constitute the main structure of
their canopy habitat are often also those lost through logging. At present, most tropical
research into the effects of logging on wildlife does not include targeted safaplargoreal
mammals, and it is not clear to what extent this group is affected, or whether populations can
recover after the cessation of logging activities (Bowteal.2017). For many terrestrial taxa,
species diversity imecoveringloggedforest ca return to approximately pdegging levels
within a few decades of the cessation of logging (Betrgl. 2010; Brodie et al. 2014).
However, it has also been suggested that terrestrial mammal inventegesvaringlogged
forest may be artificiallynflated by increased detections of searfioreal species spending
more time on the ground (Berey al.2010). While this has been demonstrated for some-small
bodied arboreal mammala isome areas (Malcolm 199Fjalcolm and Ray 2000), other
studies havelteown postiogging reductions in the abundance of small arboreal rodents (Wells
et al.2007) and occupancy of mediuand largebodied arboreal mammals (Whitwoethal.
2019a) without an apparent influx effect at grodexkl. The current lack of monitognof
the canopy strata is a barrier to our understanding of whether this phenomenon occurs, and
highlights the risk that we may be missing declines in arboreal species, and underestimating

the true impact of logging.
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Traditionally, arboreal mammals haveedn sampled using growbésed visual
surveys, but these tend to be biased towards laagied, diurnal species that can be readily
observed and identified from below, and show some degree of tolerance to people (Whitworth
et al.2016;Bowler et al. 2017 Mooreet al.2020). Moreover, the heights at which arboreal
species are detected present significant challenges for accurate identification from the ground
(Jayasekarat al. 2007; Gregoryet al. 2014; Whitworth et al. 2016). Canopypased live
trapping fas also been tested, but is labbuensive, tends to exclude largavdied species,
and can result in biased sampling, particularly as bait is used (Carava$@020).

Advances in camermapping technology have led to the widespread use of thigysu
method in the study of terrestrial mammals (WesrdGloverKapfer 2019), but it is yet to
be commonly implemented at candpyel. To date, applications of camerapping in the
canopy have focused mainly on documenting animal presence (e.g. Sudidkido 2019),
behaviour (e.g. Godeguinaq Diaz, and Celiiez2018), or activity in relation to particular
habitat features such as fruiting trees (e.g. Jayasekah2007) or canopy bridges (e.g.
Gregoryet al.2017) (see also Supplementgterials Table 2.1). Published inventories of
arboreal mammal communities based on caftrafadata are limited teightsites (Whitworth
et al. 2016; 2019aBowler et al. 2017;Hongoet al. 2020; Moore et al. 2020; Kaizeret al.
2021; Scabin and Peres 202Qostini et al. 2022, all in the Neotropics or Africa, and with
threefocusing on mediurand largebodied mammalshree ofthese studiedid notcompare
canopy inventories to those generated from caitmas on the ground/A(hitworth et al.
2016; Bowle et al. 2017; Kaizeret al 2021) limiting the inferences that can be made when
describing arboreal versus terrestrial communities. Further, almost half of all published
canopybased camerzap gudies that recorded camehaight 8 of &, Supplementgr
MaterialsTable 2.1) placed camertar aps 010 m above the ground,
of the vertical space from their sampling. While canopy catttapping has shown great
potential as a sampling technique, it has yet to be employed as a standard tool for monitoring
arboreal mammal communities. Understanding the advantages and limitations of this method

is therefore essential if it is to be more widely adopted.

Here, we provide the first idepth appraisal of the arboreal mammal community in
Southeast Asia, using caradraps set in unlogged amecoveringloggedtropical rainforest
of Sabah, Malaysian Borneo. The rainforests of Borneo are among the tallest in the world
(DudleyandDeVries 1990), and are renowned for their arboreal and-adureal mammal
fauna, compgsing over 70 species and including 14 flying squirrel taxa, representing the
global epicentre of gliding mammal diversity (Payared Francis 2007;Thoringtonet al.
2012). We compare the ability of caméraps to define the arboreal and terrestrial mainma

community, and extend our assessment from the medindlargesized mammals typically
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investigated in camerimap studies to include the numerous smdilalied arboreal species,
most of which can also be identified by this method (De Behdl.2010. We evaluate the
comparative costs of terrestrial versus canopy catnapping, and quantify the diversity
missed or gained by each technique, revealing how studies of rainforest mammals that focus

only on terrestrial species may be overlooking a keypmnent of ecosystem dynamics.

2.2 Methods

2.2.1 Study System

Research was undertaken in and around the Stability of Altered Forest Ecosystems Project
(Ewerset al. 2011; Figure 2.1) in Sabah, Malaysian Borneo. We sampled mammals in
unlogged forest at Meu Basin Conservation Area, andracoveringloggedforest in the

Mt. Louisa Forest Reserve. These areas form part of an extensive contiguous block of
dipterocarp forest covering approximately one million hectares in seminal Sabah
(Reynoldset al.2011). Mt. Louisa experienced multiple rounds of logging between 1978 and
2008, but has since been formally protected, whereas the unlogged forest at Maliau Basin has
experienced very little disturbance. Ouwecoveringlogged forest sampling area was
charaterised by lower canopy height and reduced canopy cover, with fewer canopy pathways
and more canopy gaps than our unlogged forest sampling area éDak20203). Camera

trap locations in both unlogged aretoveringloggedforest covered similar eletians (mean

482 m, range 22933 m).

Figure 2.1 Cameratrap locations in unlogged (A) amelcoveringlogged(B) forest of Sabah,
Borneo, with the location of the sampling in relatianBorneo shown on the inset map
Canopy camertraps were set on thieunk of trees, facing focal branches (C). Example
arboreal species detected included s#mathed palm civeArctogalidia trivirgata (D) and
maroon languPresbytis rubicundéE).
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2.2.2 Cameratrapping

Cameratraps (Hyperfire HC500, Reconyx, WI, USA) medeployed across 50 locations
between October 2017 and September 2019. Locations were divided equally between
unlogged andrecoveringlogged forest and identified in advance using a 1.5 kgrid,
whereby every corner of each grid cell comprised a sagpiration. Upon navigating to a
location either via prexisting trails or by creating new trails, the nearest tree to the marked
point that could be safely climbed (hereafter the focal tree) was rigged with climbing ropes.
We did not target a particulapecies, height or branch architecture type.

Accounting for accessibility and safety constraints, thean distance between
sampling locations was 1.26 km (range:-9.km). Each location comprised one terrestrial
cameratrap set approximately 0.3 m aba¥e ground, paired with a canopy camiep in
the mid or uppercanopy of the focal tree, which was situated within a 10 m horizontal
distance of the terrestrial placement. Canopy caitneps were set at an average of 25.9 m
above ground (range: 952.3 m), with the average height camerasn unlogged forest (36.0
m) andrecoveringloggedforest (19.3 m) reflecting the differences in gaypbeight between
unlogged and previoushpgged habitatsT o reduce false triggers, caméraps were attached
to trunks or large, stable branches (FigR® and any leaves within the detection zone were
removed (Gregorgt al.2014). Where possible, canopy cameegps faced north or south to
reduce the likelihood of overexposed images, which is a particulainrible upper canopy
(Otani 2001). Most camettaaps faced branches of tfuealtree, were set approximately 0.2
0.3 m above the branch and were angled where necessary using a wooden wedge to account
for slope of thdocalbranch. Three units faced trunifsadjacent trees (two in unlogged forest,
one inrecoveringlogged where these were judged to be within trigger distanet0(n
away). Terrestrial cametaaps were also attached to medilarge, stable trunks and any
vegetation within the detection zmmleemed likely to result in false triggers (e.g. thin herb
stems) was cleared. Vegetation disturbance was kept to a minimum in both strata, and canopy
orchids and epiphytes in particular were left undisturbed. In order to reduce detection bias for
terrestial specieghatmay either preferentially use or avoid trails (Wearn and Giagxfer
2017), and in line with our canopy protocol, terrestrial carraas did not target any

particular habitat feature.

Cameratraps at each location were deployed faotal of -8 months. In unlogged
forest this occurred continuously with one check-ohighloyment to replenish batteries and
SD cards, while due to scheduling practicalities, rdmveringlogged forest deployment
occurred in two separate phases. Each cain@p was set to take three consecutive images

per detection with no delay between triggers and no sleep delay before retriggering. The
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cameratraps we used were equipped with infrared flash for low light conditions to minimise
disturbance. This is pattilarly important for nocturnal species, some of which suffer

temporary blindness or may exhibit o6trap shy

Sampling comprised a total of 100 cam&e deployments and, after accounting for
malfunction, we btained data from 99, comprising 49 terrestrial carr@as (24 in unlogged
forest, 25 irrecoveringlogged and 50 in the canopy (25 in unlogged forest, 28aovering
logged. Three functioning units did not obtain any mammal captures during deplbyatien
canopy, two in unlogged forest, oneretoveringlogged. Thus in total, cameraps were
deployed for 15,817 cameteap nights (CTN): 6,661 terrestrial CTN (3,995 in unlogged
forest, 2,666 irrecoveringlogged and 9,156 canopy CTN (6,041 in agbed forest, 3,115

in recoveringlogged.

To evaluate whether placing more than one castrapain a tree simultaneously could
maximise species detection, we set a second canopy caaetia 20 of our original focal
trees over a period of approximat@ymonths. Trees were randomly selected and additional
cameratraps were deployed concurrently with the main canopy catregsabut positioned
at different heights and facing different branches. These second eaapsr§10 in unlogged
forest and 9 irrecoveringlogged after excluding one malfunctioning unit) resulted in an
additional 1,409 CTN (903 in unlogged forest, 506eicoveringlogged.

2.2.3 Data analysis

Mammal detections were summarised by canena location (per camettaap night) and
spetes using the R package gtools (R version 4.0.2). Capture events were considered
independent if they were separated by a minimum period of 30 minutes, or if subsequent
detections within this threshold contained different species (Laugtdih2020).

To compare species accumulation between canopy and terrestrial strata, we generated
samplebased rarefaction curves based on castrafanights using the R package iINEXT
(Hsieh, Ma and Chao 2016). This approach accounts for differences in sampling effort
between camerérap locations (i.e. variation in deployment duration due to units being set and
collected, or failing, at different times), without needing to discard data. Rather than reducing
all locations to the lowest sampling effort, we interpolated sgedetections up to the
maximum observed sample size and then extrapolated detections to a common sample size
above this (8. Extrapolations were made to approximately double the maximum obtained
sample size, as recommended by Hsieh, Ma and Chao (2Uh6je rarefaction results are
referred to as statistically significant, this indicates-aeerlapping confidence intervals of

the relevant species accumulation curves.
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Inventory comparisons were made between (a) arboreal and terrestrial communities
and p) unlogged andecoveringloggedforest, and rarefactions were repeated with subsets of
the community data, with species assigned to groupings according to: arboreality, IUCN threat
status, body size, and taxonomic grq@upplementary Materials Table 3R.Arboreality
was defined according to the strata in which the species was detected (arboreal = exclusively
detectedon canopy camertmaps, terrestrial = exclusively on terrestrial carteaps, semi
arboreal = on camettaaps in both strata); IUCN thaiestatus was categorisedtlaseatened =
categories Vulnerable, Endangerear Critically Endangered; not threatened = Near
Threatened, east Concernor Data Deficient body size was defined as small = <1 kg,
medium = 15 kg, large = >5 kg; and taxonongooup was divided int€arnivora (viverrids
Arctictis binturong, Arctogalidia trivirgata, Hemigalus derbyanus, Paguma larvata,
Paradoxurus hermaphroditus, Viverra tangalungaustelids Herpestes brachyurus, H.
semitorquatus, Martes flavigula, Mydaus garensis felids: Neofelis diardi, Pardofelis
marmorata, Prionailurus bengalensigsearHelarctos malayanys gliding mammals (flying
squirrels Aeromys tephromelas, A. thomasi, lomys horsfieldi, Petaurista petaurista,
Petinomys setosus, Pteromyscus pullesitus and Sunda colugGaleopterus variegatiis
nongliding rodents (murid rodentteopoldamys sabanus, Maxomys rajah, M. surifer, M.
whiteheadi nonflying squirrels Callosciurus adamsi, C. prevostii, C. sp., Exilisciurus exilis,
Ratufa affinis, Rhditrosciurus macrotis, Sundasciurus brookei, S. lowii, S. hippurus
porcupinesHystrix brachyura, H. crassispinis, Trichys fasciculatasectivora (treeshrews
Ptilocercuslowii, Tupaia longipes, T. minor, T. tanaoonratEchinosorex gymnuré&sunda
pangdin Manis javanicd, Primates (macaqudglacaca fascicularis, M. nemestrin@angurs:
Presbytis rubicunda, P. sabangibbonHylobates funereysrangutarPongo pygmaejsnd
Ungulates (deerMuntiacus atherodes, M. muntjaRusa unicolor mousedeerTraguus
kanchil, T. napu pig Sus barbatusard bantengBos javanicus plus elephantElephas
maximus. Information on body size and taxonomic classifications was obtained from Payne
and Francis 2007 and the IUCN Red List, accessed February 2021.

Ordinations wee used to explore variation in mammal community composition
between terrestrial and canopy carea® locations, as well as unlogged venaovering
logged forest. We standardised the spediamera data matrix by maximum values (a
Wisconsin double stalardisation) to improve detection of community patterns, and
calculated pairwise Bréyurtis dissimilarity coefficients using species detections pooled
from the first 91 days of sampling at each canteap location (the maximum sampling effort
common tea majority of locations, since units functioned for varying time periods). Using the
vegan package in R, we generated ametric multidimensional scaling (NMDS)dination

to organise camelacations by similarity in species composition. To examine amitipnal
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differences betweerrataand unlogged/recoveriFiggged forestwe applied a permutational

multivariate analysis of variance (permanova) using the ADONIS function in vegan. Last, we
applied the envfit functiowith 999 permutations, anle Pea s on6s coef fi ci ent f
to an indicator species analysis) to the species detections andiordinds scores to identify

species that contributed the most to variation in commuititicture betweelocations.

2.2.4 Costs of canopy versus tegstrial camera-trapping

Since we deployed cameti@ps at both terrestrial and canopy levels, we calculated the
additional costs incurred by our canopy deployments. Calculations assumed a fixed number
of cameraraps available for use and compared thd obsetting all units on the ground
versus half on the ground and half in thea@an We assumed cost penit did not vary
between strata (damage and repair bills during our studysiveilar between strata), but this

will differ depending on the camemaodel and battery typ&or our study, cost per unit was

USD $464, including one Reconykyperfire HC500 ($450), one 18B memory card ($7)

and 12 x AA batteries ($7 per camérap per deployment) prices valid for January 2021.

2.3 Results

2.3.1 Spetes detections and richness

We recorded 55 mammal species during 8,008 capture events across 15,81 #raamera

nights (CTN) (Table 2.1). Of these species, 30 were only detected on terrestrialtap®era

16 were restricted to canopy caménaps, andhine were detected by cameti@ps in both

strata (hereafter referred to as samboreal species) (SupplementdtgterialsTable S2.2).

The 19 experimental second canopy canrterps addd a further 1,409 CTN, with 253

capture events of 18 species. $badlitional records included twarboreal species otherwise

uncetected (Bornean pygmy squirrekcilisciurus exiisand Temmi nckébés fl yir
Petinomys setosugoth in unlogged foresthringing the total number of species recorded
exclusively on cangpcameraraps to 18 Second canopy cameralso obtained an unusual

canopy record obanded civeHemigalus derbyanud) recoveringloggedforest otherwise

recorded only on terrestrial cameras (see Supplementary Materials Table S2.2)

There was substaat overlap of species recorded in unlogged r@ubveringlogged
forestareasalthough each included records of a limited number of species not detected in the
other (SupplementarylaterialsTable S2.2). The number of camérap nights and capture
evens varied between unlogged aretoveringloggedforest and between terrestrial and

canopy strata (Table 2.1). Mammal detections on unlogged forest caapsdotalled 47
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specieq29 terrestrial, 12 arboreal, ssemiarboreal), while those irecoveringloggedforest
totalled 44 (24 terrestrial, l&rboreal, fivesemiarboreal), including one arboreal squirrel
(referred to afallosciurus sp.whose appearance does not fit the description of any known
Bornean species (Supplementary Materiigure 2.4). Twentyone species potentially
present within the landscape and likely detectable using cara@mawere not detected at all
(SupplementariaterialsTable S22). Of these, nine are presumed terrestrial, six arboreal,
and six semarboreal (Payne and Freis 2007). Assumption of presence was based on known
body size, geographic distribution, elevation range and habitat preferences (Payranaisd
2007;IUCN RedList, accessed February 2024y mammals that could not be identified to
species level wer excluded from analyses. Of a total of 8,276 capture events of mammal
species across all camdraps, 15 capture events were excluded on this basis, leaving 8,261
for analysis (8,008 from terrestrial and main canopy catneps, and 253 from second
can@y camerdraps) (Table2.1). The 15 exclusions comprised: oadoreal squirrel, one
arboreal murid rodent, and twerrestrial squirrels where only a small pantiaf the body was
visible; and onarboreal squirrel, and 10 terneéal murid rodents (likly of two species) where
identification to species level could be proposed with some confidence, but not with enough

certainty to include in analyses.

Table 2.1 Sampling effort, mammal species recorded and number of independent capture
events for camertraps set in terrestrial and canopy strata of unloggedesoderinglogged

forest in Borneo. Rarefaction indicated that sample completeness exceeded 0.98 in all cases.
Parentheses denote numberadforealspecies added to records from experimental second
canopy camerfraps. he sum of species fromrtestrial and canopy camenaps is greater

than the total number of mammal species detected (marked witheaislk#$t because some
species (nineverall: sixin unlogged forest and fivia recoveringlogged were detected by

both terrestrial and canopy caméraps and so are included in the figures fohlsttata

No. Camera No. Independent  Capture
Dataset Camera- trap Nights  Mammal Capture Events per
traps (CTN) Species Events 100 CTN
Main Dataset
All canopy & terrestrial cameras 118 15,817 55* 8008 50.6
Terrestrial camera-traps
All terrestrial cameras 49 6,661 39 6885 103.4
Unlogged forest 24 3,995 35 3880 97.2
Recoveringloggedforest 25 2,666 29 3005 112.7
Canopy cameratraps
All single canopy cameras 50 9,156 25 1123 12.3
Unlogged forest 25 6,041 18 705 11.7
Recoveringlogged forest 25 3,115 20 418 13.4
Additional Dataset: second canopy camerdraps
All additional canopy cameras 19 1,409 18 (2 253 17.9
Unlogged forest 10 903 152 169 18.7
Recoveringlogged forest 9 506 10 84 16.6
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2.3.2 Bfectiveness of sampling acrosstrata and unlogged and recoveringogged forests

Rarefaction curves for terrestrial communities comabinacross bothunlogged and
recoveringlogged forest reached an asymptote after 38000 CTN, suggesting that
terrestrial inventories were near complete for this method (Figi2)e In contrast, while
canopy inventories also approached an asymptoteO&5I00 CTN, curves still increased
gradually (Figure.2), indicating that further sampling effort in the canopy would likely result
in further detections of uniquspecies. This was corroborated by extrapolated accumulation
curves, which predicted arb@ecommunities may require more than double the sampling
effort of terrestrial communities to generate complete or -oeaaplete inventories

(Supplementary MateriaFigure 2.2).

Arboreal mammal species diversity in both unlogged r@edveringloggedforest
was significantly lower than that characterised at the terrestrial level (Fighrd Re signal
was stronger in unlogged forest (35 species across terrestrial eaapel@cations versus 18
species across canopy cameeg locations) tharecoverngloggedforest (29 species across
terrestrial camertrap locations versus 20ex@es across canopmcations) and this was driven
by lower detections of terrestrial speciegénoveringloggedforest. Arboreal communities
in bothunlogged andecoverimg-loggedforest largely comprised different species than those
found at ground level, with a majority of species (46 of 55; 84%) detected exclusively by
cameratraps in one strata, and only nine species (16%) captured on emaperat both
heights (Supgmentary MaterialTable 2.2).

501 A All forest sof B Unlogged forest 50l C Logged forest

number of species

canopy
& terrestrial

0 4000 8000 12000 0 2000 4000 6000 8000 0 2000 4000 6000 8000

camera trap nights

Figure 2.2 Rarefied species accumulation curves for arboreal and terrestrial mammal
communities in (A) bothunlogged andecoveringloggedforest combined, (Bunlogged

forest only, and (C)ecoveringloggedforest only Curves were extrapolated (dashed line) to
approximately double the minimum observed sample size in each comparison. Confidence
intervals (Cls) were set at 84%, which has been demonstrated equivalertatua pf 0.05
significant difference (MacGregdtors and Payton 2013). Cls are represented by shaded areas
around the curvesAdditional analyses with Cis at 95% are presented in Supplementary
Materials (Figure S2.1) for comparison.
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Canopy camersraps were particularly effective at detecting glidingmmals
primates, andion-gliding rodents (Figur@.3), reflecting the main taxa present in the canopy.
Canopy camers&raps matcheterrestrial unitgn their ability to detect semd@rboreal species
(Figure 2.3). On the othr hand, terrestrial cameraeteted more viverrids, mustelidand
felids. Terrestrial camermaps were also effective at sampling fgiding rodents, although
examination of speciésdentity (Supplementary Materg@lable 2.2) revealdittle overlap
with thenon-gliding rodent speaes detected in the canopy, reflecting the high diversity within
this group. Significantly more threatened arboreal mammals were detected in unlogged forest
than inrecoveringloggedforest, although there was no significant difference in detection of
threatened terrestrial mammals betweshogged andecoveringloggedforest (Figure2.3).

A arboreality B IUCN threat status C body size D taxonomic group

gliding mammals.

arboreal threatened non-gliding rodents

semi— insectivores

arboreal carnivores

terrestrial W unlogged non= primates.

logged threatened ungulates.

I ed I gliding mammals.

arboreal threatened sma non-gliding rodents

semi— L) i insectivores

arboreal Tesm carnivores.

4 not- primates.

tenesing threatened large ungulates
0 10 20 30 0 10 20 30

0 10 20 30

small
medium
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number of species

Figure 2.3 Number of species detected by canopy and terrestrial carapsainunlogged
andrecoveringloggedforest, split into groups according to (A) arborgal{B) IUCN threat
status, (C) body sizend (D) taxonomic group. Richness data were extracted from rarefied
species accumulation a@s at a common sample singth 84% confidence intervals.

s0{ A All forest . so{ B Unlogged forest 501 C Logged forest

=]

20 - 20
@ terrestrial only
plus 1 canopy

& plus 2 canopy

number of species

0 5000 10,000 15,000 20,000 0 5000 10,000 0 2000 4000 6000 8000

camera trap nights

Figure 2.4Species accumulation curves comparing speciegrrs obtained fromerrestrial

only cameratraps with those obtained by pooling data from terrestghls one canopy
cameratrap, and terrestriaplus two canopy cameitaaps. Inventories are shown for (&l

datg (B) unlogged foresbnly, (C) recowringloggedforestonly. Confidence intervals were

set at 84% in line with Figur22 andare represented by shadiagund the curves. Analyses
utilised all data 6,661 CTN for terrestrial camega 9,156 'N for single canopy camesa
1,409 CTN for seaad canopy camegh Analyses were repeated using a standardised subset
of 1,409 CTN (the minimum trapping effort arising from the second canopy cdraps,

and are presented in Supplementary Materials Figure S2.3 for comparison
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Rarefaction analyses basen comparisons of data from terrestoaly versus
terrestriadandcanopy camertraps showed that the inclusion of canopy sampling
significantly improved inventories in botimlogged andecoveringloggedforest (Figure.4).
Canopy camertraps addedl?2 unique species in unlogged forest, 15 unique species in
recoveringlogged forest, and 16 species overall, or &Becies if detectionfrom the
experimendl second canopy cametraps arencluded (Figure.4, Supplementary Matergl
Table .2). This dfference was greatest recoveringloggedforest, driven mainly by the
lower number of species detected by terrestiidy cameraraps However, the addition of a
second camertap elsewhere in the canopy did not significantly improve inventoriesré~igu
24, SupplementariylaterialsFigure 2.3).

2.3.3 Community variation between strata and unlogged/recoverinrtpgged forest

The NMDS ordination utilised information from 79 caménap locations that photographed
mammals, and was statistically robustréss = 0.120). Canopy and terrestrial carireias
formed distinct groupings in ordination space, highlighting significant differences in
community structure between the strata (permano¥as R.215, p<0.001) (Figure 2.5).
Terrestrial camerfrap locatbns were more similar to each other than canopy catraga
locations, irrespective of whether they were in unlogged or recoviegygd forest.
Differences between the communities of unlogged and recovieigggd forest were much
subtler (R =0.027, p$.015).
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Figure 2.5 Non-metric multidimensional scaling (NMDS) ordination showing variation in
mammal community structure detected by cantexps set in the canopy versus terrestrial
strata of unlogged and recoverilugged forest.
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Key species iderftii ed by both envfit and Pear sono:

community differences between strata were staalthed palm civefrctogalidia trivirgata
and Pr ev o €dldsdurus pravdstiiindieative of the canopy, and Malay porcupine
Hystrix brachyura tufted ground squirreRheithrosciurus macrotjspig-tailed macaque
Macaca nemestrinared muntjacMuntiacus muntjagkBornean yellow muntjadluntiacus
atherodesgreater mousededragulus napubearded pigsus barbatussun beaHelarctos
malayanus Malay civetViverra tangalungabanded civeHemigalus derbyanusnd leopard
catPrionailurus bengalensjsndicative of ground level (Figu25; Supplementary Matergl
Table 2.3).

2.3.4 Cost

Canopy camertrapping was more expensive than temiel camerdrapping due to the
following additional costs that sampling at height brings: (i) hire or purchase of climbing
equipment, (ii) canopgccess training; (iii) increased salary costs for trained climbers, (iv)
more personnel needed to carryrdding equipment; and (v) increased time needed to rig trees
and access the canopy (Table 2.2). For both terrestrial and canopy-taméwaations, setup

took substantially longer than maintenance or collection due to the extra time necessary to cut
trails, identify suitable locations and position cameeps. Total costs will vary depending

on study design, field conditions and resources already available. In the context of our study,
we estimated the implementation costs of canopy catrepping to bedouble those of
terrestrialonly sampling (approximately $5,06%,000 for terrestriahndcanopy sampling

vs. approximately $2,500 for terrestr@ly sampling, per site) (Table 2.2). However, we
calculated that a terrestriahly study under our sampltj conditions would have taken longer

to implement (an estimated 164 days vs. the 119 days for paired eambigyrestrial
locations Table 2.2). This is because terrestrial and canopy canags are targeting
different elements of the mammal communitye. grounddwelling vs. canopylwelling
species), and thus are deliberately deployed very close to each other in order to sample as
much of the community as possible at each location. In contrast, terrestrial cameras target only
grounddwelling speciesand are widely spaced in order to satisfy independence assumptions.
At our field station, two staff members were already trained in canopy access, and climbing
equipment was available, with the cost of its hire built into the increased daily salary of the
climbing crew. Our additional oreff expenses therefore totalled $686 for canopy access
training for one researcher (JKH, undertaken in Malaysia). For studies where equipment is not

already available, we estimate an approximate additional cost of §F&d/é 2.2).
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Table 2.2Costs (US dollars) of terrestriahly versus terrestrigdndcanopy camer&rapping,

based on our experience in Sabah. Items followed bydicate oneoff expensesthose
followed by * indicate estimas. Costs are calculatddr a threeperson teantone ground

crew, two climbers) in line witkafety protocols. In our study, fieldwork implementation was

led byJKH, who comprised one half of the avperson climbing team, andceived funding
separatelywia a PhD scholarship. Salary costs for research assistants are therefore calculated
for 1x ground crew and 1x climbingrew per day. For studies that will be implemented
entirely byon-site field staff salaryestimates can be adjusted accordingly asave lgiven a
perday pefperson estimate for ground and climbing créwer studies wherelimbing
equipment imot available we provide prices from recognisedline retailers, current as of
January 2021based on two climbers ascending trees up to 70 ightheasing one main
climbing rope and one safety rope. The 61 mpl
of camera traps (here, based on our experiencecarfifratrap survey implemented at two
sampling sites) and so costs reflect the actual numbeiays we required to deplal
terrestriadandcaropy camerdrapsat our sampling locationys. the estimated number of

days that would have been required to deplee same number of camsrat double the
number of locations, if terrestriahly samfing had been conductebh our study, locations

were widely spaced across difficult terrain, largely without trails or roads, anthiode
required multinight camping trips for access. We therefore estimated an average setup rate of
two locations per daunder a terrestriadnly design. Likewise, for maintenance checks and
collection under a terrestrianly design, we allowed double the time necessary than for our
terrestriadand-canopy design due to the wide spacing of locations and the fact that#rialr

only study would have double the number of locations. Studies in other regions with less
challenging terrain, or where sampling locations are less widely spaced, may adjust budget
projections accordingly in line with the pperson, peday estimges provided below.
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Item

Terrestrial & Canopy Sampling

Terrestrial -only Sampling

Training Expenses
Canopy access course”
Climbing Equipment

Climbing rope 150 m x 2
Rope 50m x 17

Rope bag 55 litre x 3
Harness x 2*

Harness chest attachment x 2

Chest ascender
Hand ascearder x(
Descender (O0ric
Fallarrest (6back
Foot ascender (
Footcord (6foot
Helmet x 27
Karabiners x 10"
Slings x 5
Bigshot catapult x 1*
Fishing rod x 1
Fishing line™
Fishing weights”
Pilot line 4 mm~»

Total

Labour

Ground crew (x1 person)
Canopytrained crew (x1 person)
Total

Implementation (100 cameras)

Mt. Louisa sites (logged forest)
Setup 2017:
Collection 2018:
Re-set 2019:
Collection 2019:
Total:

Maliau Basin sites (unlogged fores
Setup 2018:
Maintenance loeck 2019:
Collection 2019:

Total:

Total (all locations):

$686 per person (in Malaysia)

$1,457($728.50 per unit)
$135
$515($171.60 per unit)
$659($329.50 per unit)
$110($55 per unit)
$110($55 per unit)
$124($62 per unit)
$324($162 per unit)
$384($192 per unit)
$117($58.50 per unit)
$55($27.50 pe unit)
$176($88 per unit)
$233($23.30 per unit)
$51($10.20 per unit)
$165
$96
~$14 to set 50 cameras
~$14 to set 50 cameras
~$93 to set 50 cameras
$4,317

$30 per person per day
$60 per person per day
$90 per day

Realised Sampling Effort

50 cameras, 25 locations
39 days x $90 = $3,510
10 day x $90 = $900
11 days x $90 = $990
8 days x $90 = $720
57 days, $6,120

50 cameras, 25 locations

22 days x $90 = $1,980

15 days x $90 = $1,350

13 days x $90 = $1,170
62 days, $4,860

50 canopyand-terrestrial locations

=119 days, $10,980

n/a

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

$30 per person per day
n/a
$30 per day

Estimated Sampling Effort

50 cameras, 50 locations
25 days* x $8 = $750
20 days* x $30 = $600
22 days* x $30 = $660
16 days* x $30 = $480

83 days*, $2,490

50 cameras, 50 locations
25 days* x $30 = $750
30days* x $30 = $900
26 days* x $30 = $780

81 days*, $2,430

100 terrestrial-only locations

= 164 days*, $4920
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2.4 Discussion

We describe the first canofpased cameraap inventory of arboreal mammals in Southeast
Asia, and provide the first comparison of camgeping between terrestrial and canopy
strata in this region. Our results reveal that arbomginmals form a diverse community
(Figure2.2), comprising mainly species rarely or never detected at ground level (Bigure
Supplementary Materigilable 2.2). This corroborates earlier findings on arboreal mammal
communities from Peru (Gregoey al.2017;Whitworthet al.2019a) Brazil (Malcolm 1991),
Rwanda (Mooreet al. 2020) and Sri Lanka (Jayasekae& al. 2007), and emphasises the
importance of effective monitoring protocols for arboreal species that are easily overlooked
by traditional terrestal-based sampling.

Contribution of canopy cameras to mammal inventories

Our results clearly indicate that a sizeable proportion of the mammal community is routinely
missed if sampling is only conducted at grolenkl. Species accumulation curves showed
canopy camersraps significantly increased the overall mammal inventory compared to using
only terrestrial camertraps, and this pattern held across unloggedrandveringlogged

forest (Figure2.4). Across all locations, canopy caméraps recorded8lspecies that were

not detected at ground level, adding 32% more species to inventories than would have been
recorded using terrestrial camdraps alone (Figur@.4, Supplementary Mater&iTable

S2.2). The mammal fauna detected on terrestrial cafneps was more consistent across
sampling locations than that documented by canopy catregra (Figure2.5), reflecting the

greater patchiness in detections and slower accumulation of arboreal species (Supplementary
Materiak Figure 2.2). Differences betwen unlogged andecoveringlogged forest were

much weaker than those between terrestrial and canopy strata, and were largely driven by the

greater number of species detected by terrestrial canagrain unlogged forest (Figupe?).

Despite high deections in both strata, 24pecies known to be present and detectable
in the landscape were not recorded (Supplementary Mat€dhble 2.2): nine terrestrial, six
arboreal and six serairboreal (i.e. potentially detectable in either strata) taxa. This fifgling
common to all survey methodagcluding camerdrapping incanopy (Whitworthet al. 2016;
Bowler et al. 2017; Moore et al. 2020) and terrestrial (e.g. Evans, Vickers, and Sakar
2016 Wearnet al.2017) strata. Indeed, comparisons of the efficacyisafal surveys versus
canopy camertraps found both methods failed to detect some arboreal species that were
picked up by the other (Whitwortt al. 2016;Bowler et al.2017;Mooreet al. 2020) and a
similar pattern is reported for terrestrial versanapy camerdéraps elsewhere (Whitwortt

al. 2019a;Mooreet al.2020). Possible reasons to explain this discrepancy in our study include
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low densityor patchy distributions (e.g. bay caatopuma badip preference for habitat
conditions not representg@.g. riverine aread]at-headed caPrionailurus planicepy or

population fluctuations linked to resource availability (e.g. rodents, Nakagfaal@007).

Canopy camertraps are most effective at detecting smalhd mediurrbodied
species, glidingnammals and primates (FiguPe), reflecting the dominant arboreal taxa
present in Borneo (Payne and Francis 2007). Previous canopy daapesdudies in the
Neotropics have focussed on mediuamd largebodied mammals (CassgnBarlow, and
Pardini2012 Whitworth et al.2016 Bowleret al.2017), as have most terrestrial carsesg
surveys, since smaltlodied species are often famsbving or obscured by vegetation, making
identification difficult (Jayasekarat al. 2007 Glenet al. 2013). It is therefe encouraging
to find that smaller mammals, including the highly diverse gliding mammals, can be readily
identified from canopy camettaap images, especially given the prevalence of these groups
in Bornean rainforests (Thoringtat al. 2012). Both canop and terrestrial camettaaps
recorded relatively high detections of Rgliding rodents (Figur@.3), with little overlap in
the identity of these species present in each strata (Supplementary Mdiabia 2.2),
demonstrating the ability of canopyrearatraps to boost species inventories of often peorly
sampled taxa. Of the largbodied species, primates were wadimpled by canopy camera
traps, recording six of eight species known to be present, compared to only three species
recorded by terrestrlacamera (Supplementary Matergllable 2.2). Consistently higher
detection frequencies in the canopy for all recorded primates (Supplementary 8lasdial
S2.3) indicates that canopy camdrapping may prove useful for studying the activity and
behaiour of this group, which can be sensitive to human presence, in a manner that is
minimally invasive and able to be deployed for long time periods across large spatial scales

(see as example Whitworét al.2019b).

Conversely, terrestrial camenaps vere more effective at detecting mediuamd
largerbodied species, particularly felids, civets and mustelids. Although many of these
species are classified as sarthoreal and therefore potentially detectable by cameras in either
strata, we found they wemore often detected on terrestrial carmieaps in our study area,
indicating that they may be more habitually terrestrial than arboreal. However, this may also
be a result of lower detection probability in the canopy, linked to the overall greater three
dimensional area of this stteih and the resultant slower accumulation of species. It is also
possible that largeoodied semarboreal species tend tilise the lower canopy layersr
habitat features such as vine tangles (e.g. masked palnmPeigata larvata Chutiponget
al. 2015) or tree holes (e.g. pangdWianis javanicaLim and Ng 2008), whereas most of our

canopy camerfraps were set in the mido uppercanopy facing large branches or trunks.
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These differences between presumed and detexdiedeality serve to highlight that there is

much we do not yet know about vertical space use by rainforest mammals.

Lower detections of threatened species by canopy camagra reflect the fact that
fewer arboreal species in our sampling locations aegoased as threatened compared to
terrestrial species Supplementary Material§able .2), particularly among rodents.
However, canopy cameteaps at unlogged forest locations detected significantly higher
numbers of threatened arboreal mammals thasetimrecoveringloggedforest. In contrast,
there was no significant difference in numbers of threatened terrestrial species between
recoveringloggedand unlogged forest. This may have implications for survey design where

the aim is to monitor threatethapecies.

Speciesspecific insights

For most of the arboreal species we recorded, little is known about their ecology, geographic
distribution and tolerance to habitat modification (Meijaatdl. 2005; Payne and Francis

2007). For examplegur record ban arboreal squirrel not fitting any known description for

Bornean speciesCgllosciurus sp. Supplementary MateriglTable 2.2, Supplementary

Materiak Figure 2.4), as well as our putativecord of smoky flying squirrdPteromyscus
pulverulentusfor which no confirmed photographic image currently exists (Thoringt@h.

2012;1UCN Red List: last assessed February 2016, accessed February 2021), suggests that
much remains to be di-<«knownabarealdmaldhammaBarBpyr ne o6 s
caneratraps also documented interesting behavioural insights such as confirmed use of the
canopy by plain treeshrewsipaia longipesa species previously considered strictly terrestrial

(Payne and Francis 200Q7probable branch scemarking in tufted grouth squirrels
Rheithrosciurus macrotjsa threatened and pootkpown Borneo endemic; prevalence of
6bramdtki ngé rather than br ac hHyobatenfgneréus c o mot i
especially in unlogged forest locations; and canopy mating behafidle strictly arboreal

smalttoothed palm civefirctogalidia trivirgata(Supplementary MaterigFigure 2.4).

Effects of logging on rainforest mammals

Overall, our results suggest that the arboreal mammal commumégaferingloggedforest

is conparable in terms of species identity and diversity to that of unlogged forest (Eigure
Table 2.2). This is encouraging from the perspective of species conservation, and
corroborates similar findings from terrestrial mammal research (e.g. Brodi€2014b; Jati

et al.2018). In contrast, we recorded lower terrestrial species diversigcaveringlogged

versus unlogged forest (Figi2e), indicating thaloggedforest inventories are not artificially
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inflated by arboreal species more frequenthsadmding toground level as sometimes
proposedn the literature (e.g. Lambert, Malcolm, and Zimmerr2@05 Berry et al.2010).
However, these findings should be viewed in the context of the relative habitat quality of our
recoveringlogged forest locatbns, which underwent selective logging ten years prior to
sampling and have been regenerating since that time. It is possible that there is a threshold of
disturbance beyond which most arboreal species cannot persist @Dae@02(), and that

this theshold had not been met in our study system. It isiaiportantto note that our
recoveringloggedforest sampling area is subjecida hunting levels in the regional context
(Wearnet al. 2017) whereas logging is oftemssociated with aubstantiaincreae in the

hunting ofmammals, due teasier forest access from logging roé8iodie et al.20145).

Results from other locations are inconclusive, with canopy catregrping in the
Neotropics showing mediumand largebodied arboreal species to be m@usceptible to
habitat disturbance than their terrestrial counterparts (CasBamow, and Pardin2012
Whitworthet al.2019a), whereas liverapping studies of small mammals documented varying
responses to logging (e.g. Pardini 200%&lIs et al.2007; Lauranceet al.2008). In our study,
it is also notable that while arboreal species diversity was similar betwdegged and
recoveringloggedforest, the frequency of capture events for some arboreal primates and
gliding mammals was substantialigwer inrecoveringloggedforest, whereas that of more
common species ( eC.grevosi® pigtailedsmadagqueMs mgmestring e |
increased markedly irecoveringloggedforest (SupplementarylaterialsTable 2.3). The
causes of these differeggwarrant further examinatiofor now they serve to highlight the
fact that to fully understand the impacts of logging, we should not rely solely on species
diversity. Changes in the relative abundance of mammals can impact ecosystem functioning,
with declines in key species negatively affecting forest regeneration (Chatz@br2009).

What seems clear from the limited but increasing number of cdveged studies is that
habitat management strategies derived from terresinigl sampling risk overldang the
effect of logging on arboreal mammals, and thereby underestimating its true impact on

rainforest ecosystems.

Methodological considerations

Species accumulated more slowly in canopy inventories compared to those on the ground, as
reported by othestudies (Gregorgt al.2014 Whitworthet al.2016 Whitworthet al.2019a).

While terrestrial communities in bothnlogged andecoveringlogged forest reached an
asymptote at a sampling period of 3,000 CTN (Figure2.2), this increased to an
estimated 12,00€L3,000 CTN for arboreal communities, or up Ig®0 CTN when data from

both unlogged ancecoveringlogged foresivere combined (Supplementary Matesigaigure
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S2.2). Mammals utilising the terrestrial space are limited mostly to a horizastidbdtion at

ground level unless they exhibit arboreal tendencies. In the canopy space, however, mammals
can be distributed both horizontally across branches and vertically across interlinked canopy
strata (Nakamurat al.2017;Hanyaet al.2020), whichin Borneo can incorporate heights of

up to 100 m in emergent trees (Sherddral. 2019). Mammal density in the canopy space is
therefore much lower (i.e. animals per cubic kilometre). The passive infrared sensors on most
cameratraps are designed to menise the horizontal width of the detection zone (which may
span 10+ m), but not the vertical height (typically spanniggr) (Wearn and Glovefapfer

2017). In addition, while terrestrial cameraps sample within their detection zone relatively
evenlyup to their maximum trigger distance, canopy cantexps facing a focal branch or
trunk are effectively sampling only the width and length of that feature, with the rest of the
surrounding sampling area comprising empty space. It is therefore intudivepicies will
accumulate more slowly in canopy inventories, and this should be factored into study design.

It has become increasingly common in terrestrial caftrapping studies to deploy
multiple cameraraps per location to boost detection probabgitvhen they are low (Pease
Neilson, and Holzmuelle2016;0 6 C o rehab 2017 Wong et al. 2019). There has been
little research into whether this method is useful in canopy settings, although one study in
Brazil deploying arrays of-8 canopy camertiaps found detection probabilities of primates
increased with the number of caméraps per sampling location (Kaizer 2019). Our trials
deploying a second canopy camé&ap did not yield much improvement to new species
detections (Figur@ .4, Supplementg Materiak Figure 2.3); however, they were limited to
a small subset of trees and a shorter sampling period. It is worth noting that the gains in unique
species detections from additional canopy cartraias came from unlogged forest locations,
which m&es sense in the context of the greater height and structural complesitgt
therefore larger potential sampling aiieaf unlogged forest canopies (Deerteal. 2020).
Canopy camer&rapping as a sampling method is in its infancy, and forest canopssnp a
much more complex sampling space than the forest floor. While our results do not show strong
support for prioritising additional canopy caméraps per sampling location, we do not rule
this out as an avenue for future research into maximisibgreal species detections,

depending on study aims and resources available.

Costs

Research budgets are almost always a limiting factor in study design. Canopy-ttappeng
is reported to be cosfffective when compared with alternative methods sutihesransects
(Whitworth et al. 2016; Kaizer 2019). However, for studies where cartesigping alone is

the preferred sampling method, we could find no information evaluating the extra expenses
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incurred by deploying cameteaps in the canopy. We foundnmiy-andterrestrial camera
trapping to be approximately twice as expensive as equivalent sampling effort atignaeind

only (Table2.2), although exact costs will vary according to study design and field conditions.
At our field sites, the greatest camtose from the additional personnel needed to carry
climbing equipment and access the canopy. This was due in part to our study design, with
cameratrap locations widely spaced across difficult,-wéil terrain and therefore requiring
substantial timea access regardless of tegatumin which our camerfraps were set.
However, we note that for studies with easier access to sampling locations, the cost of canopy
cameratrapping is likely to be proportionately higher in comparison to that of teriesiriya
sampling because once a location has been accessed, the greatest time cost of canepy camera
trapping arises from the process of canopy access itself. Selecting a suitable tree, rigging it
with climbing ropes, ascending to the canopy and positicaamerdrap took between 1-5

6 hours per tree (although this will vary with field conditions and, to some extent, experience).
In contrast, once a location has been accessed, a terrestrial-ti@peran generally be set
within 0.51 hours.

For these rasons, costs must be considered in the context of individual study aims
and budget, and weighed against the value of the additional data likely to be obtained by
canopy camersraps (Figure2.4, Supplementary Mater@lTable 2.2). For researchers
wishing to implement canopy cametapping, we recommend the following ways of
reducing costs: (1) Deploy camedraps over one, longer period rather than two separate
shorter periods, thus reducing the number of times locations need to be accesseg,to set
check and collect cametaps; (2) Scout for suitable focal trees first with ground crew only
and minimal equipment, marking positions and preparing access without the burden of heavy
bags; (3) Leave pilot line (thin, inexpensive rope running from canogsotmnd) in place in
focal trees so that climbing ropes can then be easilgstalled upon subsequent visits,
avoiding the lengthy rigging process; (4) Consider study longevity. Investment in climbing
equipment and training is more cadtective for muli-season studies as both last for several
years; (5) Where possible, source equipment and training locally as this is often less expensive,
reduces transport costs, and has the additional benefit of enabling familiarisation with

locationspecific climbingconditions (humidity, terrain, insects etc.).

Recommendations

Based on our findings, we recommend that studies aiming to inventory the entiflyimgpn
mammal community of a given area include canopy caitnaps alongside paired units at
groundlevel @lthough detection of very smddbdied species and bats may require additional

live-trappingin both strata Canopy camerraps have shown comparative efficiency to
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groundbased visual surveys for inventorying arboreal mammal communities (Betédér
2017 Mooreet al. 2020). We provide evidence corroborating the ability of canopy camera
traps to reliably detect strictly arboreal and sanhioreal species, and suggest that studies
focussing on primarily arboreal species may consider deploying canomrasaps as a
standalone method. However, consideration should be given to specific study aims, target
species and resources available, as both cairsgrs and visual surveys may miss a small
proportion of the mammal community (see for example Whitwetral. 2016). On the other
hand, for studies concentrating on terrestrial and lavgdied semarboreal species, it may
be more coseffective to deploy camettaaps only at grountevel. Behavioural studies of
largerbodied semarboreal species knowo use both strata (e.g. oranguRomgo pygmaeus
binturongArctictis binturong may benefit from camermapping at both levels as species
likely utilise each stratum differently (Ancreneizal.2014;Chutiponget al.2015 Whitworth

et al.2019Db).

25 Conclusion

We provide compelling evidence that the inclusion of canopy catragyping significantly
increases overall rainforest mammal inventories. However, this survey method can incur
substantial additional costs, which should be factored into prgleamning alongside
consideration of study aims and design. There is great scope for further study in this field,
including increasing knowledge of arboreal
vertical niche patrtitioning, tolerance to hurriaduced habitat disturbance, and optimal
sampling methods for the canopy strata. Canopy catregsping also provides the potential

for behavioural studies of species that are not easily observable from ground level. Our results
add to the small but growirtgpdy of evidence that by overlooking arboreal communities, we

are missing crucial insights into the true diversity and functional significance of rainforest
mammals. Tropical rainforests are complex habitats covering vast horizontal and vertical
areas, andvith a high proportion of species utilising the canopy strata. In order to fully
understand these ecosystems, and by extension effectively conserve them, it is vital that future

research includes cancpysed sampling.
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2.7 Supplementary Materials

Table S2.1Summary of all 75 peaeviewed publications describing the use of canopy catn&pa to study arboreal mammals. Results obtained via Web of
Knowl edge in February 2021 using theseasmparathe ltye,r mbc dinnearmee r tgrerdbg sat patatl da nfdc air
years, and updated in July 2022 for the purposes of this thesis, to include additional studies that have taken plagriblicaitin of Haysorat al. 2021.

A summary of our study gears on the top row for comparison. Tildes (~) denote where number of deapenghts (CTN) was not stated, but could be
estimated from the number of caméraps and sampling period reported in the study.

Canopy No. mammal
cameratrap Other Forest No. CTN No. CTN s ec.ies detected
Reference Main focus Country number (N), sampling type Canopy  Terrestrial P

(multi -species

height range studies only)

(H) & bait use

Inventory, Method, Disturbance

This study  effects Malaysia N =69 Terrestrial Tropical 10565 6661 Total = 57
Canopy & terrestrial camera traps t¢  (Borneo) H=9.852.3m cameras lowland-hill Canopy only =18

(Haysomet inventory mammal communities of N =49 rainforest Terrestrial only = 30

al. 2021) unlogged &recoveringloggedforest Both heights =9

Inventory, Method

Surveyed arboreal and terrestrial Canopy = 6

Terrestrial

Agostini et mammal assemblages, detected Argentina N=19 cameras Atlantic 1141 625 (exclusive to canopy
al. 2022 brown-eared woolly opossum 9 H=6145m _ forest =4)
. N =18 S
Caluromys lanatusiot previously Terrestrial = 23
recorded in terrestrial surveys
Bridge use
Garciaet al gg:;[mnqs \;\tlac;oljjéeagd tr)(l)a?flé Ili)<;|r(1j ?:maril Brazil N=2 n/a Atlantic 1095 n/a 9
2022 g y H=~6m Forest

Leontopithecus chrysopygaad
other arboral species
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Subtropical

. Activity patterns N =18 ,
3 Gfaca”'” & Arboreal and serrérboreal mammal  Australia H=2m n/a rainforest & 6517 n/a 10
Mikac 2022 L . Eucalyptus
activity pattern overlap Baited f
orest
Monteza Plant-animal interactions Cameras = 7 mamme
Seed dispersal of endemic cycad by N=3 . Montane interactions
4  Morenoet : Panama _ Observations 271 n/a . A
mammal (northern olingo H=1520 m forest Observations = 1 birc
al. 2022 . ” . s
Bassaricyon gabbji interaction
Frugivory, Multi -taxa
Seguineet Birds & mammals at nutmeg trees. French N=34 Tropical .
S al. 2022 Frequent visits of kinkajoBotos Guiana H =3040m na forest 1320 na 24 vertebrate specie:
flavus likely important seed disperse
Occupancy, Monitoring _ . . _
6 Chenet al Canopy camera traps to monitor Madagascar ’:‘ =30 Terrestrial Rainforest 900 870 Canop_y __9
2021 ) H=614m cameras fragments Terrestrial = 1
threatened lemur species
Nest/cavity monitoring, Method
. ’ ’ _ Dry Total =21
7 Honeyet al mult_| “taxa : Australia ’:‘ =80 Observations  /temperate Not n/a Cameras =21
2021 Testing cameras to monitor mamma H=7-20m stated . =~
) . . forest Observations = 6
and birds using tree cavities
Inventory
Cameras to inventory arboreal
8 Kaizeretal Atlantic Faest mammals, detected Brazil N=24 n/a Atlantic 4736 n/a 15
2021 thin-spined porcupin€haetomys H=7517m Forest
subspinosugot previously known
from area
Activity N =41
9 Randler & Circadian activity of fat dormouse Germany H=12-1.3m n/a Temperate Not n/a n/a
Kalb 2021 o ; woodland stated
Glis glis Baited
Inventory, Hunting, Multi -taxa
Hunting affects composition & size Terrestrial (all taxa, incl.
Scabin & structure of terrestrial & arboreal . N =120 Amazon mammals & birds)
10 - Brazil _ cameras . 5715 16290 _
Peres 2021  vertebrates. Highlights use of canog H=~15m N = 480 rainforest Canopy only = 21

cameras to record otherwise
undeteted taxa.

Terrestrial only = 30
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Frugivory, multi -taxa

11 Zhuetal Plantfrugivore interactions in China 318 sites n/a Subtropical Not n/a Not stated
2021 " : H not stated forest stated
fruiting trees birds & mammals
Azcarragaet Activity Semi
12 al. 2020 Activity patterns of arboreal Mexico l\l =9 n/a demdyous 2664 n/a Total = 12
mammals H=812m tropical
rainforest
Bridge use
13 Chanet al Canopy bridge use by critically N=1 Seasonal
2020 endangered Hainan gibbdlomascus China H=710m n/a tropical ~1170 n/a n/a
hainanus B rainforest
Debruilleet Species presence Logged
14 al. 2020 Canopy cameras to improvetection Philinnines N=15 n/a tropical 2973 n/a n/a
' of binturongs Arctictis binturong pp H=1718m forest
Species presence Presence suspectec
Canopy cameras confirm range _ Line transects, from call recordings
Fanget al ’ . N =30 ; X Temperate . . X >
15 extension for critically endangered . _ interviews, & interviews, identity
2020 . China H=815m montane ~5400 n/a )
western black crested gibbon call forest confirmed by
Nomascus concolor monitoring cameras. Species ng
detected by transects
Total =40
Inventory Canopy cameras onl
Honaoet al. Using multilayer (terrestrial, <15 m Terrestrial Evergreen & =8*
16 g & >15 m) camera trapping to N =150 semi *incl. 4 previously
2020 . - Cameroon _ cameras - 5404 2901
inventory mammals. Medium and H=424m N = 88 deciduous unknown from area
large mammals only. - rainforest Terrestrial cameras
only = 22
Both heights = 10
Behaviour
Laughlinet  Seasonal behaviour of whifeoted Terrestrial live
17 N not staed : Temperate
al. 2020 mouse Peromyscus leucopus deer USA H=824m trapping to pine 8491 n/a n/a

mouseP. maniculatus

mark species
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Bridge use

Lindenet al . _ . Disturbed
18 2020 Canopy bridge use by samango South Africa N =10 Behawqur evergreen 480 n/a n/a
monkeyCercopithecus albogularis H=345m observations
forest / road
Linnell & Behaviour (multi-taxa)
19 Lesmeister Predatoiprey interactions in the USA N =168 n/a Temperate ~110,595 n/a 4 mammal species
2020 canopy (mammals & birds) H=1220 m forest 3 bird species
Total = 35
Terrestrial Canopy cameras onl
Inventory, Method cameras Montane =7*
Canopy camera traps, terrestrial _ N =50 : *incl. 1 previously
20 Mooreet al . N =54 tropical
2020 camera traps & Ilnc_e Fransects Rwanda H=417m _ forest ~1620 ~1560 unknovv_n from area
(see also Moore Niyigaba 2018) Line transects Terrestrial only = 15
(total distance Both heights = 10
=118.23 km) Transects = 11
. Bridge use . 19 species of
21 Nekariset Canopy bridge use between forest Indonesia N =20 Agricultural/ mammals & birds,
al. 2020 _ n/a montane 2206 n/a .
fragments (Java) H=1-8m . number in each
rainforest
category not stated
Tonakoket Behaviour Terrestrial Total = 26
22 9 Arboreal & terrestrial camera trapst  China & N not stated cameras, Tropical Not Number on canopy v
al. 2020 . ; : Not stated .
monitor frugivory Thailand H not stated number not forest stated terrestrial cameras nc
stated stated
Bridge use
Balbueneet . A _ : _
23 al 2019 Canopy bridge use over gas pipelin Peru B N=14 n/a T_rop|cal 4593 n/a Canopy = 16
H=215325m rainforest
: Bridge use
24 Birot et al Canopy bridge use by Javan slow Indonesia N not stated . Agroforest
2019 . . . . _ Observations in montane 1561 n/a n/a
loris Nycticebus javanicus (Java) H=28m :
rainforest
Kaizer2019 Method Line transects Both methods
25 (PhD thesis) Canopy camera traps vs line transe Brazil N =16 (total distance  Montane 2613 n/a detected 3 of 5
for primate monitoring H=7516m ~200 km) forest primate species
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Behaviour

McCombet Monitoring predation of critically Stomach
26 al 2019 endangered Leadhb Australia Information not content Information n/a n/a n/a
' Gymnobelideus leadbeatexi nest available analysis of  not available
boxes by feral cats cats
Inventory, Disturbance effects Total = 46
27 Whitworth Canopy & terrestrial cameras in N = 145 Terrestrial Tropical Canopy only =20
et al. 2019a protected & norprotected areas. Peru _ cameras op 20364 11253 py-only _
H=3530m _ rainforest Terregrial only = 22
Med-large mammals only N=77 . _
Both heights = 4
Behaviour ﬁﬁgllsoléves t|(r)1 Tropical
o8 Whitworth Sleeping site use & role in seed sites g g rainforest,
etal 20190 di sper sal of Geo CostaRica N =39 . varying 1055 2287 n/a
- Terrestrial .
monkeyAteles geofroyii H not stated disturbance
cameras, levels
N = 56
Species presence
29 Suzuki & Effective rapid survey for endangere N = 154 n/a Temperate:
Ando 2019  Japanese flying squirréteromys Japan H=23m conifer 4620 n/a n/a
momonga broadleaf
Behaviour
Godoy Confirming arboreal habits &
30 Guinaoet al investigating functional role of smal . N=6 Temperate N
2018 arboreal marsupiddromiciops Chile H=1221m na forest 720 n/a na
gliroides
Species presence, Method, Activity _
Lama 2018 (as part of wider terrestrial camera . Canopy = 807 photos
. . _ Terrestrial of target species
31 (Masters study), comparing the effectiveness N =19 Montane -
i : Nepal _ cameras ~810 ~810 Terrestrial = 96
thesis) of canopy vs. terrestrial cameras to H=<10m _ forest
; N =19 photos of target
survey red pandAilurus fulgens .
species
Behaviour
32 g/loelllg etal First evidence of tree climbing in rec Australia N =10 n/a Not Not n/a n/a
fox Vulpes vulpes H=23m stated stated
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Species presence

Moore & Canopy cameras provide first recort Records of up to 8
33 Niyigaba Py ras p . N=54 Montane ords otup
of Central African oyaiPoiana Rwanda _ n/a : ~4200 n/a individual
2018 : H=610m rainforest . -
richardsoniiin Rwanda P.richardsonii
Behaviour (multi-taxa) —
Ribeiro- Canopy cameras a viable tool for Atlantic Prtgdni\;or;rsn;;elé:les.
34 Silvaetal monitoring nest predation of birds, k : N =68 Forest- : i
. X . Brazil n/a 2604 n/a (including smal
2018 birds & mammals, in a tropical H not stated submontane bodied <1 kg)
rainforest environment rainforest S1Kg
& 6 birds
SP?C'GS presence , Terrestrial
Using canopy cameras with other .
. cameras, n not Images of species
Yanget al methods to confirm the presence of . Temperate . .
35 . . N not clear stated; Not Not obtained, along with
2018 and study a new population of China _ montane .
. H=1520m transects & stated stated observations & faece:
critically endangered Myanmar snut forest
S . follows, faeces samples from follows
nosed monkeRhinopithecus strykeri .
analysis
Monitoring (multi -taxa)
Fandet al Canopy & terrestrial cameras to Terrestrial Temperate Total = 20
36 9 monitor mammals & birds . N =10 P Canopy only =3
2018 . - . China _ camera traps montane ~1150 ~1150 ) =
(abstract only paper in Chinese H=510m _ Terrestrial only =9
N =10 forest : _
language) Both heights = 8
Behaviour
Aziz et al Canopy camera traps to confirm rols . _ . Total=5
37 2017 of island flying foxPteropus Malaysia ':l - 13 n/a Fruit orchard ~702 n/a (target + 4 additional
X . - (Peninsular) H=220m (durian) :
hypomelanu# durian pollination species)
Lowland Total =19
Inventory, Method . Canopy cameras onl
. tropical _ .
38 Bowleretal Canopy camera traps vs line N = 42 Tran_sects rainforest =6 an_ludmg 1
2017 transects. MediuAarge arboreal Peru _ (total distance A 3147 n/a previously
H=16.6299m ‘_ historic
mammals only. = 2014 km) : unknown from area)
logging & _
hunti Transectsonly =1
unting

Both methods = 12
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Gregorvet Bridge use Terrestrial Total =40
39 al 2901%/ Canopy bridge use over gas pipelini Peru N =25 cameras Tropical 7102 7154 Canopy only = 19
' H=13.533.7m N =112 rainforest Terrestrial only = 15
Both heights = 6
Loria & Behaviour
Mendez Use of habitat and activity pattern o .
40 Carvajal whitefaced monkegZebus imitator Panama N rlOt stated Dlrect. Coffee 3233 n/a n/a
3 . . H=810m observations  agroforest
2017 (abstract onlyl paper in Spanish)
. Total = 32
Terrestrial Canopy cameras = 9
(Primarily terrestrial) cameras Secondary Tefristrial =7 )
Ortiz- narily A . N=11 Encounters tropical ~
41 Multiple sampling methods to recorc ~ Mexico _ 90 80 Encounters = 10
Lozada 2017 . H=~15m Tracks evergreen -
mammals in a protected area . Tracks =8
Live traps forest . _
Mist nets Live traps = 3
Mist nets = 13 bat spj
Activity
Suzuki & Seasonal cheges in activity pattern .
42 Ando 2017  of Japanese flying squirrteromys Japan 214_Iocat|ons n/a Temperate 7317 n/a n/a
H=23m forest
momonga
. Species presence
43 522'?4:; & Canopy cameras & bait tubes to N not stated Temperate
detect northern flying squirrel USA H=15m n/a P 6640 n/a n/a
2016 : . pine
Glaucomys sabrinus bait used
Cotsell & Behaviour (multi-taxa) 9 mammals
44 Examining tree hollow use by birds, . N =80 Eucalyptus 21 birds
Vernes 2016 . Australia _ n/a 1158 .
mammals & reptiles H=<25m forest 8 reptiles
. Bridge use
Goldingay & . . _ Total =4
45 Taylor 2016 Canopy bridge use m_urban area by Australia N__ 10 n/a Eucalyptus Not n/a (target + 3 additional
koalaPhascolarctos cinereus H=5m stated .
species)
Species presence
46 Mills et al. Cameras &footprint tracks fohazel N=5 Temperate
2016 dormouseMuscardinus avellanarius UK H=~25m n/a oak/mixed 405 n/a n/a
& wood mouseApodemus sylvaticus bait used woodland
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Activity

Suzukiet al ) - . . . _
47 2016 D|grnal activity d juvenile Russian Japan N =1 n/a Temperate 26 n/a n/a
flying squirrelsPteromys volans H=2.6m forest
Total =24
Canopy cameras = 1!
oA, Transects . (6 exclusve to
Inventory, Method TotalN = 30: (total distance Dlstu.rbed method,1 previously
. . _ tropical
48 Whitworth _Ca_nopy cameras vs line tran;:ects & H =10 m —'~7.8 km) rainforest unknown from area)
et al. 2016 incidental observations. Medium Peru (N = 15) & incidental some 2929 n/a Transects = 13
large arboreal mammals only. A observations . (1 exclusive to
H=18.433m f logging &
(N = 15) rom year hunting meth_od)
round surveys Observatio= 18
(5 exclusive to
method)
Species presence, Behaviour,
Activity N not clear (part
49 Gregoryet Confirming range extension & of larger study, Live trappin Tropical Records represent
al. 2015 describing activity & behaviours of Peru see Gregorgt mid-caﬁg 9 rain%rest 7198 n/a range extension of
streaked dwarf porcupin@oendou al. 2014, 2017) by 900 km
ichillus H not stated
glvas Behaviour (multi-taxa), Method
omero & Canopy camera traps as a method «
50 Soto exam?n)gn frugivor pin birds and Guatemala N=8 n/a Tropical 902 n/a 3 mammal species
Shoender g frugivry H=1015m cloud forest 9 bird species
mammals
2015
Bridge use :
Soane®tal Monitoring use of bridges & glider _ Agricultural 5 species confirmed
51 : . N = not clear Transponder land & :
2015 poles across a highway by arboreal  Australia _ : 3929 n/a to use crossing
; H=418m tags & readers multi-lane
marsupials hi structures
ighway
. Bridge use
YOkO.Ch' & Rapid habituation to rope bridge by _ Live capture  Peppermint
52 Bencini . . . N=1
endangered western ringtail possun  Australia _ & transponder trees across 270 n/a n/a
2015 ! ) . H=8.5 X .
Pseudocheirus occidentalis tagging major road
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Activity

53 Fonturbelet  Activity pattern of monito del monte, N =25 n/a r;ﬁg;?g;?tg
al. 2014 Dromiciops gliroidegsmall arboreal Chile H not stated Eucalvotus 5012 n/a n/a
marsupial) bait used yp
plantations
Method, Bridge use
54 ;slrez%olri/et Firstmajor study on canopy camera N =25 n/a Tropical Total = 20
' effectiveness in context of monitorin Peru H=13.533.7m op 3608 n/a
: S rainforest
canopy bridges over gas pipeline
Species presence
Harleyetal Canopy cameras to detect cryptic N =15 Total =5
55 2014 Leadbeat er Gwnngbaidess Australia H=34m na Eufcalyptus 1519 n/a (target + 4 additional
. . orest :
leadbeateri bait used species)
Mend(_az Method . _ Tropical
56 Carvajal Testing system of setting canopy Panama N =13 n/a montane 232 n/a Canoby onlv = 10
2014 cameras without need to clinitees H=818m forest Py only =
. Bridge use
57 golzdéri%ayet Arboreal mammals use of rope Australia N not stated n/a Not Not n/a Total = 4
) bridges across a major highway H not stated stated statel
Bridge use
58 Soane®t al Effectiveness of roadrossing N=7 Radiotracking Agricultural 1806
2013 mitigation for squirrel glider Australia _ & transponder land & n/a n/a
. H=614m .
Petaurus norfolcensis tags highway
Activity
Canopy cameras reveal nocturnal Temperate
59 ;g;gt al. activity in presumptive diurnal China N=2 n/a evergreen & 294 n/a n/a
primate: Guizhou snuhosed H=56m broadleaf
monkeyRhinopithecus brelichi forest
Semk Camera traps = 3
Brid ge use deciduous PS =
— o= - . Community
Teixeiraet Monitoring wildlife use of road _ Community seasonal N
60 . . N=6 . observatio = 2
al. 2013 overpasses in fragmented urban Brazil observational forest 689 n/a .
H not stated o (same spdes as
landscapes. monitoring patches &
roads cameras)
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(Primarily terrestrial)

Wahyydl & Wildlife monitoring in mixed use . N=17 Terrestrial Disturbed Total = 33_
61 Stuebing Indonesia _ cameras ; Canqy only = 8
landscape H=1012m _ forest & oil 424 8204 ) _
2013 (Borneo) lure used N =40 alm Terrestrial only = 23
lure used P Both heights = 2
Disturbance effects
62 Cassanet Mammal use of agroforest vs forest N =18 Terrestrial Logged Total = 22
al. 2012 canopy & terrestrial camera traps. Brazil H=34m cameras forest & ~2000 ~2000 Canopy =6
Largebodied species only. bait used N=18 agroforest Terrestrial = 16
Behaviour
Dallozetal  Climbing behaviour in bar&iled _ Total =10
®3 2012 woolly opossumCaluromys Brazil N ~10 n/a Montane ~3650 n/a (target + 9 additional
. H=255m forest :
philander species)
Species presence
Olsonetal  Validate sightings of greater bambo .
64 2012 lemur, Prolemur simugcritically Madagascar l\l =7 n/a T_rop|cal 231 n/a n/a
H=214m rainforest
endangered)
Van Berkel  (Primarily terrestrial) . _ Terrestrial : Total = 26
65 et al 2012 Biodiversity survey Indonesia N=2 cameras Trop|cal 7 570 Canopy only = 2
(Borneo) H not stated _ rainforest - -
N =25 Terrestrial only =24
. . Total on cameras = 7
66 Westonet Bridge use . N not stated Observathn, Tropical Not Detected by other
al. 2011 Canopy bridge use over roads Australia _ scat collection, : n/a
H=78m . rainforest stated methods but not
hair funnels _
cameras = 2
ggxi')ra_ Activity N=3 Terrestrial Canopy cameras = 1.
67 > Activity patterns é small arboreal . o cameras (data  Atlantic Not Not (Terrestrial cameras
Tortato & Brazil H=36m :
) mammals . from different Forest stated stated targeted only 1
Graipel2008 bait used _ ;
study)N = 14 species)
Forsman & Behaviour (multi -taxa)
68 Swingle Use of arboreal tree volerborimus USA N=3 n/a Temperate Not n/a n/a
2007 spp.nests by amphibians H not stated forest stated
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Behaviour

Total = 14

69 Jayasekara Using canopy and terrestrial camer: N =15 Terrestrial Tropical Not Not Canonv only = 5
et al. 2007 traps to study frugivory at frurtg Sri Lanka h<35m cameras lowland Py only o
: _ . stated stated Terrestrial only = 6
trees bait used N =15 rainforest _
Both=3
Behaviour, Activity
(multi -taxa)
Malt & Lank Nest predatio® activity patterns of
70 marbled murruleBrachyramphus N =136 Artificial nests  Temperate Not
2007 . Canada _ n/a n/a
marmoratusred squirrel H=25+7m constructed forest stated
Tamiasciurus hudsonicué deer
mice Peromyscus spp.
. Method
Schipper . . _
1 2007 Camera trap avoidance by kinkajou: Costa Rica l\i =1 n/a Moist forest 20 n/a n/a
Potos flavus H=15m
Spo_tllghtmg, 6 arboreal species
. hair & scat
Bridge use o detected by cameras
. . collection; .
Goosenet Testing the effectiveness of rope _ . Highland 7 detected by scat
72 . N=~ sandtracks; . Not Not :
al. 2005 overpasses & faunal underpasses fc  Australia _ . rainforest & collection,
L - H=775m roadkill; some stated stated o
wildlife connectivity across a road : road 4 by spotlighting,
terrestrial X
2 by hair sample
cameras
Hirakawa Method N =40
73 2005 Testing a new bat lure Japan H=15m n/a T(ef?r%esrtate ~400 n/a n/a
lure used
Species presence
74 Kierulff et Surveying buffheaded capuchin, N not stated Atlantic Not
al. 2004 Cebus xanthosterngendangered & Brazil H=2m n/a n/a n/a
. ; Forest stated
elusive) bait used
Behaviour
. Measuring fig foraging by _
75 Otani 2001 Yakushima macaquéjacaca fuscata Japan H,\l_lg m n/a Tefrgrpeirt'ate ~77 n/a n/a

yakui
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Table S2.2Mammd species recorded by cameraps in terrestrial and canopy strata in unloggedracalveringloggedforest Species names in parentheses

are those detected only by our experimental second canopy eameeap s ( Bor nean pygmy s cquirrel)rSpdciesashmded grey areni n ¢ Kk ¢
those thought to be present at our sampling locations and likely detectable usingtcapsefaut not detected in this study. Assumption of presence and
detectability was based on known body size, geographic distmbetievation range, habitat preferences (information obtained from Payne and Francis 2007,

and the IUCN Red List, accessed February 2021), as well as data framafipang studies at our sampling locations (S. Hpers. comn). *Asterisks denote

specis endemic to Borneo. Brookebs squirrel was previ ous lcygrdsheralikelyreftect! v f r
arange expansiofVe def i ne a speci es aesclusivaly by canopyecanteteapsf, i0tt el detected extlesivletpbydcameraps

at ground lae beolf getedtad bydcaneeras in both stréad we notén parentheses where geedefinitionscontradict available knowledge

from field guides)Three species frequéyntdetected by canopy cameraps, but recorded once each on terrestrial catregpa, were classed as arboreal in

line with available knowledge and considering the-ofieature of these records in the context of our extensive sampling period. Thesespge wer e: Thor
flying squirrel (1 terrestrial record, 58 canopy records), Sabah grey langur (1 terrestrial record, 98 canopy recorodsrafahga (1 terrestrial record, 230

canopy recordslikewise, while banded civets have bewried as sleepinin tree holes (Payne and Francis 2007), and we obtained one canopy record on our
experimental second canopy cameras, we include this species with terrestrial mammals here in light of the relativeofregtertayns (1 canopy record,

159 terrestriatecords)Speci es are grouped according to: | UCN thr,eatCsitatoal (gt Endat
threatened6é6 = Near ,DhData Bdficient)e libdy sitedsmallt<l Kg,anediuedrken large>5 kg); and broad taxonomic group (with
el ephant included in 6ungul atesdéd and pangolin with 6lnsectivorad, acco
Unlogged or .
logged brest: Strata: IUCN .
. . Detected vs. Body Taxonomic
Order Family Species Detected vs. Threat X
(presumed, Size Group
(presumed, . Status
. where different)
where different)
Carnivora Felidae Catopuma badia na na . threatened medium Carnivor
Borneo bay cat* (both) (terrestrial)
Neofelis diardi terrestrial Carnivora
Sunda clouded leopard both (semiarboreal) threatened  large
Pardofdis marmorata both terrestrial not medium Carnivora
Marbled cat (semiarboreal)  threatened
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Herpestidae

Mustelidae

Viverridae

Prionailurus bengalensis
Leopard cat
Prionailurus planiceps
Flat-headed cat
Herpestes brachyurus
Shorttailed mongoose
Herpestes semitorquatus
Collared mongoose
Martes flavigula
Yellow-throated marten
Mustela nudipes

Malay weasel

Mydaus javanensis
Sunda stink badger
Arctictis binturong
Binturong

Arctogalidia trivirgata
Smalttoothed palm civet
Cynogale bennettii
Otter civet

Hemigalus derbyanus
Banded civet
Hemigalus hosei*
Hose's civet*

Paguma larvata

Masked palm civet

Paradoxurus hermaphroditus

Common palm civet

both

n/a
(both)

both

unlogged
(both)

both

n/a
(both)

both

both

both

n/a
(both)

both

n/a
(both)

both

unlogged
(both)
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terrestrial

n/a
(terrestrial)

terrestrial
terrestrial

semi-arboreal

n/a
(terrestrial)

terrestrial
semi-arboreal

arboreal

n/a
(terrestrial)
terrestrial
(semi-arboreap)
n/a
(terrestrial)
terrestrial
(semiarboreal)
terrestrial
(semiarboreal)

not
threatened

threatened

not
threatened

not
threatened

not
threatened

not
threatened

not
threatened

threatened

not
threatened

threatened

not
threatened

threatened

not
threatened

not
threatened

medium

medium

medium

medium

medium

medium

medium

large

medium

medium

medium

medium

medium

medium

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora

Carnivora



Cetartiodactyla

Dermoptera

Eulipotyphla

Pholidota

Primates

Prionodontidae

Ursidae

Suidae

Tragulidae

Cervidae

Bovidae

Cynocephalidae

Erinaceidae

Manidae

Cercopithecidae

Viverra tangalunga
Malay civet
Prionodon linsang
Banded linsang
Helarctos malayanus
Sun bear

Sus barbatus
Bearded pig

Tragulus kanchil
Lesser mousedeer
Tragulus napu
Greater mousedeer
Muntiacus atherodes*
Bornean yellow muntjac*
Muntiacus muntjak
Red muntjac

Rusa unicolor
Sambar deer

Bos javanicus
Banteng

Galeopteus variegatus
Sunda colugo
Echinosorex gymnura
Moonrat

Manis javanica
Sunda pangolin
Presbytis rubicunda*
Maroon langur*

52

both

n/a
(both)

both

both

both

both

both

both

both

logged
(both)

both

both

both

both

terrestrial

n/a
(semiarboreal)

terrestrial
(semiarboreal)

terrestrial

terrestrial

terrestrial

terrestrial

terrestrial

terrestrial

terrestrial

arboreal

terrestrial

terrestrial
(semiarboreal)

arboreal

not
threatened

not
threatened

threatened

threatened

not
threatened

not
threatened

not
threatened

not
threatened

threatened

threatened

not
threatened

not
threatened

threatened

threatened

medium

medium

large

large

medium

medium

large

large

large

large

medium

small

medium

large

Carnivora

Carnivora

Carnivora

Ungulates

Ungulates

Ungulates

Ungulates

Ungulates

Ungulates

Ungulates

Gliding
mammals

Insectivora

Insectivora

Primates



Proboscidea

Rodentia

Hylobatidae

Lorisidae

Pongidae

Tarsiidae

Elephantidae

Sciuridae

Presbytis sabana*
Sabah grey langur*
Macaca fascicularis
Long-tailed macaque
Macaca nemestrina
Pig-tailed macaque
Hylobates funereus*
Bornean gibbon*
Nycticebus menagensis
Philippine slow loris
Pongo pygmaeus*
Bornean orangutan*
Cephalopacus bancanus
Horsfield's tarsier
Elephas maximus
Asian elephant
Aeromys tephromelas
Black flying squirrel
Aeromys thomasi*
Thomas' flying squirrel*
Callosciurus adamsi*
Earspot guirrel*
Callosciurus notatus
Plantain squirrel
Callosciurus prgostii
Prevost's squirrel
Callosciurus sp(?)
Large mystery squirrel

unlogged
(both)

unlogged
(both)

both

both

n/a
(both)

logged

n/a
(both)

logged
(both)

both

both

logged
(both)

n/a
(both)

both

logged
(both?)
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arboreal

semi-arboreal

semi-arboreal

arboreal

n/a
(arboreal)

semi-arboreal

n/a
(arboreal)

terrestrial

arboreal

arboreal

arboreal
(semiarboreal)

n/a
(semiarboreal)

arboreal

arboreal

threatened

threatened

threatened

threatened

threatened

threatened

threatened

threatened

not
threatened

not
threatened

not
threatened

not
threatened

not
threatened

?

large

large

large

large

small

large

small

large

medium

medium

small

small

small

small

Primates

Primates

Primates

Primates

Primates

Primates

Primates

Ungulates
Gliding
mammals
Gliding
mammals
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents



(Exilisciurus exilis*)
(Bornean pygmy squirrel*)

Hylopetes spadiceus
Redcheeked flying squirrel
lomys horsfieldi

Horsfield's flying squirrel
Lariscus hosei*

Fourstriped ground squirrel*

Petaurillus hosei*

Hose's pygmy flying squirrel*

Petaurista petaurista

Red giant flying squirrde
Petinomys genibarbis
Whiskered flying squirrel
(Petinomys setosus)
(Temminck's flying squirrel)
Pteromyscus pulverulentus
Smoky flying squirrel
Ratufa affinis

Giant squirrel
Rheithrosciurus macrotis*
Tufted ground squirrel*
Sundasciurus brookei*
Brooke's squirrel*
Sundasciurus lowii

Low's squirrel
Sundasciurus hippus
Horsetailed squirrel

unlogged
(both)

n/a
(both)

logged
(both)
n/a
(both)
n/a
(unlogged)

unlogged
(both)

n/a
(both)

unlogged
(both)

unlogged
both

both

both
(unlogged)

both

both
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arboreal

n/a
(arboreal)

arboreal

n/a
(terrestrial)

n/a
(arboreal)

arboreal

n/a
(arboreal)

arboreal

arboreal

arboreal

semi-arboreal

arboreal

semi-arboreal

semi-arboreal

not
threatened

not
threatened

not
threatened

not
threatened

not
threatened

not
threatened

threatened

threatened

threatened

not
threatened

threatened

not
threatened

not
threatened

not
threatened

small

small

small

small

small

medium

small

small

small

medium

medium

small

small

small

Non-gliding
Rodents
Gliding

mammals
Gliding
mammals

Non-gliding
Rodents
Gliding

mammals
Gliding
mammals
Gliding
mammals
Gliding
mammals
Gliding
mammals

Non-gliding
Rodents

Non-gliding
Rodents

Non-gliding
Rodents

Non-gliding
Rodents

Non-gliding
Rodents



Scandentia

Muridae

Hystricidae

Ptilocercidae

Chiropodomys major*

Large pencitailed tree mouse*

Haeromys margarettae*
Ranee mouse*
Leopoldamys sabanus
Long-tailed giant rat
Maxomys baeodon*
Small spiny rat*
Maxomys ochraceiventer*
Chestnutbellied spiny rat*
Maxomys rajah

Brown spiny rat
Maxomys surifer

Red spiny rat

Maxomys whiteheadi
Whitehead's rat
Niviventer cremoriventer
Dark-tailed tree rat
Sundamys muelleri
Muller's rat

Hystrix brachyura

Malay porcupime

Hystrix crassispinis*
Thick-spined porcupine*
Trichys fasciculata
Long-tailed porapine
Ptilocercus lowii

Pentail treeshrew

n/a
(both)

n/a
(both)

unlogged
(both)
n/a
(both)

n/a
(both)

unlogged

logged

unlogged
(both)

n/a
(both)

n/a
(both)

both

both

both

logged
(both)
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n/a
(arboreal)

n/a
(semiarboreal)

terrestrial

n/a
(terrestrial)

n/a
(terrestrial)

terrestrial

terrestrial

terrestrial

n/a
(semtarboreal)

n/a
(semtarboreal)

terrestrial

terrestrial

terrestrial

arboreal

not
threatened

not
threatened

not
threatend

not
threatened

not
threatened

threatened

not
threatened

threatened

not
threatened
not
threatened
not
threatened
not
threatened
not
threatened
not
threatened

small

small

small

small

small

small

small

small

small

small

medium

medium

medium

small

Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents
Non-gliding
Rodents

Insectivora



Tupaiidae

Tupaia dorsalis*
Striped treeshrew*
Tupaia gracilis*
Slender treeshrew*
Tupaia longips*
Plain treeshrew*
Tupaia tana

Large treeshrew
Tupaia minor
Lesser treeshrew

n/a
(both)

n/a
(both)

both

unlogged
(both)

unlogged
(both)

n/a
(terrestrial)

n/a
(semiarboreal)

semi-arboreal
(terrestrial)

terrestrial

terrestrial
(semiarboreal)

not
threatened
not
threatened
not
threatened
not
threatened
not
threatened

small

small

small

small

small

Insectivora

Insectivora

Insectivora

Insectivora

Insectivora
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Table S2.3Community stucture of mammalbetween canopy and terrestrsatata andunlogged andecoveringloggedforest according to capture events
Bornean pygmy
and horsdailed squirrel in unlogged forest, and banded civeedoveringloggedforest, which were only detected by our additional canopy catregra at

those sites (méed by parentheseprangutass areknown to be absent from Maliau Basin, our unlogged site. Asteriskgedspecies endemic to Borneo.

Grey $adingdenotes no captures in that stratum or atedicator species analyses utilised data from the first 91 CTN at each camera location to visualise
similarities or dissimilarities between mammal community structure aardegged andecoveringloggedforestand, separately, across strata. No indicator

species were identified that could be aligned with unloggegamveringloggedforest since the communitgvel differences between these habitats were

per 100 camera trap nights (CTN). Canopy data are from single canopy ¢ameagp s ,

weak. Species reported are therefore indicators oftdrre i al or canopy

association based on the ordination and species detection data. Significant valubsldre in

except

strata

records

(denot ed

6TO

6C6) acc

Capture Events per 100 CTN

Indicator species

Indicator species

Species Canopy Cameras Terrestrial Cameras (Envfit test) (Pearson association)
Unlogged Logged Unlogged Logged R? P-value a P-value

Sunda clouded leoparNeofelis diardi borneensis 0.48 0.04 0.03 0.348 0.21 0.082
Marbled catPardofels marmorata 0.08 0.08 0.03 0.237 0.17 0.193
Leopard catPrionailurus bengalensis 0.28 0.41 0.07 0.045 0.33 0.002 (T)
Shorttailed mongooseHerpestes brachyurus 0.63 0.34 0.05 0.116 0.26 0.002 (T)
Collared nongooseHerpestes semitorquatus 0.13
Yellow-throated martenyiartes flavigula 0.18 0.19 0.25 0.30 0.03 0.325 0.02 0.924
Sunda stink badgekydaus javanensis 0.05 0.04
Binturong,Arctictis binturong 0.25 0.16 0.08 0.08 0.01 0.833 0.05 0.713
Smalttoothed palm civetArctogalidia trivirgata 0.31 1.73 0.19 0.001 (C) 0.42 <0.001 (C)
Banded civetHemigalus derbyanus (0.01) 2.88 1.39 0.15 0.004 (T) 0.47 <0.001 (T)
Masked palm civefPaguma larvata 0.23 0.11 0.07 0.063 0.25 0.031 (T)
Common palm civetRaradoxurus hermaphroditug 0.08
Malay civet,Viverra tangalunga 3.58 5.14 0.27 0.001 (T) 0.60 <0.001 (T)
Sun bearHelarctos malayanus 1.20 2.14 0.17 0.003 (T) 0.39 <0.001 (T)
Bearded pigSus barbatus 9.61 28.84 0.12 0.010 (T) 0.43 <0.001 (T)
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Lesser mousedeefragulus kanchil 2.73 8.18 0.08 0.058 0.28 <0.001 (T)
Greater mousedee€rragulus napu 14.62 11.97 0.18 0.001 (T) 0.53 <0.001 (T)
Bornean yellow muntjac Muntiacus atherodés 14.59 2191 0.19 0.002 (T) 0.51 <0.001 (T)
Red muntjacMuntiacus muntjak 13.29 9.00 0.20 0.001 (T) 0.53 <0.001 (T)
Sambar deeRusa unicolor 1.18 3.98 0.08 0.047 0.36 <0.001 (T)
BantengBos javanicus 1.16 0.02 0.306 0.13 0.199
Sunda colugoGaleopters variegatus 0.05 0.03 0.03 0.213 0.11 1.000
Moonrat,Echinosorex gymnurus 0.58 0.11 0.06 0.105 0.28 0.007 (T)
Sunda pangolinylanis javanica 0.23 0.04 0.03 0.312 0.17 0.194
Bornean gibbon*Hylobates funereus* 0.71 1.08 0.05 0.128 0.25 0.011 C)
Orangutan*Pongo pygmaeus* 0.93 0.83 0.01 0.587 0.03 0.811
Maroon langur* Presbytis rubicunda* 3.41 0.61 0.04 0.186 0.14 0.043 (C)
Sabah grey langurRresbytis sabarta 1.57 0.09 0.029 (C) 0.22 0.060
Long-tailed macaqueMacaca fascicularis 1.16 0.15 0.12 0.014 (C) 0.12 0.407
Pigtailed macaqgudylacaca nemestrina 0.63 1.93 20.33 12.00 0.14 0.004 (T) 0.46 <0.001 (T)
Asian elephantzlephas maximus 0.08

Black flying squirrel, Aeromys tephromelas 0.15 0.19 0.01 0.726 0.15 0.255
Thomas' flying squirrel*Aeromys thomasi* 0.81 0.03 0.20 0.001 (C) 0.18 0.104
Earspot squirrel* Callosciurus adamsi* 0.42 0.03 0.295 0.13 0.250
Prevost's squirrelCallosciurus prevostii 1.39 4.91 0.08 0.035 (C) 0.32 <0.001 (C)
Large mystery guirrel, Callosciurus sp.? 0.03

Bornean pygmy squirrelxilisciurus exilis* (0.01)

Horsfield's flying squirrellomys horsfieldi 0.03

Red giant flying squirrelPetaurista petaurista 0.53 0.08 0.033 (C) 0.21 0.126
Temminck's liying squirrel,Petinomys setosus (0.01)

Smoky flying squirrelPteromyscus pulverulentus 0.02

Giant squirrelRatufa affinis 0.38 0.90 0.03 0.238 0.20 0.001 (C)
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Tufted ground squirrel*Rheithrosciurus macrotis? 0.02 1.08 0.34 0.11 0.017 (T) 0.35 <0.001 (T)
Brooke's squirrel*Sundasciurus brookei* 0.08 0.13 0.04 0.161 0.15 0.498
Low's squirre] Sundasciurus lowii 0.03 0.03

Horsetailed squirrel Sundasciurus hippurus (0.04) 0.13 0.05 0.19 0.01 0.990 0.02 1.000
Long-tailed giant rat,Leopoldamys sabanus 0.53 0.03 0.316 0.20 0.080
Brown spiny ratMaxomys rajah 0.88 0.03 0.266 0.21 0.034 (T)
Red spiny ratMaxomys surifer 0.15 0.02 0.555 0.17 0.1895
Whitehead's ratylaxomys whiteheadi 0.08

Malay porcupineHystrix brachyura 2.33 2.89 0.08 0.049 (T) 0.31 <0.001 (T)
Thick-spined porcupine*ystrix crassispinis* 3.70 0.64 0.03 0.306 0.21 <0.001 (T)
Long-tailed porcupineTrichys fasciculata 1.05 0.38 0.06 0.109 0.25 0.002 (T)
Pentail treeshrevRtilocercus lowii 0.06 0.04 0.183 0.15 0.504
Plain treeshrew*Tupaia longipes* 0.02 0.08

Large treeshrewlupaia tana 0.08

Lesser treeshrew,upaia minor 0.05
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Figure S2.1 (AC). Rarefied species accumulation curves for arda@ed terrestrial mammal communities in (A) batilogged andecoveringloggedforest
combined, (B)unlogged forest only, and (C&coveringloggedforest only. Curves were extrapolated (dashed line) to approximately double the minimum
observed sample €an each comparison. Confidence intervals were set at 95% and are represented by shaded areas around the curves.
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Figure S2.2 (AC). Rarefied species accumulation curves for arboreal and terrestrial mammal communities in (&)duyged andecoverimg-loggedforest
combined, (B)unlogged forest only, and (@gcoveringloggedforest only. Curves were extrapolated (dashed line) to the point of asymptote for arboreal
communities. Approximate sampling effort required to reach asymptote is marked lbglvéashed lines. Confidence intervals were set at 84% and are

represented by shaded areas around the curves
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