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Abstract

Ecologists have increasingly favoured the use of camera traps in studies of animal
populations and their behaviour. Because camera trap study design commonly implements non-
random selective placement, we must consider how this placement strategy affects the integrity of
our data collection. Selective placement of camera traps have the benefits of 1) maximizing the
probability of encounter events by sampling habitats or microhabitats of known significance to a
focus or closely-related species and 2) reducing data collection and maintenance effort in the field
by situating cameras along more easily-accessible landscape features. Introducing a non-random
survey method, such as selective placement, into a project studying a species or community that
also expresses non-random habitat use may lead to unintentionally biased data and inaccurate
results. By using a paired on-trail/off-trail camera-trap study design, my aim is to investigate
potential differences in popular ecological indices, species detection probability (p) using multi-
method occupancy models, and intraspecific temporal activity for a terrestrial community in Gunung
Palung National Park in Indonesian Borneo. Differences in detection probability between on and off-
trail cameras were compared against species characteristics (including body size, diet, and
taxonomic group) to find potential correlations. While several species exhibited a significant
difference in detection probability between cameras placed on foot trails and those placed randomly
off-trail, there was no measured community trend. This stresses my conclusion further that a non-
random study design leaves results open to bias from unknown patterns in detection due to
underlying variation in behaviour and microhabitat use. Selective placement may be effective for
increasing detection probability for some species but can also lead to substantial bias if the features
selected for are not explicitly taken into account within the analysis or balanced with a control in the
study design. In addition, a positive interactive effect was found between on trail species detection
and body size for the terrestrial omnivore guild, and three species presented significant variation in
temporal activity between camera placement types. This provides evidence that camera placement
not only affects species state parameters and indices but has a noticeable impact on behavioural

observations that require accountability as well.
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Chapter 1 General Introduction

1.1 A brief summary of remote sensing in ecological
monitoring

Population monitoring is one of the primary strategies that ecological research uses to
obtain information on species abundance, composition, and distribution, as well as their reaction to
natural and human-caused changes in their environment (Pereira et al., 2013). Whether it is for the
expansion of ecological knowledge or applied management of a species, monitoring is usually a
critical step. At its inception, data collected for the purpose of ecological monitoring was collected
manually; through point counts, distance samples along transects, and other human-based methods
of observation. Logistical obstacles such as limited funding, time, available technology, and research
technicians have always constrained the scope of monitoring programs though, and efforts began
early on to develop remote data collection techniques that maximized the impact of limited research
resources. Not long after the invention of cameras themselves, “trap photography” using wire-
triggered stations were introduced into the field of conservation to remotely record elusive species
(Hamel et al., 2013; A.F. O'Connell et al., 2010). Cameras programmed to trigger independently,
hereby referred to as camera traps, have made it easier than ever for biologists to visually monitor
species at incredibly fine spatial and temporal resolutions. Today, camera traps are usually motion-
activated, and the first recorded use of camera traps for the statistical analysis of a wildlife

population was conducted with Panther tigris at Nagarahole National Park in 1991 (Karanth, 1995).

Equally as important, remote monitoring methods provide a less invasive means of collecting
wildlife observations that before may have been influenced by human presence (Nowak et al.,
2014). Such instances include avian nest predation (Cutler & Swann, 1999), pollination ecology of a
rare orchid (Houlihan et al., 2019) and subnivean behavioural studies of small mammals (Soininen et
al., 2015). It is worth noting that camera trap presence has still been found to affect species
behaviour, as observed in some common Australian predators (Meek et al., 2016), and cameras are
not completely invisible within the landscape. Other forms of remote sensing have also been
adapted or invented that further add to biologists’ toolkits. Besides localized photographic data
collection, the entire field of bioacoustics has also arisen as an alternative means of remotely
collecting data at a species level. Bioacoustic studies have proven especially useful for avian species,
whose volant nature are often not well-suited for terrestrial camera study designs. LIDAR, thermal
imaging, and even small satellite constellations have all also been used to measure important

population and environmental parameters that are not realistic for camera traps (Wang et al., 2010).



Although just a small branch of remote sensing, camera traps have been widely adopted by
the biological research community, and the scope of their application has grown massively for
studies in behaviour, ecology, and management. Advancements in camera trap hardware, grid study
design, and statistical analyses have allowed for more sophisticated research and a wider array of
subjects to be explored (Newey et al., 2015; Swann et al., 2011). Since the late 1990s, the mark
recapture framework has been widely implemented using camera traps to estimate abundance for
species identifiable on an individual level (Karanth & Nichols, 1998). Predator-prey dynamics, habitat
preference, species fecundity, food web interactions, home range extent, and fragmentation effects
are just a few subjects that have been explored using camera traps as the core method of data
collection (Barrueto et al., 2014; Brodie et al., 2014; McShea et al., 2016; Meek et al., 2014;
Steenweg et al., 2017).

Most commonly, camera traps are laid out en masse across a research site in a design
tailored to a specific study question. Steenweg et al. (2017) have outlined the potential of
standardizing camera trap data to larger scales. As they are already incredibly popular tools within
the research community, creating a standardized camera trap methodological framework that can
be adapted and applied to a variety of study sites carries the potential to monitor populations and
estimate system states on scales that were previously unreachable (Steenweg et al., 2017). The
Tropical Ecology Assessment and Monitoring (TEAM) network is one such program where a
standardized camera trap methodology has been employed to estimate species diversity,
distribution, and abundance across 19 different forest sites in Asia, Latin America, and Africa (Rovero
& Ahumada, 2017). Although this chapter focuses on just Gunung Palung, local study sites could be
further combined to gauge landscape connectivity on regional scales. When combining camera grids
across a regional or even global scale, broader questions, such as the effect of climate change on
certain ecosystems, endangered species territorial ranges, and net biodiversity estimates can also be

examined (Steenweg et al., 2017).

Although camera traps continue to be used in increasingly sophisticated studies and
analyses, many conservation and management projects still rely on simple metrics to inform their
decisions. Indices based on the photo or video capture rate of a species are often used in
conjunction with detection/non-detection data to estimate species abundance, diversity, and
occupancy within their study sites (Rovero et al., 2013). From video capture data, the number of
animal sightings per camera trap night (usually presented as the number of capture events per 100
camera trap days) can be derived into capture frequencies. These frequencies are often presented as
relative abundance indices, or RAls, and act as a proxy for true animal abundance when said

estimates are logistically or financially challenging to attain (Palmer et al., 2018). From a



management perspective, relative abundance has been used in the past and currently as an
indicator for carrying capacities, colonization rates, reproductive success, and ultimately habitat
quality (Hobbs & Hanley, 1990; Pearce & Ferrier, 2001; Vogeli et al., 2010). Clearly, some danger
exists in making broad management assumptions based on RAIs which are themselves not without
their limitations. RAls have been rightfully challenged for not taking into account imperfect
detection (i.e. through a detection probability parameter) and being overly sensitive to inflation as a
result of variation in species home range size (Sollmann et al., 2013). When these issues are taken
into account, RAls have continued to prove a useful and relatively straightforward measure of

species relative abundance (Jenks et al., 2011; Palmer et al., 2018; Pearce & Ferrier, 2001).

Especially when species cannot be identified to the individual level, detection/non-detection
data is often the best asset available for biologists to model species occupancy and distribution.
Similar to RAls, occupancy estimates have been used within ecological research as a surrogate for
true abundance and a broad indicator parameter for habitat assessment. One of the most popular
ways to estimate species patch occupancy with presence/absence data is through occupancy
modelling, where the proportion of patches in a landscape are definitively calculated (MacKenzie et
al., 2017). At their core, all versions of occupancy models set out to estimate two parameters: site
occupancy () and detection probability (p). Detection probability, or the probability that an
individual may be detected in a survey unit given that it is present, is one area where occupancy
models separate themselves from RAls in that they account for imperfect detection (MacKenzie &
Kendall, 2002). Detection probability is sometimes considered a nuisance parameter that simply
informs estimates of the more sought-after occupancy parameter. Accurately modelling detection
probability is, in fact, an imperative step when calculating any number of population metrics, yet the
factors that go into accounting for and controlling variation in detection probability are still being

explored.

Occupancy modelling is becoming increasingly popular as an analysis for camera trap study
designs because of its compatibility and flexibility with their datasets. Supplying covariates to an
occupancy modelling framework allows researchers to measure the influence of a suite of
environmental factors to both occupancy and detection parameters (MacKenzie et al., 2017). Such
examples include habitat type, canopy coverage, slope, time of day, and temperature for the
occupancy parameter; and sampling intensity, visibility, and vegetative ground cover for detection
probability. The ability to adjust the occasion length, or expressed length of a camera survey session,
of models ad hoc also allows for temporal replication and greater model fit. Applying model

selection methods such as Akaike’s Information Criterion (AIC) to a list of candidate occupancy



models enables ecologists to tease out covariates most important for model fit, and consequently,

most influential towards species occupancy and detection (Burnham & Anderson, 2002).

1.2 Gunung Palung study site

At an estimated age of 140 million years old, the rainforests of Borneo are among the oldest
in the world (Mackinnon et al., 1996). LANDSAT imagery dating as far back as 1973, when Brunei,
Malaysia, and Indonesia first began to document industrialized deforestation practices in Borneo,
estimated that forest covered 75.7% of the island (Gaveau et al., 2014). Between 1973 and 2010,
Borneo lost 30.2% of its forest cover primarily to industrial oil palm plantations, followed by
agriculture, timber harvesting, and wildfires (Gaveau et al., 2013; Gaveau et al., 2014). With forest
habitat decreasing at such an alarming rate in Borneo, efforts to document and understand its
ecology have become all the more important. Although much of Borneo’s remaining forest is
unprotected, a handful of parks on the island; such as Gunung Palung National Park (GPNP) in
Southwestern Indonesian Borneo, provide relative safe havens for the island’s biodiversity. GPNP
was established as a national park in 1989 (Curran & Leighton, 2000) and has been used as a field
site to study intact, old growth rainforest systems in Borneo for decades. My supervisor, Heiko U.
Wittmer, alongside his collaborator and director of the One Forest Project operating within the park,
Andrew J. Marshall; have been gathering data at GPNP since 2007, and camera trap data since 2015.
Their combined dataset comprises terrestrial species camera trap records, terrestrial and arboreal
faunal distance samples, weather and rainfall data, and phenology of more than 6,000 marked
woody plants from plots occurring throughout the park’s eight forest types (Cannon et al., 2007;
Marshall, 2009; Marshall et al., 2014). These records produced in GPNP provide a rare opportunity
to study community dynamics over long time scales with a variety of environmental data: a rare

occurrence in tropical biomes, especially in southeast Asia.

Within Gunung Palung National Park (90,000 ha West Kalimantan, Indonesia: 1215'S,
110210E), variation in soil, local climate, and elevation has resulted in 8 distinct forest types that
support a diverse community of species (Marshall et al. 2014). The Air Putih (White Water) River
weaves throughout the research area as part of the Gunung Palung watershed and acts as a natural
divide between the two nearby peaks, Mount Palung and Mount Panti (Curran & Leighton, 2000).
The Cabang Panti Research Station (CPRS), situated at the base of Mt. Palung and on the bank of the
Air Putih River, provides a unique and convenient location for researching the park’s wildlife

community in this forest type gradient. Only a small collection of footpaths provide access to Cabang



Panti from the closest town, Tanjung Gunung: about a five hour hike away. An alternative eight hour
canoe trip also provides access. Comprised of a grid network of footpaths, the field site straddles
two ridgelines and encompasses the following eight forest types: 1) peat swamp on nutrient-poor,
bleached white soils (5—10 m asl); 2) freshwater swamp on nutrient-rich, seasonally flooded, poorly
drained gleyic soils (5-10 m asl); 3) alluvial bench on rich sandstone-derived soils recently deposited
from upstream sandstone and granite parent material (5-50 m asl); 4) kerangas heath forest on
acidic, sandy soils (20-60 m asl): 5) lowland sandstone on sandstone-derived soils (20-200 m asl); 6)
lowland granite on granite-derived soils (200—400 m asl); 7) upland granite on granite-derived soils
(350-800 m asl); and 8) montane on mostly granite-derived soils (750-1100 m asl) ((Cannon et al.,
2007; Marshall, 2004; Marshall, 2009; Paoli et al., 2006). Because of its protected status and limited
access, relatively little human traffic exists in the park. Camera traps have captured occasional
hunters and poachers likely from surrounding communities, but the majority of human presence are
from researchers based in CPRS. Indeed, the park does also experience very small scale hand-logging
specifically in its riparian forest patches where timber can be carried out by raft (Hiller et al., 2004).

A general layout of the field site can be seen in Figure 1.1.
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Figure 1.1: The research study site at Gunung Palung National Park in West Kalimantan, Indonesian
Borneo (90000 ha; 1215°S, 110210°E). Blue and red points indicate on and off trail camera locations,
which were placed around the central Cabang Panti field station (pink triangle). Green lines denote a
50m elevation gain, blue lines are small rivers and tributaries, and purple lines indicate trails.

Gunung Palung, like much of Borneo, experiences an extreme tropical climate defined by
two “wet” and “dry” monsoon seasons. Average temperatures in Borneo remain relatively steady
between 25 °C and 35 °C year round, with the majority of seasonal differences pertaining to rainfall.
The dry monsoon period usually spans the months of May through October, and the wet period: the
months of November through April. Gunung Palung and West Kalimantan in general experience
higher than average annual rainfall compared to the rest of the island as south-easterly winds from
low-pressure zones in mainland Asia and north-westerly winds from low-pressure zones above
Australia are redirected by the central mountain area and focused around the western and northern
sides of the island (Mackinnon et al., 1996). Borneo also experiences intense periods of wildland and
forest fires, particularly during the “dry” monsoon season. Fires are almost entirely human-induced
due to economic incentives to develop land for agricultural use (Edwards & Heiduk, 2015). These

fires result in enormous loss of habitat across Borneo, especially in low peatland habitats (Miettinen



et al., 2017). Little is yet known about how the indirect results of fire, such as decreased air quality
and heightened displacement of wildlife, may affect the ecology of Borneo’s protected area. The
intensity of Borneo’s wildfires are likely to increase in intensity in the future, and recent studies have
warned of the potential compounding effects that El Nifio events and burned forest areas have on

each other (Chapman et al., 2020; McAlpine et al., 2018).

1.3 Gunung Palung community assemblage

Gunung Palung is home to the Dipterocarpaceae plant family: comprising 16 genera and 695
recorded species that occur throughout the tropics (Christenhusz & Byng, 2016). Also known as
“dipterocarps”, this family of trees, as well as some members of the Burseraceae, Fagaceae,
Myristicaceae, Polygalaceae, and Sapotaceae families are mostly responsible for the large-scale
mast fruiting that Borneo as well as other areas of Southeast Asia experience supra-annually (Maury-
Lechon & Curtet, 1998). Despite the large-scale deforestation that Borneo has experienced in the
past several decades, the largest expanse of intact forest stands in the IndoMalay ecoregion outside
of Papua New Guinea is found within Borneo (Kier et al., 2005). This community of highly productive

and diverse plants also supports a similarly diverse animal community.

Although perhaps known primarily for its charismatic arboreal species, Borneo also contains
a rich terrestrial community. As a protected area recognized by the Indonesian government, Gunung
Palung contains a wildlife assemblage believed to be representative of typical pre-disturbance
Bornean ecosystems (Marshall et al., 2009). Consequently, the park is an invaluable resource for
biologists aiming to better understand species ecology and behaviour with minimal signs of human
disturbance. Almost three hundred mammal species, nearly a third of which are bats, inhabit Borneo
(Phillipps & Phillipps, 2016). All five Bornean species of wild cats: the Sunda clouded leopard
(Neofelis diardi), flat-headed cat (Prionailurus planiceps), Bornean bay cat (Pardofelis badia),
marbled cat (Pardofelis marmorata), and the leopard cat (Prionailurus bengalensis), have been
recorded within Gunung Palung by the camera traps placed within the Cabang Panti field site.
Besides this diverse array of felids, GPNP boasts a whole suite of other species that make up the
terrestrial carnivore guilds. Some of the members include: the Malay weasel (Mustela nudipes), the
yellow-throated marten (Martes flavigula), the Asian small-clawed otter (Amblonyx cinereus), three
species of mongooses (Herpestes spp.), the banded linsang (Prionodon linsang), and the Asian water

monitor (Varanus salvator) (Phillipps & Phillipps, 2016).



GPNP contains an even more diverse array of omnivorous and herbivorous species. Several
large species, such as southern red muntjac (Muntiacus muntjak), Bornean yellow muntjac
(Muntiacus atherodes), bearded pig (Sus barbatus) and sun bear (Helarctos malayanus) occur
throughout the park. Other mammalian terrestrial species of moderate size include the lesser mouse
deer (Tragulus kanchil), greater mouse deer (Tragulus napu), common porcupine (Hystrix
brachyura), and long-tailed porcupine (Trichys fasciculata). Civets, such as the Malay civet (Viverra
tangalunga) and binturong (Arctictis binturong) are also relatively common mid-sized mammals
found in GPNP. A diverse collection of small rodents includes several species of ground and arboreal
squirrels (Exilisciurus spp., Rheithrosciurus macrotis, Callosciurus spp., etc.), rats (Rattus spp.,
Maxomys spp., Niviventer spp., etc.), several species of shrew (Suncus murinus and Crocidura spp.)
and the rodent-like treeshrews (Tupaia spp.) (Phillipps & Phillipps, 2016). Several small to medium-
sized members of the Phasianidae family, like the green wood partridge (Rollulus rouloul), crested
fireback (Lophura ignita) and crestless fireback (Lophura erythrophthalma), make up the terrestrial
birds of GPNP, with the addition of the larger argus pheasant (Argusuanus argus). Some extremely
rare species found in the park, such as the Sunda pangolin (Manis javanica), otter civet (Cynogale
bennettii), P. planiceps, and P. badia are listed as endangered or worse on the IUCN Red List (IUCN,
2020). Other animals, like Horsfield's tarsier (Cephalopachus bancanuswere), H. malayanus, A.
binturong, A. cinereus, and N. diardi are listed as vulnerable (IUCN, 2020). Most of the wildlife
studies that have come out of GPNP are targeted around arboreal species (Johnson et al., 2005;
Marshall, 2004; Marshall et al., 2014; Marshall et al., 2009), and its bank of terrestrial camera trap
data has gone comparatively untouched. Many of the terrestrial species’ general ecology is

understudied, let alone more sublte differences in detection between microhabitats.

1.4 Aims and thesis organization

As this Masters thesis is a converted work from an original PhD project, its chapters are
somewhat unorthodox. The original aims for my original PhD thesis were to explore how plant
productivity (specifically masting resource pulses) influenced different trophic levels of the
terrestrial community in Gunung Palung and take advantage of the robust camera system to shed
light on the ecology of the 5 rare felid species within GPNP. My thesis was broken into 5 prospective
chapters, whereby 1) the concepts behind masting and its known effects on wildlife ecology were
collected as a literature review 2) fluctuations in plant productivity was examined as a bottom-up

process through trophic levels, 3) top-down pressures in response to potential increases in prey



abundance was measured, and 4) absolute abundance and distributions of rare felid species was
calculated using spatially explicit capture recapture models. Lastly, a fifth methodological chapter
was planned to explore the effects of camera placement on species detection and better inform the
results of the three aforementioned data chapters. After consulting my advisors, | decided that a
conversion to a Masters degree was in my best interest. My literature review and methodological
chapters were selected by myself to constitute my new Masters thesis as they were the two most
attainable chapters given the new limited timeframe to complete this thesis. Although my literature
review is not directly related to the subject of my primary methodological chapter, | am submitting it

as evidence of previous research conducted before my thesis conversion occurred.

Chapter 2. The impact of masting events on wildlife trophic levels

This chapter explores through a literature review the concepts of masting events as a resource pulse,
global examples of masting, and the body of knowledge surrounding faunal responses to masting

events in Borneo.

Chapter 3. An investigation of camera placement strategies on state parameters for a Bornean

terrestrial community

Selective camera placement strategies are often employed in ecological camera trap studies, yet
their effects on research findings go largely unaccounted for. Using a paired camera design, |
calculate the influence of camera placement on popular state parameters: species richness, relative
abundance, and detection probability. Further effects of camera placement on species behaviour
(through temporal activity curves) and a potential interaction between camera placement and body

size are also explored.

Chapter 4. General discussion, implications, and future research

| provide a synthesis and collation of the main findings of my study as well as the broader
implications and future paths of study for camera trap placement strategies and Bornean terrestrial

species conservation.



This thesis is structured as two manuscripts in publication format, with my data chapter having its
own specific introduction, methods, results, and discussion. As a result, some necessary repetition
exists between my general intro and discussion and my chapter-specific intro and discussion. A

general abstract is provided at the start of the thesis, and a combined reference list at the end.
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Chapter 2 The impact of masting events on wildlife
trophic levels

This literature review sets out to outline the current body of knowledge describing resource
pulses (specifically masting events) and how the wildlife community responds to this pulse. While
there is a large collection of literature describing mast fruiting in plants and their possible ecological
or evolutionary mechanisms, there remains a paucity of information that quantifies how animals of
different trophic levels respond to masting events. Furthermore, | highlight the potential importance
of masting events on community dynamics within Bornean forest systems, with the ecology of
tropical terrestrial mammals standing as a topic in particular that can gain from exploring this
relationship. The further study of the connection between masting events and Bornean terrestrial
faunal populations may offer a unique opportunity towards learning their life histories, behaviour,

and the management strategies necessary for their continued conservation.

2.1  Resource pulses

Resource pulses are described as periods of increased resource availability that are
infrequent, of short duration, and of large magnitude (Yang et al., 2008). These pulses can manifest
as abiotic or biotic resources and occur in a diverse array of ecosystems across the globe. On the
beaches of southern Brazil, winter cold fronts lead to higher concentrations in the deposition and
accumulation of the diatom, A. glacialis, onshore (Netto & Meneghel, 2014). The meiofaunal
communities residing in each tidal zone are quick to respond to this temporary increase in organic
matter with increased densities and biodiversity (Netto & Meneghel, 2014). In deep ocean
environments, whale carcasses create extremely ephemeral, energy-rich resource deposits that are
capitalized by a diverse array of sharks, seabirds, and smaller scavenging fish alike (Clua et al., 2013;
Dudley et al., 2000). Tropical forests floors in Puerto Rico experience pronounced shifts in
invertebrate community composition directly after hurricanes as a result of changes in leaf litter
biomass, light levels, and soil moisture (Ostertag et al., 2003; Richardson et al., 2010). Northern
Californian wildflower populations experienced increased nectar concentrations and longer
flowering durations after fires as a result of changes in soil chemistry and hydrology (Mola &
Williams, 2018). These temporary patches of highly-productive grasslands provided more efficient
feeding grounds for bumblebees and encouraged greater colony fitness overall (Mola & Williams,

2018).
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Not only do resource pulses occur in a diverse range of ecosystems, but they affect
organisms at every trophic level. Pulses can radiate up the food chain, beginning with direct bottom-
up effects and ending with potential indirect top-down effects as these resources reach higher
trophic levels (Yang et al., 2008). In Australia, increases in rodent populations after flooding rains in
2010 resulted in a boom in the mesopredator populations of feral cats (Felis catus) and red fox
(Vulpes vulpes) (Greenville et al., 2014). Populations of dingos (Canis dingo), which prey on all three
prey species, experienced a surge long after the initial increase in rodent populations had subsided
(Greenwville et al., 2014). Between 2010 and 2012, this terrestrial mammal community experienced a
shift from a bottom-up driven boom in plant productivity cascading up the trophic levels to a top-
down driven increase in predation rippling back down the food web. This example also brings into
light the issue of overgeneralization in studying the effects of resource pulses on communities.
Simple food-chain models tend to ignore whether all herbivore species are impacted by a resource
pulse equally and whether the same herbivores experience similar top-down pressures from
carnivores (Hopcraft et al., 2010). More complex food webs may incorporate omnivory as well as
ontogenetic and environmentally-driven changes in diet that blur the lines between trophic levels in
more traditional models (Polis & Strong, 1996). Ecosystems with high connectivity within the food
web, such as those in the tropics, may be more well described by a “trophic spectrum” which does
not group organisms into heterogeneous levels (Darnell, 1961). Hunter and Price (1992) argue that
environmental heterogeneity in abiotic and biotic factors through space and time create an ever-
changing trophic cascade of top-down and bottom-up forces. A duality of top-down and bottom-up
interactions along a “trophic spectra” may be less straight forward than using one overarching force
to describe community interactions along a linear trophic scale or pyramid, but it may better
describe the structural complexities of hyper-diverse ecosystems (Darnell, 1961; Power, 1992).
Fortunately, resource pulses provide a natural experimental design to address questions involving
community responses to resource fluctuations. Schwinning & Sale (2004) suggest that there are
tiered responses to resource pulses, where pulses of high intensities are met with a wider faunal
response in behaviour, and more ephemeral pulses incur a weaker reaction. As a result, some
physiological processes in organisms may only be triggered by a pulse event of a certain magnitude,
and pulses that do not exceed a certain threshold are ignored (Schwinning & Sala, 2004). Masting
events are a classic example of resource pulsing in terrestrial systems that typically trigger bottom-

up community interactions and also exhibit significant variance in their magnitudes.
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2.2 Masting general background

Mast fruiting, or the temporary increase in production of fruit or seed crops followed by a
comparatively low period of productivity, is a natural phenomenon that spans numerous plant
families (Herrera et al., 1998). Mast fruiting characteristically plays out over a supra-annual timeline,
with high-fruiting periods occurring on a semi-consistent basis; such as every 2-3 or 4-6 years. Mast
fruiting, or masting events, describe the peaks in cyclical productivity that any masting plant
undergoes. Literature focusing on masting events are usually referring to synchronous masting,
where a population of one or more species of plants produces high comparative volumes of fruit or
seeds simultaneously. Synchronous masting scales a resource pulse that would otherwise be
contained within the seed shadow of an individual plant to a community level and can greatly
amplify its effects. Similarly, asynchronous masting describes a plant species that displays mast
fruiting, but without simultaneous expression within a whole community. To say that mast fruiting
occurs supra-annually is not to say that the species or individuals in question do not produce any
fruit in the intermediate period, but that the mast produced by many floral species is almost

exclusively on a supra-annual, synchronous basis.

One of the most widely accepted explanations for masting is predator satiation, where an
explosion in herbivore food availability overwhelms seed predator populations such that it is not
possible for them to process all of the crop produced, which then allows for higher probability of
successful seed propagation (Crawley & Long, 1995; Janzen, 1971). In subsequent years following a
mast, and before the next large masting event (referenced hereafter as an intermast period), seed
predator population are predicted to decline due to the comparative decrease in fruit productivity
(Kelly & Sullivan, 1997). This drop in seed predator numbers then allows more seeds to escape
predation in the following mast. Similarly, mast years encourage greater concentrations of seed
dispersers (through both immigration and reproductive recruitment), improving chances of seed
propagation later on (Givnish, 1980). The pollination efficiency hypothesis postulates that
synchronous flowering provides greater incentives for pollinators to visit plant populations, and is
consequently more efficient than more modest fruiting year-round (Maycock et al., 2005; Pearse et
al., 2016). Predator satiation and pollination efficiency both are pillars of the “economy of scale”
hypothesis first proposed by Norton and Kelly (1988). In this hypothesis, floral reproductive output
increases at a quicker pace than reproductive effort, suggesting that larger, less frequent

reproductive episodes are more efficient than more frequent, weaker pulses (Norton & Kelly, 1988).

One of the factors that makes masting such a compelling example of a resource pulse is the

phenomenon of interspecific synchrony described earlier. Synchronous, interspecific masting could
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be a remnant trait of a common ancestral plant that has persisted in descendants (LaFrankie & Chan,
1991). A core group of tree species that mast synchronously would provide an evolutionary cue for
other species to follow suit, consequently broadening the scope of masting across a region (Ashton
et al., 1988). Herrera et al. (1998) argue that current ecological literature on masting puts too much
emphasis on the ‘extreme cases’ of masting such as interspecific synchrony, and that all
reproductive variability in plants is of value for research. All species that mast have inherent
variability in seed or fruit output between masts and intermast periods, and this variability may have
just as important of an effect on other trophic groups as massive masting events. Indeed, the
physiological reasons and ecological significance behind masting events are still widely debated

especially between biomes (Pearse et al., 2014).

2.3 Global diversity of masting

Masting occurs in many vegetated ecosystems, and the diversity of the world’s
environments are reflected in the different characteristics of their mast fruiting. In the late 1990s, an
assessment on the current literature associated with masting in woody plants noted clear ecosystem
biases. Boreal and temperate biomes had been sampled far more than their tropical or subtropical
cousins (Carlos M. Herrera et al., 1998). Nearly 41% of the data sets used in this review described
Fagaceae and Pinaceae species, despite these two families only comprising 1.6% of the diversity
highlighted in the review (Carlos M. Herrera et al., 1998). Recently, however, interorganizational
projects such as the MASTIF (Mast Inference and Forecasting) network headed by Duke University
are compiling seed trap and crop count data collected from a wide array of plant communities
throughout the United States to explain how climate, habitat, and individual characteristics
influences plant fecundity (Clark et al., 2019). By integrating data from sites across the continent,
MASTIF stands to paint a more representative picture of masting diversity in the United States as
well as shed light on floral and faunal interactions that occur during mast events on individual, local,
regional, and even continental scales (Clark et al., 2019). In the future, MASTIF aims to go further still
by expanding their study framework to tropical field sites outside of the US. Not only are the plant
species directly involved in masting incredibly different, but the reverberating effects that they have

on their ecosystems are also unique to their location.

In New Zealand, many taxa express masting synchrony, in some rare cases even across
genera. Species of tussock grasses, herbaceous monocots, and both dicot and gymnosperm trees
were all found to exhibit interspecific synchronous masting over hundreds of kilometres (Schauber

et al., 2002). Such a diverse range of taxa fruiting in synchrony could be a characteristic of New
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Zealand’s natural history. The islands’ unique absence of mammalian herbivores and humans for
much of its existence may have allowed its plant species the circumstances necessary to evolve the
long life spans that make masting a practical reproductive strategy (Schauber et al., 2002). Despite a
lack of terrestrial mammals for much of New Zealand’s history, many of its plants may have evolved
synchronized masting as a response to seed predation. Roughly a dozen species of native tussock
grasses (Chionochloa spp.) seemed to have adapted synchronized masting to avoid seed predation
by specialized chloropid fly larvae, who were found to damage as much as 94% of grass florets in a
year (Kelly et al., 1992). Nothofagus beech nut viability has been found to improve with increased
total seedfall, suggesting that heavy seed years maximized pollination success (Allen & Platt, 1990;
Burrows & Allen, 1991). These beech mast years increased predator densities of non-native mice
(Mus musculus) and stoats (Mustela erminea), which then switch their feeding focus to native

mohua (Mohoua ochrocephala) after seed availability dwindled (O'Donnell & Phillipson, 1996).

In the north-eastern United States, ecologists and epidemiologists were able to reliably
predict high-risk years for exposure to Lyme Disease based on the masting history of their native oak
(Quercus spp.) forests (Jones et al., 1998). White-footed mice (Peromyscus leucopus) and white-
tailed deer (Odocoileus virginianus) abundance in a stand is positively correlated with acorn crops,
which is observed to undergo periods of intense productivity every 2-5 years (Wolff, 1996). White-
footed mice are the main host for the bacteria (Borrelia burgdorferi), that causes Lyme Disease.
White-tailed deer are also the main host for the black-legged tick (Ixodes scapularis): the primary
culprit for interspecies transmission of Lyme Disease (LoGiudice et al., 2003). Oak masting provides
an increase in resource availability that ripples through the food web: directly and indirectly raising
the populations of all four of the species described above. Masting attracts large populations of all
four species in a concentrated area, which raises the chances of ticks becoming infected with
Borrelia burgdorferi and consequently infect humans two years after masting occurs (Jones et al.,

1998).

In the Carson Range of western Nevada, Jeffrey, ponderosa, and sugar pine seeds experience
increased animal-mediated seed dispersal in masting years (Vander Wall, 2002). In years of high pine
productivity, scatter-hoarding rodents cached seeds in multiple caches, some almost 30% further
from source trees than in non-mast years (Vander Wall, 2002). This is significantly different in
comparison to rodent behaviour in intermast years, where seeds are often cached in one location
relatively close to the tree-of-origin. The higher number of caches in masting years led to a higher

frequency of forgotten caches and increased seed propagation.

The frequency of each masting event is irregular across their respective ecosystems, and the

primers for these events are also a topic of debate. It is a general consensus, however, that the
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catalyst for synchronized masting lies in plants’ responses to weather (Janzen, 1971; Kelly et al.,
2013). A study on valley oak (Quercus lobata) in California found correlations between microclimate
and acorn production, suggesting that warm April temperatures triggered synchronized masting
(Koenig et al., 2015). High average temperatures resulted in a cascade of phenological and climatic
effects, including: homogenizing of oak microclimates, more temporally concentrated flowering,
higher available pollen in the atmosphere, and consequent larger acorn crops (Fernandez-Martinez
et al., 2012; Koenig et al., 2015). Koenig et al. (2015) hypothesize that a warming climate may lead to
less microclimate variability in the future and less intense differences in acorn crop sizes as a result.
Other researchers argue that seasonal temperatures are not what cue high masting years but
differences in temperature between the two previous growing seasons (Kelly et al., 2013). This
“weather as a cue” hypothesis concludes that while there may be gradual increases in mean annual
temperatures, differences between consecutive years will likely be very subtle, and synchronous
mast fruiting will be relatively insensitive to climate change in this regard (Kelly et al., 2013). The
base of knowledge trying to understand whether climate change has an effect on El Nino — Southern
Oscillation is still in formative stages, however any variation in ENSO frequency or intensity that
results from climate change may have deep consequences on global masting cues (Gergis & Fowler,
2009). Yet regardless of their ecological cues, the spatial scale and community involvement of
masting events vary greatly between systems, with Indonesian Borneo providing an extreme

example.

2.4 Natural history of masting in Borneo

With more than 3,000 tree species existing in Indonesian Borneo alone, the island provides a
highly diverse resource base for its faunal communities (Christenhusz & Byng, 2016). One of the
island’s many plant families has gained notoriety for its widespread, supra-annual mast fruiting
events. Dipterocarpaceae is a family of trees comprising 16 genera and 695 recorded species that
occur throughout the tropics (Christenhusz & Byng, 2016). Also known as “dipterocarps”, this family
of tree, as well as some members of the Burseraceae, Fagaceae, Myristicaceae, Polygalaceae, and
Sapotaceae families are mostly responsible for the large-scale mast fruiting that Borneo as well as
other areas of Southeast Asia experience supra-annually. Leading theories suggest that
dipterterocarpaceae originated in seasonal tropical environments due to their strong floral trigger at
the beginning of the dry season (Ashton et al., 1988). Once they migrated to the aseasonal tropics,
they speciated into the diverse family that we know today, but still largely retained their

synchronous fruiting characteristics.
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More than 95% of dipterocarp pollination is performed by three species of thrip insects
(Thysanoptera). Thrips are well suited as pollinators for synchronized flowering species as their
generations experience quick turnovers with high average fecundity: allowing quick population
responses to sudden fluctuations in dipterocarp productivity (Ashton et al., 1988). In turn,
dipterocarps have developed their own adaptations to ensure high pollinator efficiency when they
do flower en masse. Specifically within the Shorea genus of dipterocarps, flowering times during a
mast year have been observed to stagger between stands; lowering competition for pollinators
(Ashton et al., 1988). Unlike many of their temperate cousins, dipterocarp seeds are dispersed solely
by wind (Curran & Leighton, 2000). The Greek origin of their name, translated to “two-winged fruit”,
is a telling description of the morphological adaptation for several members of this family that slows
the seed’s fall from the tree and allows it more time to be carried by the wind further away from its
parent (Ashton, 1988). Although wind is their sole seed distributor and animal herbivory has no
direct benefit for dipterocarps through endozoochory, predator satiation may allow for increased
survivorship of seedlings following a mast fruiting event (Williamson & Ickes, 2002). The role of
environmental cues for supra-annual masting is also still under debate, although there are a few

leading theories.

Some environmental explanations of dipterocarp mast fruiting are based on meteorological
observations. In peninsular Malaysia, Shorea and Mutica species experienced mass flowering 8-9
weeks after short but significant drops in the usually narrow, high nightly temperatures ranges
(Ashton et al., 1988). In addition to this, 4 periods of high dipterocarp productivity between 1987
and 1998 were also found to be highly associated with El Nifio-Southern Oscillation (ENSO) events
(Curran et al., 1999). Curran et al. (1999) suggests that ENSO years provide the climate conditions
that cue mast fruiting of dipterocarps in Borneo, and any fluctuations in these conditions (whether
natural or human-induced) will likely have significant consequences on these plants’ future seeding
and recruitment. Throughout Indonesian Borneo, the lower average annual rainfall that is also
strongly linked to ENSO years has been shown to exacerbate the annual dry-season fires initiated
primarily by the logging and agricultural industry (Salafsky, 1994). Increasing wildfires are not only a
symptom of climate change, but also a contributor to change in their own right. In a study focused
mainly on North American wildfire events, smoke particles lead to a reduction in surface
temperatures and rainfall, effectively extending drought periods that may have facilitated the fire in
the first place (Liu et al., 2014). How wildfire-induced changes in climate affect Borneo and the
environmental cues that trigger masting is unknown but may be a crucial element in projecting

forest productivity into the future.
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To understand the importance of temporal fluctuations in fruit productivity in Borneo, a
description of the main fruit contributors within the intermast period is necessary as well. The 750
species that comprise the Ficus genus play a huge role in this respect, and the 150 species of native
and non-native figs that occur in Borneo provide fruit for the island year-round (Shanahan, 2000).
Figs occur in a variety of forms, such as trees, shrubs, vines, epiphytes, and hemiepiphytes (including
the well-known strangler figs) (Mackinnon et al., 1996). Such high variation amongst the genus
allows figs to thrive in pioneer, secondary, and primary forests across elevational gradients
(Harrison, 2001). Figs, unlike dipterocarps, fruit asynchronously even within populations of the same
species, yet create short-lasting, intense crops of ripe fruit in their respective locations (Lambert &
Marshall, 1991). Fig fruits have already been shown to be attractive in Bornean mammals. Faecal
samples taken from 13 Bornean species of squirrels, rats, and treeshrews over a 2 year period
displayed fig seeds 11% of the time (Wells et al., 2009). Other genera of native plants provide fruit in
the intermast period by fruiting often (Girroniera) or by fruiting with high asynchrony between
individuals (Artabotrys, Syzygium, and Diospyros) (Dillis et al., 2015). For the Bornean endemic, the
white-bearded gibbon, asynchronous fruiting is the best predictor of how commonly they include a
plant genus in their diet (Dillis et al., 2015). Whether this is a product of the exclusively-arboreal
gibbon’s specialized feeding ecology has yet to be seen, and further calls into question how closely
terrestrial frugivores share this inclination towards asynchronous species. Understanding terrestrial
frugivore and seed predator involvement in asynchronous and synchronous masting not only sheds
light on their feeding ecology, but may inform conservationists as to the resiliency of Borneo’s forest
community in the face of continued anthropogenic disturbance. Concern is growing over the
invasive pioneer tree, Bellucia pentamera, in Borneo’s forest due to its hyper-productive and high-
frequency fruiting (Dillis et al., 2018). If high frequency, asynchronous fruiting does prove to be an
attractive trait for terrestrial frugivores, B. pentamera may find no shortage of seed-dispersers
willing to encourage its spread through Borneo, perhaps even to the detriment of other

endozoochorous species.

2.5 Terrestrial species of Borneo and their diet

Borneo is home to a diverse collection of terrestrial vertebrates, many of whose diet is
described but largely unquantified. For many of these herbivore species, descriptions of their
feeding behaviour extend only as far as to “fruits, seeds, new growth, etc.” without specifying
species, dietary staples, or seasonal variations. For some of the more charismatic predator species,

such as N. diardi, F. bengalensis, and P. marmorata; their diet is largely anecdotal or recorded in
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one-time observations, and further elaborations on their feeding behaviour is lacking (Borries et al.,
2014; Rabinowitz et al., 1987). Some well described diets do exist, however, such as with V.
tangalunga and S. barbutus. These reports shed light on the importance of fall-back fruits in
intermasting cycles as well as which floral groups provide these resources (Colén, 2002; Hancock et
al., 2005). In addition to the dietary composition of each mammal largely being unknown, their
interspecific interactions in response to food availability are mostly a mystery below the forest
canopy as well. For a more detailed description of the terrestrial community of Gunung Palung,

please see section 1.3 in my General Introduction.

2.6  How food availability and plant structure affect species distribution and
abundance

Study sites in systems outside of Borneo have touched upon faunal responses to changes in
fruit diversity and abundance. A study in Puerto Rico compared native bird feeding behaviour in two
coffee plantations that incorporate fruiting shade-trees into their design, one with a near-
monoculture of the shade tree Inga vera, and another with a diverse community of more than ten
shade-tree and shrub species (Carlo et al., 2004). Overall, bird activity had a positive relationship
with shade-species fruit abundance, but the more div