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Abstract

Tropical forests are being destroyed at a rate of 1.5 acres every second due to human
activities, thereby accelerating climate change through impacts on the carbon cycle and
causing the extinction of species dependent on these habitats. In the face of such immediate
and globally significant issues, there is a lack of robust scientific knowledge on how tropical
deforestation and degradation affects ecosystem stability and the fauna that inhabit tropical

forests.

As anthropogenic disturbance removes available habitat for rainforest species and degrades
remaining forests, a multitude of species are threatened. There is a need to develop
methods to rapidly assess tropical forest structure and relate this to habitat quality for
keystone species, like primates. Only upon understanding the impacts of degradation on
forests and their inhabiting animals can effective conservation methods be planned. This
project aims to investigate the effects of forest degradation on primates over a large study
site using innovative data collection methods, as well as enabling the identification of areas
of conservation importance and the modelling of future predicted climate change effects on
the well-being of primates inhabiting degraded forests, addressing the possible synergistic

effects of forest degradation and climate change on primate species at a landscape scale.

The findings of this project show that Sikundur in Northern Sumatra, a degraded tropical
forest, is highly climatically variable. This climatic variability in turn alters how and when
siamang range within the forest canopy. Due to the structural and climatic heterogeneity of
the Sikundur landscape, different primate species are more abundant in different areas, with
more morphologically and behaviourally specialist species dependant on specific structural
elements with the forest. Although identifying historical forest degradation is problematic do
to microtopography variation in Sikundur, modelling of future climate change shows that both
anthropogenic disturbance and microtopographic variation may render some areas of
Sikundur less suitable for primate species in the future. For species with narrower habitat
requirements, climatic change is likely to have more impact, disproportionately effecting

sympatric species.

This thesis contains four data chapters with an introductory chapter and a discussion
chapter. Chapter 1 reviews the available literature on the potential impacts of forest
degradation on arboreal primates within the study site. Chapter 2 assess the effects of forest
structure on microclimates within tropical rainforest canopy, with detailed recording of
temperatures within the canopy. Both data collection and microclimate modelling indicate a
highly diverse climate environment in the Sikundur forest canopy, with vertical temperature
gradients potentially having a substantial impact on arboreal primates. Chapter 3 relates the

synergistic relationship between forest degradation and microclimate on the behaviour and



ranging of siamang, Symphalangus syndactylus. Results suggest that siamang are limited in
their ability to behaviourally thermoregulate effectively in low cloud cover due to the limiting
factors of near-exclusive arboreality and territorial defence. Chapter 4 assesses the
abundance of three primates pe ci es, T h oRmsytd thonad, theg lar gibbon
Hylobates lar verstitus, and siamang, in relation to anthropogenic disturbance and forest
structure at a landscape scale. In this study, the more behaviourally and ecologically
specialist lar gibbons show clear habitat preferences. Thomas langur are seemingly adverse
to anthropogenic disturbance whilst siamang habitat requirements, despite extensive
vegetation surveys, remain unclear. Chapter 5 models the effects of future predicted climate
change on the habitat suitability of siamang and Sumatran orang-utan, Pongo abelii,
inhabiting the degraded forests of Sikundur. Results in this chapter indicate that areas of
forest degradation and areas subject to intense solar radiation due to forest structure

variation will be less suitable for arboreal primates in the future.

This research contributes to a greater understanding of the effects of selective logging and
climate change on tropical forests, vegetation structure and climate change on primate
behaviour and ranging, and sheds light on the prospect of primate species survival in the
face of anthropogenic disturbance. Additionally, it provides innovative, cost effective
methods for the study of 3-dimensional forest structure and arboreal microclimate and the

analytical techniques that apply these data to potential conservation actions.
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Chapter 1. Introduction: Impacts of forest degradation on arboreal primates

A rising human population, together with increased affluence in post-industrial economies
has caused a rise in the demand for luxury products such as tropical timber, biofuels and
plant oils. In 2014, the International Tropical Timber Organization exported over 15.8 million
tropical non-coniferous logs worth $5.9 billion (ITTO, 2014). As a consequence of this
demand for tropical timber, only 18% of tropical nations report more primary than
regenerating forest, due to logging events (FOA, 2010). Forest degradation, measured by
partial canopy cover loss, affected 185 million hectares between 2000 and 2012, with over
156 million hectares within tropical forests (van Lierop et al., 2015). The effects of selective
logging on the ecology of tropical forests and their inhabitants is still poorly understood, as
most studies lack comparable pre- and post-logging data (Laufer et al., 2013). Quantitative
measures of selective logging are equally challenging, through both the uneven distribution
of valuable tree species and the collateral dama
logged forest cannot easily be classified as logged and non-logged, but rather exhibits
heterogeneous gradients of degradation (Struebig et al., 2013). Selective logging can have a
relatively low impact compared with other forms of anthropogenic disturbance, such as
fragmentation and fire, in terms of reduced habitat (Chaves et al., 2012, Barlow et al., 2006)
with most logged-over forests containing at least 50% of the biomass and more than 75% of
the species compared to undisturbed forest (Berry et al., 2010, Putz, 2012). However, for
long lived species inhabiting these forests, there may be a form of extinction debt hidden by
this discrete form of habitat disturbance, the full effects of which have not yet become
apparent (Tilman et al., 1994, Vellend, 2006).

Though species richness of tropical forests appears resilient to logging events (Edwards et
al., 2011), the response of taxa varies widely (Berry et al., 2010, Marsh et al, 2016). Many
studies show clear shifts in species composition (Hall et al., 2003, Ernst et al., 2006), but
with few clear discernible patterns between those species most affected (bats, Peters et al.,
2006; apes, insectivorous birds, Poulsen et al., 2011, butterflies, Summerville and Crist,
2002).

Whilst species composition can be strongly impacted by forest degradation, another defining

aspect of modern anthropogenic land-use change and subsequent industrialisation is climate

change, caused by an increase in figreenhouseo0 ga
(Searchinger et al., 2008, Stainforth et al., 2005). Land-surface temperatures in tropical

rainforest regions have risen by ~0.25°C per decade since the mid-1970s (Malhi and Wright,

2004) and are projected to rise by 3-8 °C over the 215 century (Malhi et al., 2009). Tropical

regions which are largely landlocked will experience higher rates of warming than those with

large areas bordering oceans, such as Southeast Asia (Graham et al., 2016). However, as a

1



consequence of the stable climates that Southeast Asia experiences, both over seasonal
and millennial timescales, many organisms that inhabit these areas have narrow thermal
niches (Tewksbury et al., 2008). These organisms may be close to a thermal threshold
where only a moderate degree of warming would lead to a marked decline in fithess
(Deutsch et al., 2008). The application of climate envelope models predicts large declines of
tropical biodiversity in a warming world, especially in the lowland tropics (Colwell et al.,
2008). These two effects, forest degradation and climate change, impacting in synergy,
could have profound effects on organisms which have evolved to survive in tropical
rainforest environments (Ahumada et al., 2011, Corlett, 2011). Species which have both
narrow thermal thresholds and reliance on the complex homogenous structure of tropical
forests could be most adversely affected by selective logging and climate change (Brodie et

al., 2012). One taxonomic group that falls under this classification is the order Primates.

Previous research has shown that changes in forest structure due to selective logging alter
the behaviour and densities of primates (Marshall et al., 2009). Similarly, microclimate
changes in degraded areas have also been shown to drastically alter how and when
primates use disturbed areas of forest (Suggitt et al., 2011, Takemoto, 2004). Garber et al.
(2006) suggest that species-specific ecomorphological adaptations and social structures
govern species' ability to survive in disturbed habitat, with frugivorous, large bodied primates
found to be most adversely affected by habitat degradation and removal (Link et al., 2010,
Marsh et al., 2016), whilst other, less specialised, behaviourally adaptive species are able to
weather the effects of anthropogenic disturbance. These studies suggest that dietary and
behavioural flexibility of some primate species may offer some resilience to anthropogenic

disturbance.

The lowland equatorial forests of the Leuser Ecosystem, Northern Sumatra, home to a
diverse range of primate species and subject of past logging events, offers an excellent
location to study the responses of tropical forests and primates to anthropogenic
disturbance. Multiple sympatric primate species have inhabited areas of lowland dipterocarp

forest since the late Miocene, forcing each species to adopt separate ecological niches.

This study aims to explore the synergistic relationship between selective logging and
microclimate changes within forest canopies on the behaviours and ranging of multiple
primate species. This project will develop methods that can rapidly assess habitat quality
over large areas and apply this to the behaviour and ranging, as well as abundance of
primate species, enabling the prediction of how forest degradation and future climate change
may affect primate communities that have evolved within narrow thermal thresholds. As well
as exploring the interplay of ecological variables and anthropogenic disturbance on habitat

guality for primates, this project will also develop a low-cost method that will enable this, and



future projects, to conduct ecological surveys of large areas of tropical forest, evaluating

levels of degradation and the effect this may have on the fauna inhabiting them.

1.2 Research Questions

The research questions of this project, in a broad sense are:

1. How are arboreal primates affected by inhabiting historically selectively logged

forest?
And,
2. How will future climate change affect tropical forests and their primate inhabitants?

To address these, this project will relate gradients of anthropogenic disturbance to relative
changes in primate abundance, behaviour and ranging, with an aim to highlight possible

effective conservation actions.

The hypothesis that this project is testing is that multiple measurable ecological variables in
tropical forests correlate, enabling detailed small-scale terrestrial data (vegetation plots,
microclimates) to be predicted by large-scale aerial data (from Unmanned Aerial Vehicles -
UAVS), which, in turn are determinants of the occurrence, abundance and behaviour of

arboreal primates.

1.3 Research Objectives

To achieve these goals, the following objectives will be accomplished:

Objective 1. By conducting vegetation surveys and microclimate measurements, assess the

impacts of forest structure on microclimate variability within the forest canopy (Chapter 2).

Objective 2. After habituating a group of siamang to the presence of researchers, collect
behavioural and ranging data of the group to assess how forest structure and microclimate
fluctuations impact their behaviour (Chapter 3).

Objective 3. Using wide ranging UAV vegetation surveys and surveys of primate abundance,
explore how habit structure and disturbance affects gibbon, langur and siamang species

abundance at the landscape scale (Chapter 4).

Objective 4. Using data obtained from O1 and O2, model various future scenarios of climate
change to predict the response of primate species to possible environmental change
(Chapter 5).

To achieve the objectives, two linked data collection regimes took place, one at the

community scale and one at the landscape scale. Community-scale data collection focused



on primate behavioural responses to forest structure and subsequent alterations in within-
canopy microclimate in a small (6km?) area. Landscape-scale data collection focused on
primate abundance in relation to forest structure and gradients of forest degradation over a
large (75km?) area. Both data collection regimes provided data to inform a predictive model
of canopy microclimates and primate habitat suitability, allowing a robust understanding of

how future predicted climate change will affect primate species.

Arboreal Microclimate Data

Vegetation Plot Data

or

3D Vegetation/microclimate model

Behavioural Data Abundance Data Climate Change Data

Objective 1 Objective 3

B heisacts of forestatretnne Explore how habituate structure and disturbance
g2 - affects gibbon, langur and siamang

microclimate variability within the forest canopy populations at the landscape scale

Objective 2 Objective 4
Collect behavioural and ranging data of the group
of siamang to assess how forest structure and
microclimate fluctuations impact their behaviour.

Predict the response of primate species
to possible future climate change sceanrios

v v

Chapter 2 Chapter 3 Chapter 4 Chapter 5
Measuring and modelling Siamang behaviour The effects of vegetation structure The simulated impacts of
microclimate in a degraded in relation to canopy and anthropogenic disturbance climate change on two
tropical forest structure and microclimate on the abundance of three

sympatric arboreal ape
sympatric primate species species

Figure 1.1 - lllustrative flow diagram of thesis structure and objectives



1.4 Primate Conservation

The worl dés primate populations are on the decli
species are now threatened with extinction and ~75% have declining populations (IUCN,

2016) due to escalating anthropogenic pressures (Estrada et al., 2017). It is essential that

we understand how their conservation status is affected by anthropogenic disturbance. Our

closest biological relatives, primates, are an essential component of tropical biodiversity,

contributing to forest regeneration and ecosystem health (Malhi et al., 2014). By identifying

the major threats to primate communities, observing patterns of change, measuring primate

densities and predicting how human activities might affect primates in the future, studies can

assist in developing successful conservation strategies aiding in the direct protection of

primate species and the indirect protection of the areas they inhabit (Grow et al., 2010). For

example, a notable recent success in primate conservation, the golden lion tamarin

conservation programme (GLTCP), restored a population of less than 170 individuals

inhabiting the Brazilian Atlantic coast forest to a currently viable population of 1600 (Dietz et

al., 1994, Kerr et al., 2016). The GLTCP conducted continuous monitoring of the remaining

wild population of golden lion tamarins (Leontopithecus rosalia) from 1983, which allowed a

set of specific conservation goals to be developed, targeted actions to be taken, the

effectiveness of these actions to be evaluated and the goals and strategies to be adjusted as

knowledge of the species increased (Kleiman et al., 1986, Kleiman et al., 2000, Kerr et al.,

2016). The success of the GLTCP is not only measured in population numbers of golden lion

tamarins, but also the effect on the preservation of their preferred habitat. 10,604 hectares of

Atlantic coastal forest are now permanently protected due to conservation efforts, securing

the biodiversity of all species in this area (Kleiman et al., 2000). In this way, primate species

can serve as biodiversity indicatorsand Aumbr el |l a specieso. Primate
requirements are broad enough that their presence is a good indicator of biodiversity of the

region (Rijksen & Meijaard, 1999). For instance, if orang-utans (Pongo spp.) are present at

high densities in Southeast Asian forest then the area is likely also to contain at least five

other species of primates, at least five species of hornbills, at least 50 different fruit-tree

species, and 15 liana species (Rijksen & Meijaard, 1999). In this regard, many primate

speciesd habitat requirements are broad enough t
protective management or conservation actions, then biodiversity of species within its range

would also be preserved (Lawton et al . | 1998, Ca
Goodman, 2015).

Primates as a taxonomic group vary widely. Most species have evolved in complex
environments in which multiple primate species live sympatrically, with varying diet, life
history, fecundity, locomotive patterns, and subsequently exhibit differing habitat

requirements. Species that inhabit the same environment inevitability specialise to take



advantage of distinct and relatively separate ecological niches, a process called niche

differentiation (MacKinnon and MacKinnon, 1980). Varying habitat requirements across

sympatric species is often apparent in a species

disturbance (Manduell et al., 2012, Hoffman and Riain, 2012, Marshall et al., 2010, Marsh et
al., 2016, Wieczkowski and Kinnaird, 2008). Some primate species are behavioural and
morphological generalists and have developed the behavioural plasticity that allow them to
persist in anthropogenically disturbed habitats (collared lemur, Eulemur collaris, Donati et al.,
2011; howler monkeys, Alouatta palliata, Cristobal-Azkarate and Arroyo-Rodriguez, 2007;
diademed sifaka, Propithecus diadema Irwin 2008; moustached guenon Cercopithecus,
Tutin, 1999; black and white colobus, Colobus guereza, Gillespie and Chapman, 2008),
whilst morphological or behavioural specialists appear to be more vulnerable (bearded saki
monkeys, Chiropotes satanas chiropotes, Boyle and Smith, 2010; red colobus, Piliocolobus
rufomitratus, Gillespie and Chapman, 2008, Schwitzer et al., 2011). However, some primate
species show an extraordinary ability to adapt to environmental change (Garber et al., 2006).
In Madagascar, the diademed sifaka (Propithecus diadema) inhabiting in fragmented forests
minimized energy expenditure by utilising fallback food sources and reduced daily path
length, when high-energy fruit resources were unavailable (Irwin, 2008a, 2008b). The
collared lemur (Eulemur collaris), also inhabiting forest fragments, increased time spent
travelling and feeding, and reduced group size in response to reduce calorific intake (Donati
et al., 2011). In Gabon, the moustached guenon (Cercopithecus cephus) increases the
degree of fission-fusion group dynamics in response to forest degradation, to decreasing
intraspecies feeding competition (Tutin, 1999). Given these varied adaptions to
environmental change, understanding how each species within a primate community
responds to ecological fluctuations is of prime importance in identifying which conservation

actions may benefit specific or multiple species.

1.4.2 Primate conservation in Indonesia

Il ndonesiabs 17,000 islands are home to a diverse

which are at risk of extinction. The IUCN/SSC Primate Specialist Group (IUCN/SCC 2008)
classified over 84% of the over 40 Indonesian primate species as threatened with extinction.
Due to its volcanic geology (Hall and Holloway, 1998), climatic stability (Gathorne-Hardy et
al. 2002), and associated rapid speciation processes (Whitmore 1987), the Southeast Asian
islands are extreme biodiverse (Myers et al. 2000), but much of their biodiversity is
threatened with extinction. As well as high levels of biodiversity, Indonesia is also one of the
most populated countries in the world, home to 245.45 million people in 2014 (World Bank,
2014). Human population growth, coupled with industrialization and the lack of effective
governmental protection, threaten Indonesi

Conservation efforts are more necessary than ever before, though it is difficult to develop
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plans that consider both the needs of a growing human population and the habitat
requirements of primate species (Sodi et al., 2010). Conservation efforts of primate species
in Indonesia have repeatedly been unsuccessful. In 2007, President Susilo Bambang
Yudhoyono | aun c Bteatgy bnd Actiam @lanifoa Matonal Conservation of
Orang-utans. Since the launch of this programme, there have been no land-use changes
made that might safeguard orang-utan populations (Meijaard, 2014). In Sumatra, satellite
imagery has shown that protected areas experienced similar levels of deforestation to areas
allocated for commercial logging (Gaveau et al., 2009). Understanding the impacts of
degradation within both protected and non-protected areas of orang-utan and other
endangered primate species habitat is of key importance to safeguarding these populations
under present conditions (Tang et al., 2010). By presenting accurate data to government
agencies on the impacts of illegal 1l ogging withi
as endangered primates, a potential outcome of this study is to incentivise the active

protection of these areas.

For primate species, dietary and behavioural flexibility may offer some resilience to

anthropogenic disturbance. The extreme adaptability of primate species may be due to their

unique physiological traits. Primates display a unique brain-to-body mass ratio (Fleagle,

2013) . Large brains relative to body size may pr
behavioural flexibility for species inhabiting altered environments (Sol, 2008, 2009). Large

brains in primates, specifically neocortex size, has also been linked to social group

complexity, termed the fisocial Dbrain hypothesiso
hypot hesi so c¢ | ai mssuadhasslindvgl,ifotaging amd rearind offspring are

more effectively solved socially than by an indi
energetically expensive large brains are only possible if species live socially (Dunbar, 1992).

Indonesian primates present an obvious contradiction to these two theories, as the

Sumatran orang-utan, siamang and Sumatran lar gibbon are all ape species with low group

numbers. The Sumatran orang-utan, large-brained yet mostly solitary, Critically Endangered

though with one of the broadest diets among extant primates is the most striking of these

three examples. There must be other factors that are more influential than their recent

evolutionary past that causes the currently low group numbers and low population densities

in Pongo abelii, Symphalangus syndactylus and Hylobates lar vestitus. Studies of 19"

Century accounts of primate encounters have concluded that orang-utans occurred at

significantly higher densities than those which are currently seen (Meijaard et al., 2010). This

apparent dramatic fall in population numbers was theorised to be due primarily to hunting

(Meijaard et al., 2010). In Kalimantan, survey data showed that between 44,170 and 66,570

orang-utans wer e kil led within the respondentsdé actiyv
19307 2010) (Davis et al., 2013). Much of our current ecological understanding of orang-

utans and other Indonesian primate species may be based on field studies of animals living



at | ower densities than they did historical

high deforestation rates (2001-2014: 18.5 millon hectares, Global Forest Watch, 2017)
Southeast Asian primates, and the biodiversity of the region as a whole, have seen

consistent declines (Sodhi et al., 2004).

The primate species known to inhabit Northern Sumatra and their IUCN Red List statuses
are: the Sumatran orang-utan (Critically Endangered), Sumatran lar gibbon (Endangered),
siamang(Endanger ed) , T Hoeshgs Themasi, ¥uingrabie), ilvery lutung
(Trachypithecus cristatus, Near Threatened) long-tailed macaque (Macaca fascicularis,
Least Concern) and Sunda slow loris (Nycticebus coucang, Vulnerable). This study will focus
on the three most threatened primate species, the Sumatran orang-utan, Sumatran lar

gibbon and siamang.

1.4.3 Sumatran orang-utan (Pongo abelii)

Theorized to have a wide distribution during the Pleistocene (2,588,000 to 11,700 years ago)
spanning Southeast Asia and mainland Asia, including areas between Vietnam, Northern
India and Southern China, wild orang-utans now only inhabit Sumatra and Borneo
(Goossens, et al., 2009). The islands of Borneo and Sumatra are isolated from one another
by the South China Sea, a separation that has been in place for at least 8000 years
(Harrison et al., 2006). Until recently, orang-utans were classified as a single species with a
Bornean (Pongo pygmaeus pygmaeus) and Sumatran (Pongo pygmaeus abelii) subspecies
(Delagado and van Scaik, 2000). Analysis of mitochondrial DNA (mtDNA) led to the
elevation of the two subspecies to species level in 1996 (Xu and Arnason, 1996), with DNA
analyses showing a high degree of genetic diversity between these two orang-utan
subspecies, more so than that between African apes and humans (Fischer et al., 2006). A
meta-analysis of multiple genetic studies of orang-utans supports a divergence between
Bornean and Sumatran orang-utans between 2.7 and 5 million years ago (Steiper, 2006).
However, the recent description of a third species, Pongo tapanuliensis, with fewer than 800
individuals inhabiting the Batang Toru region of Sumatra, has shed more light on the
evolutionary relationship between Sumatran and Bornean populations (Nater et al., 2017).
Pongo tapanuliensis likely represents the oldest evolutionary lineage of the genus Pongo,
with a split from more northern Sumatra populations hypothesised to have occurred 3.38
million years ago (Nater et al., 2017). Mitochondrial DNA analysis shows Pongo
tapanuliensis is more similar to Bornean orag-utans than Pongo abelii, with a split between

these populations likely to have occurred ~674 thousand years ago, presenting a relatively

complex picture ofthe Pongogenus & speci at iNateretah d014 Nasupianr s a |

et al., 2018).
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Current Asian primate classification recognizes two orang-utan species inhabiting the island
of Sumatra (Pongo abelii and Pongo tapanuliensis) and three subspecies inhabiting the
island of Borneo, Pongo pygmaeus pygmaeus, in the northwest and Pongo pygmaeus
wurmbii in the southwest and Pongo pygameus morio in East Kalimantan (Brandon-Jones et
al., 2004). Physiologically, Pongo abelii have slightly narrower faces than Pongo
tapanuliensis and Bornean orang-utans, due to mandibular variation which is itself
systematic of the variation in diets between Pongo abelii, Pongo tapanuliensis and Bornean
Pongo pygmaeus subspecies; P. p. pygmaeus, P. p. wurmbii, and P. p. morio. Pongo abelii
is a more frugivorous species than its Bornean counterparts due to the high availability of
fruit on the island of Sumatra in relation to Borneo (Wich et al., 2006), caused by the
apparent higher soil fertility in Sumatra compared with Borneo. (MacKinnon et al., 1996;
Rijksen and Meijaard, 1999). Volcanic eruptions that partly formed the island of Boreno took
place before those in Sumatra (MacKinnon et al., 1996) and its more eroded volcanic rock

reduces soil fertility, which in turn reduces forest productivity (Wich et al., 2006).

The high productivity of Sumatran forest enables orang-utans to rely on a fruit-based diet,

even in times of fruit scarcity, unlike Bornean orang-utans whi ch rely heavily on
food sources such as unripe fruits, leaves, epiphytes, lianas and bark (Knott, 1998). Whilst

there is inter-population variation in orang-utan diets (MacKinnon, 1974), fluctuations in fruit

supply seem only to effect activity budgets and not the majority of food resource eaten, with

populations inhabiting masting forests being less active than populations in non-masting

forests (Morrogh-Bernard et al., 2009).

The orang-utan is unique among ape species, in that it has two distinct male morphs,
flanged and unflanged (Fleagle, 2013). Flanged males develop broad facial flanges and
grow to a body size that can be over twice that of females. Both morphs can be
reproductively active, but flanged males seem to be the preferred sexual partner for fertile
females (Fox, 1998, Utami et al., 2002), though this additional reproductive success may
come with an additional energetic expenditure due to increased body weight (Morrogh-
Bernard et al., 2009).

The availability of high-quality food items is predicted to be a governing force in orang-utan
sociality, given that temporary party sizes and copulation frequency increase in Borean
orang-utans during periods of high fruit availability (Knott, 1998). However, few studies have
shown a statistically significant increase in party size, or sociality, during periods of fruit
abundance in Sumatran orang-utans (Wich et al, 2006), suggesting that the origins of the
orang-utands current ext r e-fuasion goeial dynamios sterhs fromas s i o n

previous, more cohesive social system which has since been dispersed due to



environmental change (Carne et al., 2012). The current orang-utan social system has
previously been described as: an age-graded male group with adult males acting as range
guardians for their reproductively active sub-adult male relatives (MacKinnon, 1979), a
dispersed social system with promiscuous mating with strong male-male competition
(Rodman & Mitani, 1987), and a variant of this model, with an emphasis on female choice
(Schurmann & van Hooff, 1986). Given the now accepted model that female distribution and
relationships are a response to the distribution of risks and resources in the environment,
and male distribution and relationships are a response to the spatiotemporal distribution of
mating opportunities (Davies, 1992), a highly-dispersed form of social organisation would
initially suggest that a reduction in available resources has led orang-utans to their current

form of social system (Harrison and Chivers, 2007).

Given that orang-utans have extremely slow life histories, with the longest inter-birth

intervals, lactation periods, and juvenile dependency of any non-human primate (Galdikas

and Wood, 1990, Knott, 2001, Wich et al., 2004), they are extremely sensitive to outside

factors that may cause population declines (Rijksen and Meijaard, 1999). Currently listed as

Critically Endangered by the International Union for the Conservation of Nature (IUCN) Red

List and |Iisted as one of the AThe Worl dbés 25 Mo
2004, 2006, 2008, 2014 and 2016 (Schwitzer et al., 2015), Sumatran orang-utans are

threatened primarily by habitat loss, habitat degradation and habitat fragmentation

(Robertson and van Schaik., 2001). Deforestation rates in Sumatra are amongst the highest

in the tropics. Accessible lowland forests, which support the highest densities of orang-

utans, are particularly vulnerable to clearance and fragmentation (Cambell-Smith et al.,

2011) . Wich et al. (2001) reported that 49. 3% o
and 2007. Given that the loss of as little as 1% of females each year can place populations

on an irreversible course to extinction (Marshall et al., 2009), developing conservation plans

to enable the effective protect i dosrcrucaftotteumatr ads

survival of Pongo abelii.

In Sikundur, the study site for this project, Pongo abelii have shown some resilience to the
effects of anthropogenic disturbance (Knop et al., 2004) though other sites have
demonstrated that recent logging activities negatively affects orang-utan densities,
(Engstrom, 2000; Rao and van Schaik, 1997; Rijksen, 1978; Robertson and van Schaik,
2001; van Schaik and Azwar, 1991; van Schalik et al., 2001; Wich et al., 2003). However,
orang-utan densities in Sikundur are seemingly very low (<1 ind/km?) (Knop et al., 2004)
compared with other sites (van Schaik et al., 2001; Wich et al., 2003), possibly due the low
densities of large strangling figs, an important fall-back food source for orang-utans (Wich et

al., 2004). This supports the theory that lowland dipterocarp forests in Sumatra have a low
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carrying capacity of orang-utans due to the dominant dipterocarp tree family not being
important food sources for orang-utans, except in mast years. The historic selective logging
of these areas may not significantly affect the availability of food sources for orang-utans but
may allow other food source trees to prosper in a previously dipterocarp dominated
environment, effectively leaving available food sources relatively stable, but dramatically

changing the forest structure.

1.4.4 Sumatran lar gibbon (Hylobates lar vestitus)

The emergence of small apes in Asia was nearly simultaneous (i.e., 161 14 mya) with the
split of large Asian apes from the rest of the hominoid line (Figure 1.1; Locke et al. 2011).
Unlike large Asian ape species, hylobatids appear as an exclusive Asian branch of hominoid
evolution, with no known representations in Europe or the Middle East (Perelman et al.,
2011). The gibbon speciation is estimated to have occurred between 9 mya and 4 mya when
the four major hylobatid genera Nomascus, Hoolock, Symphalangus, and Hylobates
emerged over a period of 2-3 million years (Chan et al., 2010, 2012). These four
phylogenetically distinct allopatric genera are hypothesised to have diversified due to
geographical separation (Chan et al., 2013, Thinh et al., 2010). However, this separation
was most likely followed by unidirectional gene flow between H. lar and H. moloch, between
H. agilis and H. muelleri, and between N. leucogenys and N. siki (Chan et al., 2013).
Subsequently, gibbons are the most diverse group of living apes. Due to a sparse fossil
record, there is currently little understanding of the biogeographic history of gibbons
(Chaterjee, 2001), though a number of scenarios have been proposed to describe the
radiation of hylobatid species. Groves (1972) proposed lowering sea levels, due to glaciation
in the Pleistocene causing eustatic sea level fall, as a contributing factor in the dispersal of
the lar group of gibbons. Chivers (1977) provides a robust assessment of the chronological
history of the paleoenvironment of Sundaland, the biogeographic region of Southeast Asia,
including the possible migration routes for different gibbon species. More modern works
using mitochondrial DNA (mtDNA) data provide a perhaps more accurate, if more complex,
picture of gibbon evolutionary history, suggesting a rapid Miocene radiation or sudden
variance event followed by gene flow (Roos and Geissmann, 2001; Raaum et al., 2005;
Israfil et al. 2011; Matsudaira and Ishida 2010; Perelman et al., 2011; Thinh et al. 2010a;
Meyer et al., 2012; Carbone et al. 2014).

As the global climate cooled and Asian forest contracted (Cannon et al. 2009), it is likely that
what once may have been a vast, continuous habitable forest stretching from West Europe
across Eurasia until Borneo (Morley et al., 1987, Grehan and Schwartz 2009), gradually

shifted into a matrix of forest fragments and savanna (Morley, 2000), in which only isolated
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tropical forests preserved a stable microclimate of low fluctuating ecological conditions. It is
under these conditions that the highly specialised form of locomotion of hylobatids evolved.
Hylobates have the longest forelimbs relative to body size of any living primates, enabling
their acrobatic form of richochetal brachiating travel, typically high in the canopy (Fleagle,
2013). Physiologically, Hylobates are the smallest extant apes (5-11kg), and the most
primitive, retaining many monkey-like features (ischial callosities, Vilensky, 1978). The small
body size of Hylobatidea has been interpreted as a derived adaptation during periods of
global climate change during the Mid-Miocene that became established before hylobatids

split into the four genera known today (Lewis et al. 2008).

The Sumatran lar gibbon, or Sumatran white-handed gibbon (Hylobates lar vestitus) is a
subspecies of the wider ranging Hylobates lar, found only in northern Sumatra. As with other
gibbon species Hylobates lar vestitus is primarily a frugivore, with 71% of its diet made up of
fruit (45% Ficus spp.), 24% insects, 4% young leaves and 1% flowers (Brockelman et al.,
1998). Earlier research on the social system and dispersal of Hylobates lar suggested highly
territorial, monogamous pairs living in family groups, with sub-adults forced out of the family
group at maturity (Ellefson, 1974). However, detailed long-term studies of multiple
habituated wild gibbon groups within the same area have shown multiple male take overs of
existing groups, juvenile males emigrating to neighbouring groups, and male dispersal an
average of two years after reaching maturity (Brockelman et al., 1998). Genetic studies have
confirmed that many gibbon offspring are the result of matings outside of the family group
(Barelli et al., 2008). Like most apes, Hylobates lar exhibit late age at first reproduction, long
interbirth intervals (Reichard & Barelli, 2008) and a long juvenile period which manifest
themselves in low rates of reproduction in the wild (Yanuar, 2009). Gibbons are highly
territorial and defend core home ranges with near daily calling bouts, complex duets
between bonded pairs which can be heard up to 1km away (Clarke et al., 2006). As well as
serving a territorial function (Geissmann, 1993) and potentially being individually
recognisable (Oyakawa et al., 2007), these calls provide researchers with the benefit of non-

invasive forms of data collection of non-habituated groups.

Hyl obat es I|highly arlbaeal sgeciatisation) frugivorous diet, and low fecundity

mean they are sensitive to anthropogenic disturbance (MacKinnon, 1986). In a

comprehensive study of gibbon population densities across 53 areas in Borneo, Cheyne (et

al., 2016) found gibbons present in all areas where there is forest; however, the quality of

forest affected population density. Forest block size affected longevity of populations, and

popul ations were seemingly susceptible to the 6c¢c
occupying smaller fragments were at unsustainably high densities. In Sumatra, primary

tropical rain forests, especially in the lowlands, have disappeared rapidly with the majority of
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land being converted for commercial timber concession, crop plantations or agricultural and
human settlements (Tomich et al., 2001). Forest degradation, in the form of selective logging
changes canopy structure (FAO, 1981, Jepson et al., 2001) and decreases potential habitat
availability for the mainly primary forest dwelling Hylobates lar (Johns, 1988). Subsequently,
Hylobates lar verstitus is currently listed as Endangered by the IUCN Red List of Threatened
Species. Within the Sikundur site, historical selective logging and forest loss at the borders
of the Gunung Leuser National Park is likely to compress the existing population into higher
population densities than are sustainable, especially given the heterogeneous nature of

forest degradation in the area (see Figure 2.5).

1.4.5 Siamang (Symphalangus syndactylus)

The siamang (Symphalangus syndactylus) is a monotypic, gibbon-like ape, which is
relatively under-studied; with most information from wild individuals originating from only a
few groups (Chivers, 1974, Chivers, 1976, Morino, 2012, Morino, 2016, Morino, 2017,
Lappan, 2007a, Lappan, 2007b, Lappan, 2008, Lappan, 2009a, Lappan, 2009b, Lappan,
2009c, Lappan, 2010, O 6 B r i a&.,r2008)tHaving diverged after the smaller
hoolock/crested gibbons from the stem hylobatid lineage (Figure 1.1), siamang present a
secondary increase in body size after hylobatids had already undergone substantial body
size reduction due to climate variability during the Mid-Miocene (Lewis et al. 2008, Jablonski
and Chaplin 2009). Recent molecular phylogeny studies have confirmed this, and so initial
theories that Symphalangus occupies a basal position in hylobatid lineage are unlikely

(Figure 1.1; Roos and Geissmann, 2001).

Symphalangus syndactylus in Sumatra shares almost the entirety of its distribution with the
white-handed gibbon (Hylobates lar) in the north, or the agile gibbon (Hylobates agilis), in
the south (Marshall and Sugardjito, 1986). Siamangs show greater folivory than other gibbon
species, their larger body size allowing for a longer intestinal tract, which allows for longer
digestive periods, potentially extracting additional nutrition from leaves (Chivers and
Raemaekers, 1986). However, studies of siamang and sympatric gibbon species show that
both display broad diets and broad dietary overlap, especially over seasonal time periods
(Lan, 1993). The siamang has almost twice the body weight of sympatric gibbon species (ca.
11-12 kg vs. 5-6 kg) (Jungers, 1984) and can exhibit larger group sizes compared to other
gi bbon species (mean 3.9 vs. mean 2.6 in Sumatr a
differences in ecology and behaviour between the siamang and the two sympatric gibbon
species; an exhibit of ecological niche differentiation (Caldecott, 1980). However, ecological
niche separation seems an inadequate explanation for their body size differences (Reichard
& Preuschoft, 2016). A relatively unexplored explanation for the larger body size of siamang
may be its ability to adapt to montane as well as lowland tropical forest. With a relatively
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smaller surface area to body mass, siamang would lose less heat energy in a cooler
environment than a smaller gibbon (Reichard & Preuschoft, 2016). Additionally, a more leaf-
based diet would allow siamang additional nutritional options as seasonal availability of fruit
becomes more pronounced and plant species diversity is reduced at higher elevations
(Cannon et al. 2007a, Cannon et al. 2007b). A study using data derived from the available
literature showed that siamang is better adapted to cooler climates at higher elevation (or
more northern latitudes), compared with hylobatids of smaller body size (Reichard &
Preuschoft, 2016).

Siamang have repeatedly been reported to show longer activity time, longer feeding time,
and less travel time compared with lar gibbons (Chivers and Raemaekers, 1986, Elder,
2009). Siamang have been shown to have shorter average day ranges than smaller
hylobatids (Bartlett, 2011). The behavioural ecology of siamang, consuming more leaves,
higher feed/forage ratio, and smaller daily ranges than sympatric gibbon species, seems to
point toward a sympatric association where each occupies relatively different ecological
niches, despite their apparent similarities. Siamang have been found at higher densities at
higher altitudes than sympatric gibbon species in Sumatra (Yanuar, 2009) and are seemingly
sensitive to disturbance (Nowak, pers. comm., 2016). Siamang, like gibbon and orang-utan
species, are threatened by deforestation and opport
et al., 2004). Between 1995 and 2000, almost 40% of the habitat for this species on Sumatra
was damaged or destroyed by logging, road development (which acts as physical barrier
and increases hunting rate) and conversion to agriculture or plantations (O'Brien unpubl.
data). The siamang is one of the most heavily traded gibbon species for illegal pet trade (V.

Nijman pers. comm, 2016).
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Figure 1.2 - Dated ape phylogenetic tree. Study species are highlighted in red. Adapted from; Roos
and Geissmann, 2001; Raaum et al., 2005; Fischer et al., 2006; Chatterjee, 2006; Jablonski and
Chaplin, 2009; Matsudaira and Ishida 2010; Thinh et al. 2010; Israfil et al. 2011; Perelman et al., 2011
and Carbone et al. 2014

1.5 Behavioural thermoregulation

The synergistic effects of forest degradation and climate change could have profound effects
on organisms which have evolved within the stable climatic envelope of tropical rainforests
(Ahumada et al., 2011). Mammalian tropical rainforest species typically have narrow thermal
tolerances and are already living near their upper thermal limits (Corlett., 2011). Changes in
climate and the creation of gaps with forest canopy can alter temperatures experienced by a
number of these species, placing them under thermoregulatory stress.
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In mammals, thermoregulation is the maintenance of temperature, ensuring optimal
functioning of the organism. Thermoregulatory capacities are strongly related to energy
balance. Energy expenditure is lowest when ambient temperature corresponds to the
thermoneutral zone (temperature tolerance range) of the animal (Terrien et al., 2001). In the
case of thermal changes, core temperature within the thermoneutral zone can be maintained
by physiological mechanisms such as shivering, sweating and panting (Kind and Farner.,
1961). These physiological changes inevitably cause increased rates of energy expenditure
(Cordain et al., 1998). However, behavioural adjustments can be made by species to lower
physiological responses, reducing energy costs, such as seeking locations which are within

the thermoneutral zone of the individual (Pruetz, 2007, Briscoe et al., 2014).

Temperatures above the thermoneutral zone can negatively affect oestrus in females and
social grouping of mammals in the long term (Anderson et al., 2006). In the short term, heat
exposure induces reduced energetic costs. Caloric intake at high ambient temperature has
been shown to reduce energy intake in some mammals (Zub et al., 2013). Conversely,
decreased locomotor activity in response to high ambient temperature has been repeatedly
observed, as locomotor activity in high ambient temperature increases energy expenditure
(Shido et al., 1991). The effects of heat exposure on mammalian energetics and survival is
far from linear (Levesque et al., 2016). Despite generally being regarded as strict
homeotherms, mammals demonstrate a large degree of daily variability in body temperature
and there is a general lack of understanding of mammalian responses to high ambient
temperature, above their thermoneutral zones (Huey et al., 2012, McCain and King, 2014).
While increases in body temperature at high ambient temperature have been shown to
reduce the energetic costs and increase the efficiency of evaporative cooling in some small
desert mammals (Degen, 1997), the relationship between water loss, body temperature and
ambient temperature at the upper limits of the thermoneutral zone in mammals is largely
unknown (Levesque et al., 2016). Additionally, few studies have compared upper limits of
thermoneutral zones measured in the lab to conditions experienced by animals under natural
conditions (but see Moyer-Horner et al., 2015). Most mammals in natural environments
avoid heat during the hottest hours of the day by retreating in shaded cooler places, thus
adjusting daily activity when faced with hot conditions (Gonzalez-Zamora et al., 2011). Whilst
posture may allow some species to increase their surface-area ratio and promote conductive
heat exchanges between skin and air (Stelzner and Hausfater, 1986), for primarily arboreal
species, the selection of habitat which provides sufficient protection from solar radiation, to

remain within their thermoneutral zone, is limited.

The thermoneutral zone in primate species is mostly less than 6°C in range. Below these

ambient temperatures, heat production increases. Above this, heat production also

16



increases due to physiological processes to dissipate heat, i.e. panting or sweating, (see

Table 1.1).

Table 1.1 - Thermoneutral zones of primate species in the available literature (from Takemoto, 2004)

Suborder Species Thermonf utral Literature cited
zone (°C)
Microcebus murinus 25-28 Aujard et al., 1998
Prosimii ) i
Galago spp. 22.5-27.5, 30-32.5 Muller, 1995
Nycticebus coucang 31.4-36.6 Whittow et al., 1977
McNab and Wright,
Tarsius syrichta 32-35 1987
Cebulla pygmaea 27-34 Genoud et al., 1997
. Leontopithecus rosalia 28.1 Thompson et al., 1994
Anthropoides
Cercopithecus mitis 24-25 Muller et al., 1983
Homo sapiens 28-32 Davson, 1970

In primates, exposure to ambient temperatures above 36°C has led to thermal distress and
(Stitt &, 2008)thdrmal strds® cladsificatiorHsystem 6 s
for wild baboons used the following groupings for classifying thermal stress: Below
Thermoneutral (<24°C), Thermoneutral (241 30°C), Moderately Above Thermoneutral (30-
38°C), Extremely Above Thermoneutral (>38°C).

hyperther mia

Primates experiencing high ambient temperature are likely to use behavioural
thermoregulation to mitigate additional energy expenditure; changing daily activities and
ranging to increase protection from solar radiation and reducing locomotion. Many primate
species have been observed to change activity and ranging behaviour in responses to
seasonal and extreme ambient temperature change (Hanya, 2004, Poulsen et al., 2001,
Vasey, 2005). Chimpanzees in tropical forest have been recorded to increase their terrestrial
behaviour as temperatures rise and to increase arboreal behaviours when temperatures are
low, reducing thermoregulation costs by avoiding solar radiation during periods of high
ambient temperature (Takemoto, 2004). Sleeping site selection in groups of black-and-white
snub-nosed monkeys (Rhinopithecus bieti) were at significantly lower altitudes in winter
months than summer months, a thermoregulatory adaption to remain within their
thermoneutral zone (Cui et al., 2006). Similarly, Baboons engage in more sedentary
activities as ambient temperature rises throughout the year (Hill, 2004). With predicted
anthropogenic climate change estimated to increase global temperatures by 2°C by the year

2020 (the current internationally adopted climate mitigation target, Collins et al., 2013), and
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62.6% of all primate species projected to experience temperature increases greater than the
global mean (mean 2.2°C, Graham et al., 2016) thermoregulation for many primate species,
particularly those with narrow thermal thresholds and in degraded forests, may become a
challenge. Climate change on the island of Sumatra is predicted to be less severe than land-
locked areas due to its proximity to the sea (~1 °C per °C of global warming) and will likely
see an slight increase in precipitation levels (~0 - 2.5 % increase per °C global warming)
(Graham et al., 2016).

1.6 Climate change effects on primates

1.6.1 Community Changes

As sympatric primate species are affected by, and respond to, anthropogenic disturbance
(forest degradation, deforestation) in different ways, the response of individual species to
climate change will also alter the composition of primate communities (Root et al., 2003). In
Chapmanoés (-t2rih &twdy (36 yearsgof forest degradation on a primate community
of several sympatric species, the composition and population densities of different species
changed in unexpected, unpredictable ways. In this study, a complex set of environmental
and biotic factors caused changes in patterns of fruit production, altering food availability. At
this study site, blue monkeys (Cercopithecus mitis), considered to be generalists and
adaptable to changes in forest structure and fruit production, were slowly out-competed by
mangabeys (Lophocebus albigena), considered old-growth forest specialists, as forests
regenerated (Mitani et al, 2000). However, this comes at the cost of overall health, as male
mangabeys in logged forest have been found to have a lower body mass than males in
unlogged forest (Olupot, 2000), perhaps due to the increased energetic demands of reduced
canopy pathways (Gebo and Chapman, 1995). The population dynamics of sympatric

primate species responding to the novel demands of anthropogenic disturbance may result

in fiboom and busto population fluctuations whi c
interactions between multiple species in a regenerating forest are complex, and as an

environment regenerates it may favour the ecological adaptations of different primate

species during different periods of degradation and regeneration.

Whil st ecological, behavioural and | ocomotive ad

vulnerability during times of extreme stress (i.e. logging events, hunting), the structure of
primate communities can be inexorably changed due to anthropogenic activities (Peres,
1999). In the face of the seemingly exponential rise in global temperatures, the beneficial
impacts of sympatric primate communities (poly-specific predator protection, location of food

items) may decrease as some species decline in primate communities. Whilst this may result
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in a period of population boom in previously sympatric primate species (Peres and Dolman,
2000), it may cause the remaining species to become more vulnerable to other negative
impacts (Buchanan-Smith, 1999).

1.6.2 Diet and dietary specialisation

Dietary specialisation will greatly affect how vulnerable a specific species is to climate and

environmental change. Primates are relatively flexible in terms of diet, often eating a range

of food items, which are generally categorised as; vegetative plant matter (leaves),

reproductive plant parts (fruits, seeds, flowers), plant exudates (gum and sap) and

insects/fauna (Altman, 1988). Many primate species consume multiple items from these four

categories, but they differ significantly in the proportions in which they are consumed. Of

equal importance when reviewing the impacts of climate change on primate species in terms

of diet is the use of food resources of relative

foodso), when preferred foods are scarce (Mar sha

As climate change takes effect, temperatures in tropical forest areas are predicted to rise,

and as a result, reduced net rainfall will be experienced (Bonan, 2008) leading to lower

digestibility, lower quality, and higher concentrations of plant secondary compounds in

leaves (Rothman et al., 2015) which may impact on folivore species. In contrast, frugivorous

species may benefit as temperatures ipnpcrease (So
fertilisation effecto (i.e. |l arger amounts of ¢ca
anthropogenic emissions increasing the rate of both photosynthesis and growth for plants)

would suggest that fruit production would increase. However, in a 12-year study, Clark et al.

(2013) found that aboveground net primary productivity (ANPP) was adversely affected by

increasing minimum temperature and dry-season water stress. With the predicted rapid

warming across tropical regions, tropical forest productivity could sharply decline through the

coming decades.

Due to the diversity of fallback food items utilised by primate species, it is difficult to predict
what effect climate change may have on their availability. However, given the previous
examples of vegetative and reproductive plant parts, many primate species are likely to
become more reliant on fallback foods. The most common applied definition of fallback foods
is food items whose use is significantly negatively correlated with the abundance of preferred
foods (Wrangham et al ., 1998). During fiecol ogi ca
periods of extreme food scarcity), the use of fallback foods becomes of prime importance
(Boag and Grant, 1981). Lambert (2007) classifies fallback food items within a continuum, at
one extreme are abundant, low-quality foods (such as leaves and bark, vegetative plant
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matter) and at the other, are less abundant high-quality fallback foods (such as fruit and

seeds). Low quality fallback foods require specific anatomical adaptations (dental or

digestive characteristics [thicker dental enamel, longer molar shearing crests, longer

digestive retention times]) to allow the processing of these food items. Rare, high-quality

fallback foods require behavioural adaptations (fission-fusion social systems, tool use) to

allow species to utilise them. Neither of these strategies precludes the other, for instance

orang-utans displays thick enamel (Smith et al., 2012), tool use (van Schaik et al., 1996),

and extreme fission-fusion social dynamics (van Schaik, 1999). Dietary flexibility, in terms of

both behavioural and morphological adaptations, as opposed to specialised dietary niche or
category, may determine specific primate species

global temperatures.

1.6.3 Life history and phenology

Most primate specieshave & | owdé | i fi.e sniall ligerspslow grawth rates, late sexual
maturity, long gestation and long interbirth intervals (Table 1.2). Species with slow life
histories are less able to compensate for increased mortality with increased fecundity and
are therefore more vulnerable to population extinction (MacArthur and Wilson, 1967). Whilst
some primate species show behavioural adaptions to the challenges of climate change
(Chivers, 1991; Lee, 1991) their slow life histories mean the number of generations required
to allow genetic adaptation to suit altered environments (for example, increased tolerance to
plant secondary compounds in folivores) will not keep pace with a changing environment, as

species with o6fastdé |ife histories may be able t

Phenological events, such as fruiting events leading to food abundance, are often
synchronised with reproductive events (Brockman & van Schaik, 2005). Desynchronisation
between fruiting and reproductive events, due to climatic changes, may result in increases in
mortality in infants and mothers, as well as lower reproductive rates, higher vulnerability to
disease and predation, and lower chances of offspring survival (Marshall & Wich, 2013). The
size and cohesiveness of primate groups also fluctuates substantially in response to food
availability (Wrangham et al., 1996) causing reduced group size/cohesion (Dunbar, 1996),
which may impact on infant and mother health due to the increased energetic demands of

locating food items, reduced alloparenting and decreased intraspecfic predator protection.
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Table 1.2 - Northern Sumatran primate speciesdlife history attributes and IUCN Red List status

Average Average Average Average time = Age at sexual

) S IUCN Red ) ) ) ]
Species (Scientific) ) Interbirth Interval number of  gestation weaning to maturity
List Status ] ] )
off-spring period age independence (female)
Macaca 14
R LC 390 days (mean) 1 162 days months 4 years
. . 13 1510 18
Presbytis thomasi \% 1.5to 2 years 1 165 days months months 4 years
NETEENE \% 1 year (mean) 1 188 days 4 months oD 20 D 2
coucang months months
Hylobates lar 20
vestitus E 3.5 years (mean) 1 217 days months 6 to 9 years
Symphalangus 21
syndactylus E 2 to 3years 1 232 days months 6 to 7 years
Pongo abelii CR 3 to 4 years 1 252 days 48 9.3 years 12.3 years
9 y y months =Y =Y

1.6.4 Time-budget models

All actions which fulfil physiological requirements need time to complete. The search and
processing of food is required by all animal life, and the distribution of food resources in time
and space govern the majority of how animal time is spent (Matthiopoulos et al., 2003).
Whilst primate species show slow life histories and metabolic rates, and low total energy
expenditure (Kuzawa et al., 2014), their generally large group sizes mean the energetic
demands of maintaining a large brain and the competition for food resources are high,
requiring long time periods of travel and foraging for individuals to fulfil requirements. These
requirements may change with climatic and environmental variables (Figure 1.3). Low
precipitation, leading to lower density and quality of food resources may lead to more time
spent foraging and feeding (Donati et al., 2011), with other activities, such as moving, resting
and socialising allocated less time (Tutin, 1999). Abiotic variables, such as seasonality, have
been shown to impact on the distribution of food items, increasing moving time (Wallace,
2006). There is a clear feedback loop between increased moving and feeding time, as the
energetic cost of moving to locate dispersed food items itself requires energetic input
(Stephens & Krebs, 1986). Resting time acts as a reservoir from which all other activities are
drawn, though for many species enforced resting time due to thermoregulation (Mount,

1979) or digestion (van Soest, 1982) is a necessary activity.
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Figure 1.3 - Primate time-budget models with the addition of forest degradation, adapted from Dunbar
et al., 2009

Korstjens et al. (2010) showed that across primate genera (N = 78), enforced resting time is
a function of three variables: mean annual temperature, the variance in monthly mean
temperature across the year (a measure of seasonality) and the percentage of leaves in the
diet. These two limitations on behaviour (moving/feeding time feedback loop and enforced
resting) enact to decrease the frequency and duration of social behaviour (Dunbar, 1992,
Lehmann et al., 2007, Lehmann et al., 2010, Korstjens et al., 2010, Dubar et al., 2009) which
may, in time, express itself as a decline in fecundity for primate species. Leaves (vegetative
plant parts) are important factors influencing enforced resting time. Leaves are generally
high in fibre and require long digestion times if sufficient proteins are to be extracted from
them. In increased temperatures, the energetic costs of ranging for high-quality food
resources increases and reliance on fallback food resources, such as leaves, may also
increase. Subsequently, enforced resting time for many primate species may increase (for
both thermoregulation and digestion), limiting range sizes and social interaction,
subsequently expressed, possibly over generational time periods, as a lowering of

population density.
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1.6.6 Extreme weather and disturbances

Climate change will not just cause a rise in temperature, but also disrupt weather patterns,
cloud cover and rainfall, but also is predicted to exacerbate the extremes of seasonal
changes, including rainfall patterns, (Feng et al., 2013) and disturbances (fire, drought,
pathogen outbreaks, hurricanes, windstorms, landslides) (Dale et al., 2001). In Japan, a
typhoon impacted on the availability of fruit for Japanese macaques (Macaca fuscata)
forcing them to feed intensively on seed and nuts that had fallen on the ground, in direct
competition with sika deer (Cervus nippon) and field mice (Apodemus argenteus) (Tsuji and
Takatsuki, 2008). In Belize, a hurricane had similar effects on black howler monkeys
(Alouatta pigra) with low fruit availability forcing them to adopt a folivorous diet, resulting in
less time spent travelling and reduced social interactions (Behie and Ravelka, 2015). In
Madagascar, a two-year drought caused infant mortality to reach 80% in ring-tailed lemurs
(Lemur catta) and 20.8% of all adult females died. Four years after the drought, the
population had recovered to pre-drought numbers due to high birth rates, early sexual
maturity and an increased range of food items (Gould et al., 1999). These examples display
the adaptability of primates to disturbances caused by extreme weather, which are the
products of climate change (Feng et al., 2013). Singularly, many primate species may be
able to adapt to these additional stressors, but multiple factors acting in synergy, together
with the additional pressures of anthropogenic disturbance, may exacerbate primate

population declines (Estrada et al., 2017).

1.7 Previous work in relation to data chapters

Whilst these factors (1.6.1 1 1.6.6) may pose challenges to primate species, many species
will face additional challenges when they are affected by multiple factors simultaneously.
Many primate species show remarkable resilience to environmental change (Gould et al.,
1999; Schaffer et al., 2012), however, no group of primate species is seemingly at more risk
than the arboreal apes, due to their specialised diet, low fecundity, and high energetic
requirements. Conversely, arboreal ape species show a wide range of behavioural
adaptability, and often persist even in the face of anthropogenic disturbance, painting a
complex picture of how they will be affected in a changing climate. Using the available
literature as reviewed in this first chapter, the differing behavioural ecology, social structure
and life-history traits of each species (1.4.3 7 1.4.5) will be used to assess their capacity to

adjust to both climate change and anthropogenic disturbance.

Adequately understanding the possible effects of anthropogenic disturbance and climate

change on arboreal primates necessitates the understanding of the impacts of canopy
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structure on within-canopy microclimates. Typically, the climates of study sites are
characterised by the climate recordings of the nearest weather station, or rudimentary base
camp measurements of temperature and rainfall (Beehner et al. 2006; De la Fuente et al.,
2014). Given that arboreal microclimates differ significantly to terrestrial microclimates
(Samson and Hunt, 2012), characterising the thermal environment that arboreal primates
experience from these measurements may not reflect conditions that arboreal species are
exposed to (Thompson et al., 2016). As on-animal measures of microclimate or temperature
are not prudent for non-habituated, highly arboreal, Endangered primate species, given the
health risks (Cunningham et al., 2015), within-canopy microclimate measurements coupled
with detailed vegetation surveys will enable the exploration of the impacts of vegetation
structure on microclimates. The study of how canopy topography influences canopy

microclimate will form the basis for Chapter 2.

Understanding the effects of vegetation structure and the microclimate variability on arboreal
pri mat es o b mmgmyiskeyuaundemnstanding how they may be affected by
anthropogenic disturbance and future climate change. For relatively under-studied species,
such as Symphalangus syndactylus, siamang (see Figure 3.1), recordings of habitat
preference are particularly important to ensure potential conservation actions are targeted
and effective (Mittermeier and Van Roosmalen, 1981). To add to existing knowledge of this
species, and to aid in the understanding of how adept they may be in adapting to
anthropogenic disturbance, requires the habituation and subsequent behavioural
observation of siamang in their natural habitat for an extended period. This will allow the
recording of their habitat use, as well as insights into how they may be affected by future

climate change. This study of siamang behaviour and ranging will be covered in Chapter 3.

Habitat structure, as it is affected by natural variation and anthropogenic disturbance, alters
habitat quality for, and therefore the abundance of, different primate species within the same
landscape (Marsh et al., 2016). Historic selective logging in the Sikundur area may have
altered habitat quality for arboreal primates.
forest degradation may give an indication of their adaptability to further anthropogenic
disturbance (Wilson and Wilson, 1975). If species show that behavioural and ecological
plasticity is present across a large range of differing habitat types, then they are more likely
to be able to adapt to future challenges (Crispo et al., 2010; Wong and Candolin, 2015). A
wide-ranging, landscape-scale survey of the abundance and vegetation structure of the
larger Sikundur region will allow a detailed understanding of how historic forest degradation
impacts the abundance of three primate species, Presbytis thomasi, Hylobates lar vertitus

and Symphalangus syndactylus. This study will be detailed in Chapter 4.

The factors covered in this Chapter (1.6.1 17 1.6.6) as well as within-canopy microclimate and

habitat suitability in the face of future climate change will be addressed in Chapter 5. Using
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insights obtained from Chapters 2 and 3, the habitat suitability of the larger Sikundur area
will be assessed for two primate species, Symphalangus syndactylus and Pongo abelii.
Reviewingeachs peci es 6 habitat use and behavioural adaj

each speciesd ability to withstand different | ev
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Chapter 2. Measuring and modelling microclimate in a degraded tropical forest

2.1 Introduction

Habitat modification and climate change are among the primary threats to global biodiversity
(Nowakowski et al., 2018). Land-surface temperatures in tropical rainforest regions have
risen by ~0.25°C per decade since the mid-1970s (Malhi and Wright, 2004) and are
projected to rise by 3-8°C over the 21st century (Malhi et al., 2009). Forest degradation,
measured by partial canopy cover loss, affected 185 million ha between 2000 and 2012, with
over 156 million ha of this within tropical forests (van Lierop et al., 2015). Although species
are experiencing both habitat modification and climate change simultaneously, these threats
are typically studied independently (Sirami et al., 2017, Oliver and Morecroft, 2014), despite
habitat modification affecting thermal landscape variation (Todd and Andrews, 2008; Arroyo-
Rodrigues et al., 2016; Tuff et al., 2016).

Ecologists aiming to understand and predict the influence of climate on species often use
models based on macroclimatic variables, which are generally measured by standard
meteorological stations. However, organisms experience climate at a small (micro-) scale
and temperature variation is highly scale-dependent (Chen et al., 1999). Due to the influence
of vegetation structure, microtopography and soil, microclimate may only be weakly
correlated with macroclimate (Graae et al., 2012, WallisDeVries et al., 2011, Potter and
Hargrove, 2013). Many vertebrates experience spatial variation in temperature over a range
of tens to hundreds of metres per day, depending on body size and mobility (Jenkins et al.,
2007). Mobile organisms can move within landscapes which incorporate a broad range of
microclimates, allowing them to maintain their optimum climatic conditions (Oliver and
Morecroft, 2014). Tree gaps, rocks and logs provide a spatial and temporal mosaic of
temperatures, which various species may be able to exploit (depending on their size and
locomotive ability) to thermoregulate and buffer against high temperatures (Scheffers et al.,
2014a).

Microhabitats have been shown to buffer temperatures in a consistent manner within forest
systems and can reduce extreme heat exposure by up to 10°C (Scheffers et al., 2014b). In a
degraded forest the availability of microhabitats and the effectiveness of their thermal
buffering are heavily influenced by varying levels of vegetation density (Pringle et al., 2003).
The level of degradation, time since degradation and plant species establishment will affect
forest structure (Pohlman et al., 2007; Norris et al., 2012; Harper et al., 2005; Brokaw, 1982;
Mulkey and Pearcy, 1992; Laurance et al., 2006) and therefore microclimate (Figure 2.1).
The availability and distribution of thermal buffering microhabitats may lead to only a fraction

of available habitat being frequently utilised by certain species, depending on their exposure
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and sensitivity to temperature variation (Williams et al., 2008). Understanding how forest
degradation affects microclimate is therefore key to understanding species behaviour in a

degraded forest landscape.

40M ———

30m —

20m ——

10m —i

| Primary forest Degraded forest

Figure 2.1. Stylised illustrative hypothesis of the effect of forest degradation on microclimate

Despite the long history of microclimatology (Potzger, 1939), it is only more recently that
developments in technology and advances in computing power have made taking
simultaneous measurements over large areas possible (Jones, 2013; Wang et al., 2013).
However, measuring small-scale microclimate fluctuations across a large scale in structurally
complex degraded forest habitats presents significant challenges, especially when selective
logging has taken place at the site periodically over several decades. In Colombia, for
example, thermally buffered microhabitats increased in abundance and changed in
composition with forest succession, from young-secondary forest to primary forest (Gonzéalez
del Pliego et al., 2016). Thermal variation is not restricted to horizontal variation in vegetation
composition, but also occurs vertically among canopy strata. Thermal variation along the
vertical strata of habitats provides thermoregulatory opportunities for arboreal species that
can climb or descend to track preferred temperatures (Scheffers et al., 2017). In a degraded
forest, changes in vegetation structure due to selective logging will greatly alter the
microclimate environment across relatively small distances, vertically and horizontally. This
creates a dynamic, three-dimensional thermal landscape in which temperature varies on
diurnal and seasonal cycles. However, to measure microclimate accurately across a
degraded forest landscape, at the small scales that most species experience, requires new

and innovative methods.
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Detailed three-dimensional vegetation surveys over large areas have previously been
prohibitively expensive for most researchers (Hummel et al., 2011), with light detection and
ranging (LIDAR) from small aircraft and time-consuming terrestrial surveys being the only
options to obtain these data (Hill and Hinsley, 2015). With the advent of unmanned aerial
vehicles (UAVs) used in an ecological context (Koh and Wich, 2012, Anderson and Gaston,
2013, Zahawi et al., 2015) and Structure from Motion software (SfM), measurements of
canopy topography are now accessible and cost effective (Alexander et al., 2017, Lisein et
al ., 2013, Wich, 2015). Similarly, it is only
measurement systems which independently record data points at set times, have been
available at lost cost, and therefore usable in large quantities (Hubbart et al., 2005).
Combining these technologies enables the development and testing of a three-dimensional
microclimate model that incorporates vegetation structure across a wide landscape (Chabot
et al., 2014; Goetz et al., 2007).

direction of flight

A

a1
fjii&i%é Lt

Eb
L’Cff‘ig .

image overlap image overlap

Figure 2.2. lllustrative diagram of UAV data collection protocol showing image capture overlap

Unmanned Aerial vehicles (UAVS) are an emergent remote sensing technology that employ
sefnavigating 6dr on e s 0 aetiabimagery of aegiven arpahWAVager ap hi ¢
capable of surveying forests at fine scales (Getzin et al., 2012). The use of UAVs in
geomorphological mapping is often facilitated by the application of photogrammetric

techniques such as Structure from Motion (Harwin and Lucieer, 2012; Westoby et al., 2012;

Micheletti et al. 2015). SfM utilises overlapping imagery acquired from multiple viewpoints to
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reconstruct the camera position and camera geometry (Figure 2.2). From these
reconstructed camera locations, two-dimensional imagery collected using UAVs can be
translated into three-dimensional structural models, given sufficient image overlap. (Westoby
et al., 2012; Fonstad et al. 2013; Micheletti et al. 2015).

Given correct deployment and attainment of accurate ground control data, the horizontal
accuracy and precision of resultant aerial imagery and digital surface models (DSMs)
generated through SfM can be better than satellite imagery and aerial LIDAR (£0.2 m;
Fonstad et al., 2013; Hugenholtz et al., 2013). Using these data, wide-ranging three-
dimensional models of tropical forests can be acquired using low-cost methods producing
canopy t opogr ap h y-Olinannset al. @L2) deployedea small fixed-wing
platform to monitor rates of soil erosion over a 6km? area in Morocco, showing how small
UAVs may be used to bridge the gap between field scale and satellite imagery. Szantoi et
al. (2017) used a combination of UAV technology and LANDSAT 5, 7 and 8 satellite imagery
for image classification to detect small-scale deforestation and degradation. However, three-
dimensional structural data from drones does have some limitations. Mlambo et al., (2017)
found that a poor correlation was observed between SfM tree heights and ground measured
heights (R? = 0.19) due to a closed canopy structure, such that SfM failed to generate
enough below-canopy ground points, presenting a challenge for detailed data acquisition by
UAVs in dense tropical forests. Given these limitations, it is necessary to ground truth data

acquired through UAVs in tropical forest environments.

This study aims to explore the effects of vegetation structure on microclimates within a
degraded tropical forest and enable the landscape-wide prediction of microclimate within
forest canopies. This required detailed and wide-ranging vegetation surveys (both field- and
UAV-based) combined with in-situ microclimate measurements at the microhabitat scale,
enabling the construction of a microclimate model that allows predictions of temperature at
the scale of tens of metres. This will enable the modelling of temperature horizontally,
vertically and temporally across the field site for subsequent work and provide a detailed

understanding of how vegetation structure affects microclimate fluctuations.

2.2 Materials and Methods

2.2.1 Study Site

The Sikundur site, within the Gunung Leuser Ecosystem conservation area (Lat: 3.95, Long:
98.07 decimal degrees), Northern Sumatra, has been the focus of previous conservation
research projects (Knop et al., 2004, Askew et al., 2016), but remains a relatively unstudied

area and one of the last remaining sections of lowland forests in Sumatra.
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The Gunung Leuser Ecosystem conservation area is considered one of the most important

bastions of tropical biodiversity, being the only remaining area where Sumatran orang-utans

(Pongo abelli), elephants (Elephas maximus sumatranus), tigers (Panthera tigris sumatrae),

rhinos (Dicerorhinus sumatrensis) and sun bears (Helarctos malayanus) still co-exist

(Hitchcock and Meyers, 2006). The Gunung Leuser Ecosystem conservation area is a
significant part of the O0OTropical Rainforest Her

Heritage site and a stronghold for Sumatran orang-utans.

The Sikundur study site itself covers ca. 15 x 7 km of the Gunung Leuser Ecosystem (Figure
2.3). The Sumatran Orang-utan Conservation Programme (SOCP) started orang-utan and
habitat monitoring at Sikundur in 2012. The Sikundur area was previously known as the
Sikundur Reserve (est. 1938) prior to the formation of the Taman Nasional Gunung Leuser
(TNGL, est. 1980), the administrative section of the Department of Agriculture that oversees
the Gunung Leuser Ecosystem. This area was selectively logged from the late 1960s, which
continued and progressively intensified in some areas until the 1980s (Cribb, 1988; Wind,
1996). During the logging operations from the late 1960s until 1982, an average of 11 large
trees per hectare were felled (Knop et al., 2004). Five years after the end of the logging
operation, Abdulhadi et al. (1987) found that 54% of the remaining trees still showed some
damage caused by the logging. Following the establishment of the TNGL, logging in the
Sikundur area continued primarily at the park border. Currently, illegal logging and complete
land clearing are still present near the south-eastern boundary of the Sikundur Monitoring
Post at the TNGL border (Figure 2.4), in addition to more generalized illegal human

extractive activities (e.g., bird trapping, damar resin extraction, hunting and fishing).
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Figure 2.4. Satellite imagery of the larger Sikundur area showing the Leuser Ecosystem
border and forest loss by year since 2001, adapted from Hansen et al., 2013

Climatological and phenological data collected between 2013 and 2015 by SOCP staff show
average monthly temperatures at the field station as 27.4° C, with a monthly range of 26.1-
29.7° C (Figure 2.5). During the observation period, temperature highs were recorded for the
months of February-July, whereas temperature lows were recorded for the months of
January and August-December. The average monthly rainfall was 251.7 mm, with a monthly
range of 12.4 to 535.4 mm
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Figure 2.5. Monthly rainfall and temperature for the Sikundur Monitoring Post from August 2013 i
December 2015, from Sikundur Monitoring Post Annual Report 2015 (Sumatran Orang-utan
Conservation Programme, 2016).

The average percentage of liana and tree stems (>10 cm diameter at breast height) that
were bearing fruit in 20 phenological plots was 2.8% for the period of June 2013 i December
2015, with a range of 0.3-13.0% (Figure 2.6). High fruiting values were generally observed
during May-October; however, consistent levels of high fruit productivity were during August
and September. Low fruit levels were present during January-April and November-

December (Figure 2.6)
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Figure 2.6. Monthly percentage of fruit availability and rainfall for the Sikundur Monitoring Post from
August 20137 December 2015, from Sikundur Monitoring Post Annual Report 2015 (Sumatran
Orang-utan Conservation Programme, 2016).
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The average fruiting level for Sikundur (i.e., 2.8%) falls close to the percent fruiting score
range of a number of Bornean field sites (3.0-6.8%), but well below the published range of
percent fruiting scores (6.9-30.57%) of two Sumatran sites, Ketambe and Suaq Balimbing
(Wich et al. 2011b). The Sikundur site has lower fruit productivity than that of previously
studied Sumatran orang-utan field sites, indicating either Sumatran forests are less
homogenous than previously thought, or historic selective logging has had a dramatic effect

on the fruit production of Sikundur.

The Sikundur area, 307 100 m above sea level, consists of diverse mixed dipterocarp
lowland forests with rich alluvial forest along the rivers (de Wilde and Duyfjes, 1996). The
study site covers both pristine forest and forest that was mechanically logged and then left
untouched to recover. This area was included in extensive vegetation and physiography
surveys by Laumonier (1997), who identified multiple forest types within the area with limited
topographical variation. Further study in this diverse area presents a unique opportunity to
examine the responses of multiple primate species to the effects of a gradient of

anthropogenic disturbance over multiple forest types.

2.2.2 Vegetation Plots

Classifying and enumerating vegetation across large areas is prohibitively expensive for
most research projects (Hummel et al., 2011). To overcome this, ecologists use more cost-
effective sampling methods that can provide accurate information over large areas, such as,
plots (Stohlgren and Chong, 1997, Schwarzkopf and Rylands, 1989, Ganzhorn, 1989,
Southwood and Henderson, 2009), transects (Whitten, 1982, Loya, 1978), point-quarter
sampling (Ganzhorn et al., 2011, Marsh et al., 2016), and line-intercept sampling (Messmer
et al., 2000). In this project, given that vegetation will be compared to results derived from
UAV data, randomly placed quadrats/fixed-sized plots were used (Figure 2.7). This allows
for small scale, detailed vegetation data that can be extrapolated to larger scale vegetation
classification by comparing variables derived from UAV data to direct measurements taken
from plots of a fixed size. To explore the relationship between vegetation structure and
microclimate recordings, vegetation structure was recorded in vegetation plots, following
methods used by Manduell et al. (2012). Within the Sikundur study area, nine 25m x 25m

plots were used to record vegetation variables across the area. Their location was randomly

chosen using ArcMap (version 10.4) (6Create

500m apart (Figure 2.8). Multiple variables from each tree within the plot larger than 10cm in

diameter as measured at breast height (1.3 metres above ground, Ganzhorn et al., 2011)

were recorded. The variables measured for each tree within the plot were; diameter at breast
34
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height (DBH), tree height and height at bol e ( me
range finder/hypsometerusi ng t he Ot hr e ebd prodchdopymidta s ur e men't
(measured as the distance at the cardinal compass points from the trunk which the canopy

reached in metres), canopy connectivity with surrounding trees (measured as a percentage),

crown shape (classified as; cone, inverted cone, spherical, elongated spherical, bent), and a

branch count of the tree (classified as; number of branches >20cm, 10-20cm, 10-4cm, 2-

4cm, 0-2cm in diameter). From these variables, plot level variables were derived; mean tree

height, tree height range, mean bole height, mean DBH, mean crown area, mean

connectivity and mean branch counts of each category.
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Figure 2.7. lllustrative diagram of vegetation plot variables measured

Additionally, at each corner of the vegetation plot, an indicative measure of canopy cover
was acquired using a digital camera to record upwards pointing photographs, with imagery
subsequently processed using CanopyDigi software (Goodenough and Goodenough, 2011)
to measure canopy cover. CanopyDigi (version 1.0) assesses canopy density percentage via
estimation of light penetration. This involves flexible digital image analysis of standard
canopy photographs taken with a digital camera with a user-selected threshold between dark
(canopy) and light (sky) areas (Figure 2.9). The threshold is selected manually due to the
inability of automated algorithms to successfully determine an appropriate threshold,
especially when the relative contrast between vegetation and sky changes across an image

(e.g., sun-illuminated vegetation against white cloud, etc.). For a full description of the
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functions of CanopyDigi see Goodenough and Goodenough (2011). Digital photographs of
canopy cover were processed from full colour JPEG format to the required 640x480 pixel,

monochrome BMP format using ReaCovertor Pro (version 1.67), usi ng the Omaxi

mur

entropyd® algorithm as s ugg dmagedilds werg pracksgedipr ogr am d

CanopyDigi and the resulting canopy density percentages and Morisit a6 s i ndax val ues

statistical measure of dispersion in which high values indicatethe6 c | umpedness 6 of

were calculated to the mean of each plot (Figure 2.9).
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Figure 2.8 - Data logger and vegetation plot locations within Sikundur
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Figure 2.9 - Canopy photographs and respective false colour images and CanopyDigi analysis

2.2.3 Microclimate data loggers

To record fluctuations in microclimate and how these are affected by vegetation structure, 22
data loggers (HOBO UA-002-08 8K Pendant Temp/Light Logger), that measure temperature
and luminosity at set time intervals, were placed at various tree heights within the vegetation
plots to measure changes in temperature and luminosity over the study period of 6 months
(Figure 2.10). These data loggers were used without solar shields and their accuracy is
given by the manufacturer as + 0.53°C within the range 0° to 50°C. The deployment of these
data loggers at various heights and within areas of differing vegetation structure enabled the
statistical modelling of microclimate data in relation to three-dimensional position within the
forest canopy. Using this dataset of fluctuating temperatures recorded at various known
positions within and below the canopy, data logger results were used to develop a model
that, with sufficiently detailed and wide-ranging vegetation structure data and local weather
data, allows microclimate modelling across the study site, creating an microclimate model for

the entire area.
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Twenty-two microclimate data loggers were placed within 9 trees, with 2-3 data loggers per
tree, and one tree located in each of the nine field plots (Figure 2.8). Data loggers were
placed in randomly determined trees per plot. The data loggers were placed as high as
possible in each tree with another data logger placed ~1.5m from ground level. In trees with
three data loggers (n=4), a second data logger was placed 7-10 vertical metres (as
measured in rope length) from the topmost logger. Data loggers were programmed to record
a data point (Temp/LUX) at 60-minute intervals over the study period. In total, these data
loggers recorded 48,695 data points between June T November 2017.

Tree Height —

Data logger height =

Data logger height -

Data logger height - t

Figure 2.10 - lllustrative diagram of vertical microclimate data logger placement within trees

. Microclimate data logger

Additional recordings were made manually at the Sikundur research station, measuring
temperature and rainfall at 6am, 1pm and 6pm using a thermometer and a rain gauge. A
data logging weather station was also used at the Sikundur research station recording;
temperature (°C), wind chill (°C), dew point (°C), humidity (%), relative pressure (hpa),
absolute pressure (hpa), wind speed (km/h), gust speed (km/h), wind direction, rain fall

(mm/hr) every hour and daily rainfall (mm/24hr) measured between 12:01am and 11:59pm.
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Daylight cloud cover for each hour of data logger recording time was determined by
calculating the mean LUX readings of all data loggers for each hour of each day and dividing

this by the maximum of the same variable, or:

A AU EICIE@DAO Apd )
For example;

P 7 ) = 59% cloud cover

2.2.4 Unmanned Aerial Vehicles

To record aerial imagery of the study site, a fixed-wing Unmanned Aerial Vehicle (UAV) was

used. The modified i S k y w aUA¥ @ee &igure 2.11), was controlled manually (i.e. radio

controlled) for take-off and landings and switched to autopilot to fly along pre-set

il a wn mouwes programmed using Mission Planner software (see Figure 2.12). To

enable the capture of imagery, a digital camera (SONY RX100 mk4) took RGB photographs

at GPS locations controlled by the autopilot and a Seagull #MAP 2 switch, programmed via
MissonPlanner software (version 1.3.58), ensuring 80% overlap of each photograph, both in

the direction of drone travel and between flightp at hs ( known Taessuréthe del ap 6)
accuracy of these photograph locations, the photographs taken by the UAV were time-

matched with the GPS locations of the UAV during flight, downloaded from the autopilot log

file, and using ExdTo@GQuigetdaie (version 5.14), pairing GPS locations with

individual photographs, refining the preset locations of image capture set using

MissonPlanner software. Eleven mapping flights over the Sikundur area were flown between

June 13" 71 16™ 2017 covering a total area of ~26km?. In total, 4811 geotagged images were

then processed in Agisoft Photoscan software (version 1.2.0.2152)usi ng O6Sém-uct ur e
Mo t i o n dCurlifiefet\l), 2016).
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Due to the large size of the area and high tree coverage, ground control points (GCPs) were
not used during flights or processing. Instead, camera position and scene geometry were
reconstructed simultaneously by Agisoft Photoscan software through the automatic
identification of matching features in multiple images. These tie points (n = 1,631,784), such
as corner points (edges with gradients in multiple directions), were tracked from image to
image, enabling initial estimates of camera positions and object coordinates, which were
then refined iteratively using non-linear least-squares minimisation (Snavely, 2008)
producing a 6densed poi nThereslitogpoint (lcldhadaar et al
average of 15.2 points per metre squared or a total of 879,189,006 points. From the dense
point cloud a mesh was created, a featureless three-dimensional polygonal model, onto
which textures are then reprocessed, reforming the original photographs onto the three-
dimensional model. Only one of the products of this process is used in further analysis; a
Digital Surface Model (DSM) giving surface elevation (i.e. elevation above sea level of the
tallest surface features, such as tree crowns, as opposed to a Digital Terrain Model [DTM]
giving ground elevation). The resulting DSM had a resolution of 25.7 cm? per cell, resulting
in a GeoTiff DSM 24,525 x 25,576 cells in size. Total processing time was 211 hours.

Using the resulting DSM, incoming solar radiation was estimated across the forested study

site using the Potential Incoming Solar Radiation tool in System for Automated Geoscientific
Analyses (SAGA) software (version 2.3.2) (Conrad et al., 2015). This allowed for the

estimation of incoming solar radiation, measured in kWH/m?, hitting the site with hourly
increments to match the data recording regime of the microclimate data loggers. These

hourly increments of solar radiation (from 6am i 7pm) were then calculated for a single day

each month (the 16") for June i November 2017, adjusting monthly valuesast he sunos

zenith changed though the months.

To allow direct comparison to vegetation plots and to account for inaccuracies in GPS
locations of data logger sites and XYZ error in the DSM, both the DSM and the Potential
Incoming Solar Radiation layers were aggregated to a spatial resolution of 25m before data
were extracted for use in microclimate modelling. The DSM was aggregated to produce eight
separate variables, namely: 6 ax6(maximum elevation within the aggregated 25m spatial
resolution), 6 mé(minimum elevation within the aggregated 25m spatial resolution), 6 edian6
(median elevation within the aggregated 25m spatial resolution), 6 eand(mean elevation
within the aggregated 25m spatial resolution), 6anged(range of elevations within the
aggregated 25m spatial resolution), 6 tandard deviationd(standard deviation of elevations
within the aggregated 25m spatial resolution), 6 ean 3 x Bréean elevation within an
aggregated 75m spatial resolution) and éetative heightd(mean elevation within an

aggregated 75m spatial resolution minus the mean elevation within 25m spatial resolution).
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These values were then extracted from the aggregated grids at the locations of each data

logger using ArcGIS (version 10.4).

Similarly, results of the Potential Incoming Solar Radiation analyses were aggregated to a
spatial resolution of 25m and extracted, with separate layers created for each hour of the
day (7am-7pm) and each month (June T November 2017) for a total of 72 layers, with only
the pertinent layer matched to the data logger data point and extracted (i.e. a data logger
reading at 3pm in August was matched with the same Potential Incoming Solar Radiation

layer and the aggregate value extracted).

2.2.5 Statistical analyses

Multiple linear regressions were used to predict vertical temperature gradients within the

forest canopy by comparing the difference between top-most and bottom-most data logger

recorded temperatures with plot level vegetation variables (mean DBH, mean tree height,

mean bole height, mean number of branches >20cm in diameter, mean number of branches

between >20-10cm in diameter, mean number of branches >10-4cm in diameter, mean

number of branches >4-2cm in diameter, mean number of branches >2-0Ocm in diameter,

mean connectivity, and canopy density and Morisit a 6 s ) (Blokdeeak, 2011. Multiple

linear regressions were also used to predict temperature using plot level vegetation variables

(as listed above ), as well as canopy structure variables derived fromUAVsur veys ( 6 maxod,
O6mi no, 6medi ano, 6meano, 0B8N gedd drse lathediave heivg
product of potential incoming solar radiation analysis (kWH/m?), local weather variables

collected at the site using a weather station (minimum temperature, daily rainfall, cloud

cover), and LUX measurements from data loggers (Bottyan and Unger, 2003). The best

predictors were selected based on their significance (p-value) and effect on model power

when removed (adjusted R? of model).

Before the models were run, plot level vegetation variables, UAV derived canopy structure

variables, potential incoming solar radiation and local weather variables were checked for

mul ticollinearity usVYarnapleskoana tobeosigrifisantly correlated (pt i o n .
< 0.05, R? =>0.35) were removed from the analysis. Residual errors of this analysis were

tested for normality using the Kolmogorov-Smirnov test in order to check the assumptions of

general linear models, and the residual errors were found to be normally distributed.

Vegetation structure differences between plots were tested using a Kruskal-Wallis test. All

statistical analyses were performed with R (version 3.4.1) using R studio (version 1.0.153).
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2.3 Results

2.3.1 Vegetation plots

A total of 249 trees were measured over 9 vegetation plots. DBH ranged from 10 to 110cm,
tree height from 5-38m, bole height from 0.5-31m and crown area between 1.9-212.5m?
(Figures 2.13a-2.13b). Variables associated with high plot level biomass, and therefore the
presence of old-growth forest, (DBH, Tree height, Crown area, Frey et al., 2016) showed a
strong relationship( DBH ~ Tr ee HeR?ghxl7, p=60.085, (1BH 8 6rown area,
b = 7924, R?=0.518, p=<0.005, Tree Height ~Crownarea, b = OR24®3813 7,
p=<0.005 area, Figure 2.14). Nearly all structural vegetation variables were significantly
different between vegetation plots (Tree Height, K-W: G 2 = 29.178,]1 df
Crown Area, K-W: ¢ 2 = 20.678, df = 8N 2m5.67,d0=90pks8 ,
0.001, Branches >Diam.20cm , K-W: 2 =15.497, df = 9, p = 0.050, Branches Diam.2-4cm ,
K-W: 2=616.557, df =9, p = 0.035, Branches Diam.2-Ocm , K-W: 2 =29.481, df = 9,

p <0.001, see Figure 2.13a, 1.13b). DBH measurements were found to be statistically similar
across vegetation plots (K-W: 2 =5.739, df = 9, p = 0.67). Some sites had signs of historic
logging (i.e. tree stumps, cut sections of tree), but these were unquantifiable, as leaf litter

decomposition made the assessment of their abundance within a given area unreliable.
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Figure 2.13a - Vegetation plot measurements
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2.3.2 Microclimate recordings

Temperatures recorded by microclimate data loggers (n = 20, n = 2 failed) ranged from
21.28°C to 43.11°C, with the mean temperature across all time periods being 26.20°C,
based on 48,695 data points recorded between June to November 2017 (Figure 2.15).
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Figure 2.15 1 Temperatures recorded by microclimate data loggers from June to November 2017 by

hour

Data loggers were placed at various heights within trees, from 1 to 31m above the ground;

logger height was to be significantly correlated to the mean temperature recorded by the

data | ogger (Logger Heirghtl,df=R0),shoRing@Gedical p = 0. 002
temperature gradient with height. Data loggers recorded a wide range of temperatures

simultaneously, with recordings at the same hour of the day varying by as much as 15.2°C

between data loggers recording at different locations (e.g. 21/06/2017, 11:00am, data logger

fllagd 42.3°C,d at a | 8od@m2F.&°C). Aross all data loggers the hottest part of the day on

average was 2pm, (range of means from 33.8°C [data logger i 1 a&od2}.5°C [data logger

fi 8 raftHough temperature peaks on individual days ranged from 9am to 5pm (see Figure

2.16a, 2.16b), suggesting that the degraded Sikundur forest is a climatically dynamic

environment.
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Figure 2.16a 1 Details of each microclimate plot variables recorded, including data from vegetation

plots, UAV surveys and microclimate measurements
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Figure 2.16b i Details of each microclimate plot variables recorded, including data from vegetation

plots, UAV surveys and microclimate measurements (Plot 9 not shown as 2™ logger failed)
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2.3.3 Vegetation structure effect on temperature gradients

To establish whether a relationship existed between vegetation plot variables and vertical
temperature gradients (i.e. the difference between simultaneously recorded temperatures
from the top-most data logger and the bottom-most data logger), multiple linear regressions

were performed. Vertical temperature gradients had a significant relationship (at p < 0.05) to

plot level vegetation structure (Table 2.1). Mean bol e height, mean canopy
number of branches >10cm in diameterd (summari se
>20cm in diameteré and 0 mReécmindiameteridoeavoidof br anches

multicollinearity) were all significantly related to temperature gradients. However, the time of
day and weather conditions affected how vegetation plot structure impacted upon vertical
temperature gradients. During hours with large ranges of temperature gradients (11am i
1pm), vegetation structure had a strong impact, as shown in large r-squared values. In hours
with low variation in vertical temperature gradients (7- 8am, 4-7pm) plot-level vegetation
structure had less impact, as shown by low r-squared values (Table 2.1, Figures 2.17 and
2.18).

To explore the effects of local weather conditions on vertical temperature gradients, data

logger recordings were separated into temperaturesr ecor ded i n high cloud cc
cloud cover) and |l ow cloud cover Merxal5% cl oud cov
temperature gradients were greater in low cloud cover, and resulted in higher r-squared

values (for example; at 12pm R?= 0.265 in high cloud cover, R? = 0.604 in low cloud cover,

Table 2.1, Figure 2.18), suggesting vegetation structure has a larger impact on temperature

gradients when solar radiation is not blocked by cloud cover. Data logger recordings in high

( 075 %) c | showkd acreducedrimpact of vertical temperature gradients, although the

effects of vegetation structure were still significant (Table 2.1, Figure 1.17). Additionally, in

low cloud cover, vertical temperatures reached their maximum gradient earlier in the day

than in cloudy conditions (12 noon as opposed to 1pm).
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Table 2.1 - Results of multiple linear regressions detailing the best fit models of the effects of vegetation variables on vertical temperature gradient in high and
low cloud cover by hour, using non-correlated variables (grey highlighted lines for readability only)

The effect of vegetation structure on temperature gradient with high cloud cover (275%)

7am 8am 9am 10am 11am 12pm 1pm
Variable B t p B t p B t p B t p B t p B t p B t p
Intercept -1.069 -5.701 <0.001 0.206 2.922 0.004 1.815 6.606 <0.001 4.522 7.025 <0.001 5.610 6.948 <0.001 5.769 6.758 <0.001 8.555 7155 <0.001
Mean Bole Height 0.116 8.324 <0.001 -0.169 | -6.438 | <0.001 | -0.366 | -6.009 | <0.001 | -0.466 | -6.440 | <0.001 | -0.489 | -6.400 | <0.001 | -0.808 | -5.632 | <0.001
Mean Canopy Area -0.008 -3.400 | <0.001 0.006 -3.938 0.000 0.016 2.328 0.021 0.035 4.706 <0.001 0.045 6.749 <0.001
Mean no. branch >10cm 0.133 3.042 0.003 0.646 7121 <0.001 0.815 3.804 <0.001 1.116 4.144 <0.001 1.572 5.555 <0.001 1.914 6.598 <0.001
Mean Connectivity -0.009 -3.086 0.002 -0.009 | -4.627 | <0.001 0.034 1.996 0.0472
Res. Stand. Error. 0.239 0.235 0.413 0.935 1.079 1.150 1.092
Adjusted R? 0.264 0.167 0.234 0.159 0.205 0.265 0.3673
degrees of freedom 215 219 219 207 196 200 213
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

2pm 3pm 4pm Spm 6pm 7pm
Variable B t p B t p B t p B t p B t p B t p
Intercept 9.311 9.198 <0.001 4.806 3.816 <0.001 4.515 4.058 <0.001 2.253 2.986 0.003 0.036 0.281 0.779 0.022 0.223 0.824
Mean Bole Height -0.889 -7.291 <0.001 | -0.468 | -3.121 0.002 -0.445 | -3.306 0.001 -0.213 | -2.697 0.008
Mean Canopy Area 0.042 6.541 <0.001 0.054 6.886 <0.001 0.025 3.567 <0.001 0.012 2.303 0.022
Mean no. branch >10cm 1.602 5.701 <0.001 4.446 4.324 <0.001 0.630 2.003 0.046 -0.333 | -3.270 0.001
Mean Connectivity 0.054 3.657 0.003 0.039 2.154 0.032 0.044 2.716 0.007 0.031 3.079 0.002 0.021 3.911 <0.001 0.018 5.008 <0.001
Res. Stand. Error. 1.077 1.260 1.123 0.902 0.736 0.496
Adjusted R? 0.333 0.206 0.084 0.056 0.060 0.119
degrees of freedom 218 215 221 215 223 248
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

The effect of vegetation structure on temperature gradient with low cloud cover (£25%)

7am 8am 9am 10am 11am 12pm 1pm
Variable B t p B t p B t p B t p B t p B t p B t p
Intercept -0.413 -2.213 | 0.2795 4.961 4.679 <0.001 8.867 6.866 <0.001 8.862 7.102 <0.001 | 14.309 | 10.740 | <0.001 | 13.606 | 10.460 | <0.001 | 10.220 12.69 <0.001
Mean Bole Height 0.061 3.074 0.002 -0.457 | -4.890 | <0.001 | -1.001 -6.285 | <0.001 | -0.900 | -5.705 | <0.001 | -1.747 | -10.300 | <0.001 | -1.613 | -9.843 | <0.001 | -0.826 | -10.685 | <0.001
Mean Canopy Area -0.004 -3.167 0.002 0.050 5.401 <0.001 0.049 5.011 <0.001 0.025 2.629 0.009 0.129 12.480 | <0.001 0.128 12.929 | <0.001 0.040 6.328 <0.001
Mean no. branch >10cm 3.469 7.361 0.010 3.634 8.008 <0.001 5.161 10.830 | <0.001 5.026 10.687 | <0.001 2.613 11.65 <0.001
Mean Connectivity -0.012 -4.987 | <0.001 0.051 2.616 <0.001 0.057 3.000 0.003 0.120 5.800 <0.001 0.104 5.230 <0.001
Res. Stand. Error. 0.201 1.642 1.594 1.467 1.522 1.471 1.043
Adjusted R? 0.158 0.185 0.298 0.278 0.587 0.604 0.5075
degrees of freedom 215 217 216 205 202 199 211
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

2pm 3pm 4pm S5pm 6pm 7pm
Variable B t p B t p B t p B t p B t p B t p
Intercept 13.034 14.395 | <0.001 | 10.042 8.324 <0.001 | 13.852 9.607 <0.001 | 19.830 | 11.165 | <0.001 0.910 2.015 0.045 0.167 1.281 0.202
Mean Bole Height -0.981 -11.315 | <0.001 | -0.956 | -6.301 <0.001 | -1.201 -6.695 | <0.001 | -1.980 | -8.984 | <0.001
Mean Canopy Area 1.017 2.581 0.011 0.048 5.183 <0.001 0.031 2.889 0.004 0.055 4.025 <0.001 0.030 3.502 <0.001 0.012 3.766 <0.001
Mean no. branch >10cm 2.312 9.337 <0.001 2.900 6.187 <0.001 2.464 4.567 <0.001 4.128 6.426 <0.001 0.544 2.130 0.034
Mean Connectivity 0.053 2.889 0.004 0.054 2.478 0.014 0.123 4.590 <0.001 0.030 2.368 0.019 0.022 5.004 <0.001
Res. Stand. Error. 1.153 1.412 1.722 2.210 1.474 0.566
Adjusted R? 0.401 0.256 0.200 0.282 0.061 0.123
degrees of freedom 217 224 218 214 213 214
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Figure 2.17 - Temperature difference (°C) between top-most and bottom-most data loggers in same
trees under high cloud cover

Temperature gradient with low cloud cover (£25%)
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Figure 2.18 - Temperature difference (°C) between top-most and bottom-most data loggers in the

same tree in low cloud cover

Mean values for vertical temperature gradient are related, but not significantly, with the
height difference between high and low data loggers per tree (Figure 2.19). This suggests

that vegetation structure variables (in addition to vertical distance) govern temperature
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Figure 2.19 - Data logger height difference compared to mean temperature gradients in different

2.3.3 UAV surveys

weather and light conditions

The initial processing of 4811 UAV acquired images (ground resolution of 0.064 m/pixel at

~250 m flying height) through the feature-matching procedure implemented in the StM

algorithm, produced a point cloud consisting of 1,816,102 features over an area of 26.8 km?

(Figure 2.20). Due to a high degree of image overlap, initial average camera location error

was below 4m (mean XY error = 3.22m, mean Z error = 1.23m, mean total error = 3.83m). A

large amount of this error was concentrated in the southern portion of the flight path area



and this area was removed in the final DSM (Figure 2.21). UAV derived variables, extracted

from the aggregated DSM, were related with vegetation plot variables associated with old-

growth forests, such as canopy heterogeneity (Figure 2.22) (Frey et al., 2016): dree height

ranged of vegetation pfromthe DSM(RFRA58gpe0.01B), el evati on
6Mean number of br anc h bdeanki@vatts per metre ds caumeRteed @ ~( 6

059, p = 0.009), O6Meani 2ocnuimbaenete rodMeadn kilawattspex s 0
metre squaRP=e@5h, @« = OCanlolpdy) ,dednsi tyodo ~ ORRa-044e of el ¢
p = 0Ca2n30)p,y 6d eResliattyidv e-R1¥OHU6g htp & O . (t3a20)s, io6nMoerxi 6s ~

6Range of RI=049p=i023)s 06 GiMod s si Btaheard deviationbof
el e v a tRF o0M8, p = {.036) were all significant.

Figure 2.20 1 Camera locations and image overlap from UAV flights
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