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Abstract

Agricultural expansion has driven widespread fragmentation of tropical rainforests, and many
forest areas are now close to edges. Edges can have deleterious impacts on forest trees and
aboveground carbon (AGC) stocks, but these edge effects are variable in strength. Focusing on
Sabah, Malaysian Borneo, | studied edge effects in landscapes dominated by oil palm plantations,
to better understand the environmental impacts of oil palm agriculture and to inform
management strategies to ameliorate detrimental edge impacts on remaining forest areas. |
collected field data to quantify edge effects on tree communities and AGC in forests bordered by
oil palm plantations. The largest trees were up to 21% smaller near edges, causing reductions in
local plot-level carbon of up to 30% (30% reduction at 50m from edge), with the strongest effects
within 300m of edges. However, these edge effects were weak relative to existing variation in
forest structure and carbon, and there were no observable edge effects on tree community
composition or diversity. | used remotely-sensed data to examine whether AGC losses were
stronger in areas close to multiple edges, and found that forest carbon stocks were 23% lower
close to multiple edges than adjacent to a single edge. | also explored the role of the non-forest
matrix and examined forest AGC losses at edges adjacent to high-contrast matrices (e.g. pasture)
compared with low-contrast matrices (e.g. mature palms and trees). High-contrast edges lost
twice as much carbon as low-contrast edges (21% loss vs 10% loss). Taken together, my results
show that forest edge AGC is highly variable and that edge effects are relatively weak, but are
nevertheless worse in proximity to multiple edges and when adjacent to high-contrast matrices.
Management strategies to buffer edge contrast and minimize edge:area ratios of fragments may

help maintain forest carbon stocks in fragmented landscapes.
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Chapter 1 - General Introduction

Emergent Koompassia excelsa in a forest edge adjacent to oil palm
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1.1 Abstract

In recent decades, global population growth and increasing consumption have driven a rapid
expansion of tropical agriculture. This has primarily occurred at the expense of tropical
rainforests, globally important ecosystems which harbour more than half of all terrestrial species
and store the majority of global forest carbon. Agricultural expansion in the tropics has therefore
driven substantial reductions in biodiversity and is a significant source of greenhouse gas
emissions. However, the negative effects of tropical land-use change are not limited to those
arising directly from forest loss; degradation of remaining forest areas is also a contributing
factor. Forest fragmentation is one of the primary drivers of degradation, resulting in the creation
of forest edges which have a range of persistent and deleterious impacts. However, edge effects
are highly variable in strength and are poorly studied in many landscapes, such as those
dominated by oil palm plantations. Such landscapes are common throughout Southeast Asia, yet
the influence of edges on trees and carbon stocks in forests adjacent to oil palm plantations
remains poorly understood. Furthermore, the structure of the adjacent non-forest habitat and the
combined effects of multiple edges are both thought to mediate edge effects on forest trees and
carbon stocks, but have received relatively little research attention. In this introductory chapter |
provide an overview of tropical land-use change and its direct and indirect consequences for
tropical forests, and then summarise the extent and impacts of tropical forest fragmentation and
edge effects. | discuss factors which may mediate the strength of edge effects, and introduce
Southeast Asia as a study system in which to examine these concepts further. These topics
contextualise the main objective of my thesis: to examine the impacts of edge creation on forest
trees and carbon stocks in oil palm landscapes. | aim to better understand the environmental
impacts of oil palm agriculture and to inform management strategies to ameliorate detrimental

edge impacts.

1.2 Tropical land-use change

Today, the global human population stands at around 8 billion, over three times larger than it was
seventy years ago (United Nations, 2022). By the year 2050, it is projected to reach almost 10
billion (United Nations, 2022). As the population has increased, so too have levels of individual
consumption, which are now at the highest level in human history (Millward-Hopkins et al., 2020).
This combination of population growth and increasing consumption has resulted in the increased
conversion of natural landscapes to anthropogenic land uses, such as urban centres and
agricultural land to produce food, animal feed and biofuels (Foley et al., 2005; Defries et al.,

2010). Most of the global land area is, or has been, subject to land management (Luyssaert et al.,
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2014; Ellis et al., 2021), and almost a third has been subject to land-use change within the last six
decades (Winkler et al., 2021). The majority of these land conversions have typically resulted in
the same outcome: the degradation of natural ecosystems and environmental conditions, in order
to acquire resources to meet immediate human needs (Foley et al., 2005). However, whilst the
majority of these resources are used by the Global North (Oswald et al., 2020), increasing
globalisation has facilitated the displacement of land conversions, and patterns of change are
therefore divergent across the globe (Lambin and Meyfroidt, 2011; Meyfroidt et al., 2013; Yu et
al., 2013). The recent expansion of agriculture has primarily occurred in the tropics (Winkler et al.,
2021), where productivity is high and land and labour are relatively cheap (Akram-Lodhi, 2012;
Laurance et al., 2014; Kastner et al., 2014; Mechiche-Alami et al., 2019). Agricultural land (i.e.
cropland and pasture) made up at least a fifth of the tropical land area in 2005 (Malhi, 2010), and
industries such as beef (Macedo et al., 2012), sugar cane (Picoli and Machado, 2021), soybean
(Barona et al., 2010), oil palm (Gaveau et al., 2016), and cocoa (Ordway et al., 2017) have
continued expanding throughout tropical regions. This agricultural expansion has largely occurred
at the expense of tropical forests (Henders et al., 2015; Curtis et al., 2018). Between 1980 and
2000, over 80% of new agricultural land across the tropics was converted from forests, with intact
(i.e. undisturbed) tropical forests being particularly vulnerable to conversion (Gibbs et al., 2010).
This trend has continued into the 21 Century, with over 90% of tropical deforestation between
2011 and 2015 linked with agriculture (Pendrill et al., 2022), and is expected to continue as the

human population continues to grow (Laurance et al., 2014; Lewis et al., 2015).

Agricultural expansion and associated forest loss primarily occurs in the tropics, but the
environmental impacts are significant at both local and global scales. Humid tropical forests
contain disproportionately high levels of biodiversity (e.g. Figure 1.1), and are home to over half
of all terrestrial species (Myers et al., 2000; Scheffers et al., 2012; Barlow et al., 2018), despite
covering less than 10% of the land surface (Eiserhardt et al., 2017). Deforestation is therefore
driving substantial reductions in biodiversity (Pimm et al., 2014; Newbold et al., 2015; Nunes et
al., 2022; Oakley and Bicknell, 2022). Deforestation is also reducing the capacity of tropical forests
to provide ecosystem services (Laurance et al., 2014; Watson et al., 2018; Brouwer et al., 2022),
due to both the loss of forests and the long-term impacts that this loss has on soils (Don et al.,
2011; Veldkamp et al., 2020), which is concerning given that over 1 billion people directly rely on
these services (Vira et al., 2015). Tropical deforestation also influences the global carbon cycle.
Intact tropical forests have exceptionally high levels of carbon storage; they contain
approximately 55% of all global forest carbon (Pan et al., 2011), which is roughly a third as much

as is held in the atmosphere (Le Quéré et al., 2016), and they sequester about 437 TgC each year
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(Baccini et al., 2017). Tropical forests therefore play a key role in global climate regulation, and
are essential for mitigating anthropogenic climate warming (Mitchard, 2018). However, their
capacity to act as carbon sinks is compromised by agricultural expansion (Harris et al., 2021; Li et
al., 2022). Forest clearance, alongside factors which degrade remaining forest areas (see below),
may be causing tropical forests to shift to net carbon sources of around 425 Tg C year (Baccini et
al., 2017). Some evidence indicates that tropical forests have a neutral contribution to the global
carbon cycle, but continued anthropogenic pressures and rising global temperatures are likely to

result in them becoming a carbon source in the future (Qie et al., 2017; Mitchard, 2018).

Figure 1.1. Tropical rainforests are home to a huge diversity of species. Clockwise from top left:

Rhinoceros hornbill Buceros rhinoceros (Sabah, Malaysia), Sumatran orangutan Pongo abelii
(Sumatra, Indonesia), crowned woodnymph Thalurania colombica (Sierra Nevada de Santa Marta,
Colombia), proboscis monkey Nasalis larvatus (Sabah, Malaysia), long-jawed orb weaver
Opadometa sarawakensis (Sabah, Malaysia), Wagler’s pit viper Tropidolaemus wagleri (Sumatra,

Indonesia). Photos by J Anderson.
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Forest degradation

The environmental impacts of tropical land-use change are not limited to the direct effects of
forest loss. Substantial impacts also arise from the degradation of remaining forest areas; that is,
temporary or long-term deleterious changes in forest condition (functions, properties and
services; Lapola et al., 2023). Degraded forests account for around 25% of tropical moist forests
(Zhu et al., 2023), and in some regions the area affected by degradation now surpasses the extent
of deforestation (Matricardi et al., 2020). Forest degradation typically occurs alongside land-use
change, resulting in cascading and indirect effects (Malhi et al., 2014). Degradation is driven by a
variety of factors such as invasive species, disease outbreaks, wildfires, pollution, climate change,
unsustainable extraction of forest resources, and forest fragmentation (Laurance et al., 2014;
Lewis et al., 2015; Barlow et al., 2018). Land-use change facilitates the invasion of non-native
species into remnant forests (Waddell et al., 2020; Franklin et al., 2020) and the increased
occurrence of diseases (Castro et al., 2019), with detrimental consequences for ecosystem
function, local wildlife populations, and people’s health and livelihoods (Lewis et al., 2015; Corlett,
2019). Landscapes subject to deforestation for agriculture often experience forest fires, due to
‘slash and burn’ practices used to clear and manage land, and the increased susceptibility of
remnant forests to drought from climate change (Cochrane, 2003; Qie et al., 2017), resulting in
significant carbon emissions (Van Der Werf et al., 2010). These fires are not only limited to
remnant forest areas; underground fires in tropical peatlands that have been drained are also a
significant source of carbon emissions, and are detrimental to wildlife and people’s health
(Harrison et al., 2009; Hoyt et al., 2020). In Indonesia, for example, deforestation and soil drainage
for agricultural development has made peatlands highly susceptible to burning (Turetsky et al.,
2014), resulting in widespread fires such as those observed in 2015. These fires pushed Indonesia
into the top five carbon emitting countries, cost the Indonesian government over USD 16 billion,
and had significant long-term health impacts on people throughout Southeast Asia (Atwood et al.,
2016; Uda et al., 2019). Deforestation also increases the accessibility of remnant forests,
increasing the extraction of timber and non-timber forest products, as well as substantial
defaunation via hunting and poaching (Asner et al., 2009; Lewis et al., 2015; Harrison et al., 2016).
Collectively, the drivers of forest degradation result in loss of biodiversity across multiple
taxonomic groups (Gibson et al., 2011; Laurance et al., 2012; Nunes et al., 2022). It has been
estimated that degradation can double biodiversity losses caused by deforestation alone (Barlow
et al., 2016), and can triple the carbon emissions arising from tropical land-use change (Maxwell

et al., 2019).
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Forest fragmentation, the division of forests into smaller and more isolated patches, is one of the
most significant drivers of forest degradation, with deleterious consequences (Lindenmayer and
Fischer, 2006; Haddad et al., 2015). These consequences include the impacts of fragment size and
isolation, matrix effects (the impacts of the surrounding land use), and edge effects (the impacts
of forest edge creation and maintenance). These fragmentation effects are reviewed in the
following sections, with a particular focus on edge effects, which are the central topic of my
thesis. Edge effects are one of the primary drivers of degradation and ecological change in
human-modified tropical landscapes (Laurance et al., 2011; Berenguer et al., 2014; Chaplin-
Kramer, Ramler, et al., 2015; Pfeifer et al., 2017), and have the largest global footprint of all the
drivers of tropical forest degradation (Zhu et al., 2023). However, edge effects are highly variable
across study systems and are commonly perceived as being idiosyncratic (Ries et al., 2017). Thus,
in order to quantify the impacts of tropical land-use change, and devise management strategies to
mitigate these impacts, there is a clear need for system-specific research on edge effects and an
improved understanding of the factors which drive their variability (Chaplin-Kramer, Sharp, et al.,
2015; Chaplin-Kramer, Ramler, et al., 2015). My thesis examines the impacts of edge effects on
tree communities and aboveground carbon stocks in oil palm landscapes, which are common
throughout tropical Southeast Asia but are understudied in this context, and also examines

factors which may mediate their detrimental effects.

1.3 Forest fragmentation

Conversion of forest to agriculture and other land-uses results in the fragmentation of remaining
forest areas (Figure 1.2), and fragments are often small, isolated amidst a matrix of non-forest
habitat, and exposed to further disturbances and variable levels of protection (Curran et al., 2004;
Broadbent et al., 2008; Taubert et al., 2018). Throughout the tropics, agricultural expansion has
caused widespread fragmentation of tropical forests (Lewis et al., 2015). Analyses of high-
resolution forest cover maps (30m resolution) show that between 2000 and 2010 the number of
tropical forest fragments (identified based on forest pixel connectivity, 0.09 ha minimum
fragment size threshold) increased by approximately 20 million, a 16% increase (Fischer et al.,
2021), and fragments are also getting smaller (Hansen et al., 2020), with large tracts of continuous
forest becoming increasingly rare. On average, around 10% of tropical forests are now comprised
of fragments smaller than 10,000 ha, and the average size of fragments is only about 17 ha
(Taubert et al., 2018). Over the next 50 years, the number of tropical forest fragments is predicted
to increase by a factor of 33, with a concurrent decrease in mean fragment size to 0.25 ha
(Taubert et al., 2018). Understanding the impacts of forest fragmentation is therefore critical for

landscape management and biodiversity conservation.
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Google Earth Timelapse
Sinop, Mato Grosso, Brazil‘
1984 )

Google Earth Timelapse i y =2
SinopaMato!Grosso; Brazil
2020

Figure 1.2 - Deforestation and tropical forest fragmentation in Mato Grosso, Brazil, from a) 1984
to b) 2020, due to expansion of soybean agriculture. Area shown is approx. 60km x 110km. Taken
from Google Earth Timelapse (Google, Landsat, Copernicus) video, available under a Creative

Commons Attribution 4.0 International License, from https://developers.google.com/earth-

engine/timelapse/videos.
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Although they are distinct processes (Fahrig, 2003), habitat loss and fragmentation tend to occur
simultaneously (e.g. Figure 1.2), which can make it difficult to disentangle their relative effects
(Didham et al., 2012). Nonetheless, there is clear evidence that fragmentation has its own set of
impacts separate from those caused directly by habitat loss, and that these are widespread,
pervasive and long-lasting (lbafiez et al., 2014; Haddad et al., 2015; Fletcher et al., 2018; Piittker
et al., 2020). These fragmentation effects are driven by a variety of processes, and are
underpinned by fundamental ecological theories such as the Theory of Island Biogeography
(MacArthur and Wilson, 1967), Species-Area Relationships (Preston, 1962), and metapopulation
theory (Hanski, 1998). Smaller forest fragments tend to support fewer species (‘area effects’), and
this has been observed in a variety of taxa including birds, mammals, plants and invertebrates
(Struebig et al., 2008; Hill et al., 2011; Lucey et al., 2014; Haddad et al., 2015; Laurance et al.,
2018; Stride et al., 2018). There are fewer species in smaller fragments because they are less
capable of supporting viable population sizes, and also because of ‘sample’ effects in habitats with
high levels of species rarity, such as tropical forests, whereby smaller fragments are unlikely to
contain all species present in the original forest community (Laurance et al., 2018). Smaller
fragments also lose species more quickly than large fragments, which often experience extinction
debts (time delays in species loss following disturbance) (Ferraz et al., 2003; Stouffer et al., 2009).
Fragment isolation also contributes to biodiversity loss, because landscapes with more isolated
fragments have reduced patch connectivity. This compromises the persistence of plant and
animal populations by limiting dispersal and by reducing re-colonisation of habitat patches
following local extinctions (‘isolation effects’; Haddad et al., 2015; Hanski, 2015). Compared to
larger fragments, smaller and more isolated fragments are also more likely to disappear over time
(Gascon et al., 2000; Hansen et al., 2020). Thus, fragment area and isolation effects cause
biodiversity declines across multiple taxa. These effects generally worsen over time, because
populations which are no longer viable within fragments become functionally extinct and
eventually disappear (‘extinction debts’; Haddad et al., 2015). In taxa with very long generation
times, such as trees, these extinction debts can last for several centuries (Vellend et al., 2006;

Stride et al., 2018).
Edge effects

Forest edges, the human-made boundaries between forest and non-forest habitats (Figure 1.3a),
are often dominating drivers of ecological change in fragmented tropical forests, via ‘edge effects’
(Laurance et al., 2011; Berenguer et al., 2014; Benchimol and Peres, 2015; Pittker et al., 2020).
Edge effects are the biotic and abiotic changes which occur near the forest edge as a result of

edge creation and maintenance, and therefore arise from forest fragmentation (Murcia, 1995).
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Edge effects occur on both sides of the edge (i.e. in both the forest and adjacent matrix), but |
focus on forest edge effects in this thesis. A wide variety of edge effects have been documented in
fragmented tropical forests, and although the most severe effects tend to occur within 100m —
300m of the edge (Laurance et al., 2002; Broadbent et al., 2008), some have been observed at
much greater distances of over 1.5km (Cochrane and Laurance, 2002; Briant et al., 2010; Chaplin-
Kramer, Ramler, et al., 2015; Luskin et al., 2017). Anthropogenically-created edges have increased
light penetration, decreased humidity, increased temperatures and increased wind turbulence
and windthrow (Figure 1.3b; Kapos, 1989; Laurance and Curran, 2008; Ewers and Banks-Leite,
2013; Magnago et al., 2015; Magnago et al., 2017; Zhu et al., 2023). Fires also increase in
frequency and intensity near edges (Cochrane, 2001; Cochrane and Laurance, 2002; Benchimol
and Peres, 2015; Brando et al., 2019), due to human activities in adjacent land-uses and increased

desiccation of the forest (Zhao et al., 2021).

Altered abiotic conditions influence species abundances and the structure and diversity of animal
and plant communities near edges (Didham et al., 1996; Laurance et al., 2011; Ibafiez et al., 2014,
Pfeifer et al., 2017; Willmer et al., 2022). For example, a global analysis revealed that 85% of 1,673
studied vertebrate species were affected by edges, with either an increase or decrease in their
abundance, and species classified as threatened by the IUCN were less likely to be present at
edges (Pfeifer et al., 2017). Species responses to edges reflect material and energy flows across
the edge boundary and altered resource availability, as well as biotic interactions (Ries et al.,
2004; Ewers and Didham, 2006; Ries et al., 2017), and species life-history strategies and traits
determine their ability to persist at edges (Pfeifer et al., 2017). Relatively low historical
disturbance levels (e.g. from fires, glaciation, hurricanes, and deforestation) may mean that the
tropics contain more species that are vulnerable to edge effects than in higher-latitudinal regions
(Betts et al., 2019), thus species richness tends to decline at tropical forest edges (Willmer et al.,
2022). Over 30% of remaining tropical forest is estimated to be within 100m of an edge, and this
is anticipated to rise to 50% by 2100 (Fischer et al., 2021); edges are therefore increasingly
important ecological features within human-dominated tropical landscapes. Understanding the
impacts of edge effects on forest trees is of critical importance, because trees are key structural
elements in forests and play critical functional roles in primary production, carbon storage and

resource provision for fauna.
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1.4 Edge effects on tropical forest trees and carbon stocks

Altered abiotic conditions drive substantial changes in plant community structure and processes
near edges (Harper et al., 2005; Figure 1.3c), with rapid species turnover of forest tree
communities (Laurance et al., 1998 a; Laurance et al. 2006 a; Qje et al., 2017). Disturbance-
adapted species with lower wood densities tend to proliferate at edges, whilst shade-tolerant,
forest-interior species with higher wood densities decline (Laurance et al. 1998 b; Oliveira et al.,
2004; Laurance et al. 2006 b; Michalski et al., 2007; de Paula et al., 2011). Large trees, which are
key structural and ecological components of forests (Slik et al., 2013; Pinho et al., 2020), are
disproportionately affected (Oliveira et al., 2008; de Paula et al., 2011), with mortality rates
increasing by almost 300% within 300m of an edge (Laurance et al., 2000). Large tree mortality is
due to microclimatic stress, lianas (which increase in abundance at edges, and can reduce tree
survival), fire and increased wind turbulence (D’Angelo et al., 2004; Magnago et al., 2015;
Campbell et al., 2018; Gora and Esquivel-Muelbert, 2021; Zhao et al., 2021). Canopy and
emergent trees are prone to canopy desiccation caused by local phenomena such as the
‘vegetation breeze’, whereby local evaporation and convection dynamics are altered by the
proximity of cleared land (Briant et al., 2010; Laurance et al., 2018), which can be exacerbated by
regional droughts (Qie et al., 2017; Nunes et al., 2021). In combination, these compositional
changes can culminate in phylogenetic impoverishment (Santos et al., 2010; Razafindratsima et
al., 2018), biotic homogenisation (Oliveira et al., 2004) and a ‘retrogressive succession’ of tree
communities near edges (Figure 1.3d; Michalski et al., 2007; Santos et al., 2008; Tabarelli et al.,
2008; Tabarelli et al., 2012; Benchimol and Peres, 2015), which may persist for centuries (Pitz et
al., 2011). There are associated changes in forest structure near edges (Figure 1.3d), with
reductions in forest height (Almeida et al., 2019; Ordway and Asner, 2020), canopy density
(Scriven et al., 2018), and emergent tree abundance (de Paula et al., 2011), whilst understorey
stem and foliage density can increase due to recruitment of disturbance-adapted species
(Broadbent et al., 2008). These structural changes further contribute to altered abiotic conditions.
Tree communities near edges can suffer from reductions in species richness (Oliveira et al., 2004;
Krishnadas et al., 2019; Krishnadas and Stump, 2021; Willmer et al., 2022), though not always
(Ibafiez et al., 2014), and non-native trees are also more common (Franklin et al., 2020). In
summary, increased levels of abiotic disturbance at tropical forest edges cause substantial
changes in the structure, composition and diversity of tree communities within the forest (Figure

1.3).

21



Abiotic effects on trees are further compounded by changes in species interactions near edges,
such as altered animal behaviour and resource use. For example, increased abundance of wild
pigs in agricultural plantations can reduce tree sapling density by almost 80% in adjacent forests
(Luskin et al., 2017) and facilitate the invasion of non-native shrubs (Peters, 2001), whilst
increased vertebrate seed predation can hinder tree recruitment (Curran et al., 1999). Changes in
the abundance, composition and behaviour of seed-dispersing birds and mammals, as well as
pollinating insects, can also reduce tree recruitment (de Melo et al., 2006; Cramer et al., 2007;
Brosi et al., 2008; Melo et al., 2010), particularly in regions with many animal-dispersed trees
(Osuri et al., 2016). The regulation of seedling recruitment by fungal pathogens and insect
herbivores can also be compromised by edge proximity, thus reducing tree diversity near edges
(Krishnadas et al., 2018). Increased felling and hunting near edges (Peres, 2001; Lewis et al., 2015)
also contributes to the loss of large, late-successional tree species with high wood densities,
because these are typically the main targets for timber extraction (Lindenmayer et al., 2012) and
are often animal-dispersed (Harrison et al., 2013; Bello et al., 2015). Edges can therefore have
many deleterious impacts on forest tree communities, which have consequences for ecological

processes and ecosystem functions, such as carbon storage.
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* Forest edge created

* Forest borders cleared land
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* Edge becomes hotter and brighter

* Increased wind penetration

* Mortality of large trees

* Recruitment of pioneer species

......

______

* Decline in late-successional species

VARV AR

d)

* Long-term structural changes

* ‘Retrogressive succession’ of community

VARV AV VAR

Figure 1.3 — Conceptualized diagram of abiotic edge effects on tropical forest trees, showing: a) a
recently created edge, b) abiotic gradients (wind, sunlight) penetrating laterally from the adjacent
non-forest into the forest, c) increased mortality of large trees and increased recruitment of
disturbance-adapted species (pink and orange trees), and d) significant long-term alterations in

tree community structure and composition. Figure produced with BioRender premium plan.
Edge effects on forest carbon

Tropical trees store around a third as much carbon as is held in the atmosphere (Mitchard, 2018),
and the majority of this carbon is stored as aboveground biomass (AGB) (Pan et al., 2011).
Changes in the structure and composition of forest tree communities therefore have profound
implications for forest carbon stocks, and any reduction in AGB also reduces the amount of
aboveground carbon (AGC) stored in the forest. Following edge creation there is typically a pulse

in tree mortality near the edge, due to the harsh abiotic conditions (e.g. wind turbulence, canopy
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desiccation) which the tree community is not adapted to (D’Angelo et al., 2004). This can cause an
immediate reduction in AGB, typically within 100-300m of forest edges (Laurance et al., 1997,
Dantas de Paula et al., 2015; Ordway and Asner, 2020; Silva Junior et al., 2020). The loss of large
trees in particular is responsible for much of this biomass loss (Laurance et al., 2000; de Paula et
al., 2011), because the density of large trees (over 70cm diameter) drives around 70% of the
variation in AGB in tropical forests (Slik et al., 2013). Subsequent changes in tree community
composition can contribute to long-term declines in AGB, because the early-successional, fast-
growing trees which tend to dominate near edges typically have lower wood densities and grow
to smaller sizes than the late-successional species that they replace (Qie et al., 2017). Thus,
increased recruitment of these pioneer species does not offset the loss of AGB from the mortality
of large and late-successional trees (Laurance et al., 1997; Nascimento and Laurance, 2004; de
Paula et al., 2011). Whilst regrowth of forest vegetation at the edge can buffer abiotic gradients
over time (Didham and Lawton, 1999), wind disturbance and fire frequency remain elevated and
can increase, therefore mortality and biomass loss can increase as the edge ages (Laurance and
Curran, 2008; Zhao et al., 2021). Furthermore, human activities near edges (see above) are likely

to remain persistent drivers of biomass loss.

Abiotic and biotic edge effects on tropical forest trees can therefore drive a substantial reduction
in AGB and AGC near edges (Smith et al., 2018), and this depletion in carbon stocks can persist
indefinitely and worsen over time (Pltz et al., 2014; Ordway and Asner, 2020; Silva Junior et al.,
2020). However, despite the general recognition of this trend, a recent systematic review
concluded that overall there is insufficient quantification of AGB declines at tropical forest edges,
and the studies which have examined this relationship have observed that declines are variable
(Melito et al., 2018). For example, Laurance et al. (1997) observed biomass declines of up to 36%
in Amazonian forest edges, whereas in Atlantic forest edges de Paula et al. (2011) and Magnago et
al. (2017) found AGC declines of 50% and 70% respectively. By contrast, Ordway and Asner (2020)
recorded average AGC declines of only 22% in Southeast Asian forest edges. The depth of edge
effects on AGB and AGC is also variable, with estimates ranging from 100 m (Laurance et al., 1997;
Ordway and Asner, 2020; Zhao et al., 2021) to 500 m (Chaplin-Kramer, Ramler, et al., 2015; Qie et
al., 2017), or even up to several kilometres in some edges (Chaplin-Kramer, Ramler, et al., 2015).
Furthermore, whilst some study systems find that edge effects are a major driver of AGC (e.g.
Berenguer et al., 2014), others report little to no change near edges (Phillips et al., 2006;
Schedlbauer et al., 2007; Numata et al., 2017), and there is evidence that depleted forest edge

carbon stocks can sometimes recover within a few decades (Almeida et al., 2019). Moreover,
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most studies are from only a few Neotropical regions, and there is a paucity of research in many

tropical landscapes and study systems (Melito et al., 2018).

Given the expected increase in tropical forest fragmentation over the coming decades (Taubert et
al., 2018), it is important to quantify the impact of edges on AGC and to understand drivers of
variation. Edge effects are key drivers of tropical forest degradation (Zhu et al., 2023), therefore
properly accounting for the impacts of edge-related degradation will improve carbon stock
assessments, which typically do not consider edge effects (Chaplin-Kramer, Ramler, et al., 2015;
Pearson et al., 2017). This information is crucial for monitoring and reporting carbon emissions,
such as REDD+, to avoid inaccurate emissions estimates (Gibbs et al., 2007; Goetz et al., 2015;
Silva Junior et al., 2021), and will improve the robustness of climate change models (Melito et al.,
2018). For example, accounting for edge effects increases estimates of deforestation-linked
carbon emissions by around 40% in Amazonia (Silva Junior et al., 2020), and by 30% across the
entire tropics (Fischer et al., 2021). The tropical forest component of the global carbon budget is
the least certain (Le Quéré et al., 2017), due to uncertainties in the impacts of forest degradation
(Mitchard, 2018). Improved estimation of carbon losses from edge effects will also improve
ecosystem service assessments (Chaplin-Kramer, Sharp, et al., 2015; Metzger et al., 2021),
footprinting studies of tropical agricultural products (Chaplin-Kramer et al., 2017; Lam et al.,
2019), and landscape planning decisions to protect carbon stocks (Laurance, 1991; Gascon et al.,
2000). Thus, it is important to identify the factors which drive variability in edge effects on forest
trees and AGC. This thesis therefore focuses on quantifying edge effects on forest trees and AGC
in an understudied tropical system in Southeast Asia (Chapter 2), and examines drivers of
variation in edge effect strength (Chapters 3 & 4). In the next section, | review current knowledge
about the factors which drive variability in edge effects and discuss the underlying ecological

mechanisms.

1.5 Edge effect variability

Edge effects are highly variable in strength and penetration (Ries et al., 2004; Laurance et al.,
2007; Ries et al., 2017). This variation is due to a range of factors including landscape
configuration (Laurance et al., 2007), edge orientation (Ries et al., 2004), edge age (Ordway and
Asner, 2020; Silva Junior et al., 2020), soil type (Ordway and Asner, 2020), neighbouring land-use
matrix (Mesquita et al., 1999), interacting effects between nearby edges (Porensky and Young,
2013), and forest type (Chaplin-Kramer, Ramler, et al., 2015; Zhao et al., 2021). In short, edge
effects are context-specific. However, many of these factors have been poorly studied, and the

influence of multiple edges and neighbouring matrix have received relatively little research
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attention, limiting our capacity to make large-scale predictions about edge impacts (Ries et al.,

2017).
Multiple edge effects

Many human-dominated tropical landscapes have complex patterns of fragmentation, with forest
fragments in a variety of shapes and sizes (e.g. Figure 1.2). In small fragments and in forest areas
with complex geometries (i.e. corners and corridors), it is therefore common for multiple edges to
be near to one another (Malcolm, 1994; Fernandez et al., 2002). However, the majority of edge
effect studies examine the influence of the nearest edge only, under the assumption that the
nearest edge is the key driver of ecological change. Yet there is evidence that the presence of
multiple nearby edges may increase the overall edge effect (Porensky and Young, 2013; Laurance
et al., 2018), a concept termed ‘edge additivity’ (Malcolm, 1994). There is evidence for these
stronger edge effects on the abundance and diversity of birds (Lack, 1988; Fletcher, 2005;
Lindenmayer et al., 2007), plants (Harper et al., 2007; Porensky, 2011; Malcolm et al., 2017;
Laurance et al., 2018), herbivores (Porensky, 2011) and invertebrates (Porensky, 2011; Malcolm et
al., 2017; van Schalkwyk et al., 2020). Whilst there has been some research on this topic, it is
largely neglected in the literature, and we lack a comprehensive understanding of how multiple

edges interact (Ries et al., 2017).

Edge effects on forest trees and AGC may be stronger in the presence of multiple edges, because
these forest areas are likely to experience greater abiotic disturbances. For example, wind
disturbance is typically greater in smaller, ‘edgier’ fragments (Laurance and Curran, 2008;
Schwartz et al., 2017), and forest temperature is likely to be hotter in these areas (Malcolm,
1998). Furthermore, modelling studies have shown that multiple edges can facilitate more severe
fires in fragmented forests (LaCroix et al., 2008). Thus, in tropical forest areas close to multiple
edges, there is evidence of stronger edge effects on vegetation thickness (Malcolm, 1994), tree
species richness and community composition (Benitez-Malvido and Martinez-Ramos, 2003;
Laurance et al. 2006 a), biotic damage from leaf-fungi (Benitez-Malvido et al., 2018) and tree
mortality and density (Laurance et al. 2006 a; Malcolm et al., 2017), but effects on AGC remain
unquantified. As tropical forest fragmentation continues and fragments become smaller (Taubert
et al., 2018), remnant forest areas will increasingly be subject to influence from multiple edges. If
AGC declines further in the presence of multiple edges, then studies which estimate carbon
emissions based on assumptions of single-edge effects (e.g. Brinck et al., 2017; Fischer et al.,
2021) may underestimate emissions from tropical land-use change. A metric which accounts for

proximity to multiple edges may explain more variation in edge-affected features such as AGC,
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thereby offering an improvement over a simple metric of ‘distance to nearest edge’. In Chapter 3,
| therefore adapt a metric of ‘edginess’ which accounts for the proximity of multiple edges, in
order to test whether forest AGC is lower in ‘edgier’ forest areas, and to determine whether an

edginess metric explains more variation in AGC than a ‘nearest edge’ metric.
Matrix impacts

Traditionally, ecological theories of forest fragmentation impacts (e.g. Island Biogeography) have
viewed forest fragments as habitat islands surrounded by an uninhabitable non-forest matrix.
However, this viewpoint does not consider the ecological role of the matrix itself, which may act
as habitat for some forest species and mediate the ecological impacts of fragmentation (Jules and
Shahani, 2003; Ewers and Didham, 2006; Kupfer et al., 2006; Prugh et al., 2008; Arroyo-Rodriguez,
Melo, et al., 2017). The relative ‘quality’ of the matrix determines the capacity of forest species to
use, and move through, the matrix (Driscoll et al., 2013). The matrix can therefore influence
metapopulation dynamics within patch networks, and facilitate the colonisation of species at
forest edges (Laurance et al., 2011). For example, tree community composition in fragment edges
in the Brazilian Amazon is strongly related to composition in the adjacent matrix (Laurance et al.
2006 a; Nascimento et al., 2006; Ewers et al., 2017), and similar ‘spillover’ effects have been
observed in a variety of taxa across different study systems (Sisk et al., 1997; Rand et al., 2006;
Kennedy et al., 2010; Luskin et al., 2017). Variation in human activities and management regimes
within the adjacent matrix can also determine the level of disturbance experienced by edge forest
(Maeda et al., 2023). For example, fire frequency in fragmented forests is related to the
surrounding land-use (Cochrane et al., 1999), livestock browsing intensity can modify vegetation
in adjacent edges (Benitez-Malvido et al., 2014), and human activities such as timber extraction
and hunting are likely to be higher in forest fragments closer to human settlements (Chaplin-

Kramer, Ramler, et al., 2015).

The physical structure of the matrix can also mediate edge effect strength (Harper et al., 2005;
Ries et al., 2017; Melito et al., 2018; Willmer et al., 2022). Structural contrast between the forest
and adjacent non-forest habitat mediates abiotic gradients, such as wind, temperature and light
penetration (Harper et al., 2005). This is because matrices which are more similar in structure to
natural forests (i.e. tall, dense vegetation with greater structural complexity) have abiotic
conditions more similar to those within the forest (Hardwick et al., 2015; Jucker et al., 2018), and
will therefore buffer edges against the very different abiotic conditions in high-contrast matrices
(Figure 1.4). Thus, forests bordering high-contrast matrices experience more severe abiotic

disturbances at the edge (Camargo and Kapos, 1995; Laurance and Curran, 2008; Arroyo-
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Rodriguez, Saldafa-Vazquez, et al., 2017; Permana et al., 2022), with deleterious consequences
for a variety of taxa including birds, amphibians, invertebrates and plants (Mesquita et al., 1999;
Santos-Barrera and Urbina-Cardona, 2011; Campbell et al., 2011; Hatfield et al., 2020). Some high-
contrast forest edges may support a greater diversity of species if there is resource
complementarity with the adjacent habitats (Willmer et al., 2022), although this is unlikely in
intensive agricultural systems. The majority of studies examining edge effects on tropical forests
have been in edges bordering pastures, with relatively little research on edges bordering other
land-use types (Franklin et al., 2020). Furthermore, the effects of matrix contrast may be
mediated by variation in local ‘core’ forest structure and carbon, because high-carbon forests may
be more resilient to fragmentation effects (Melito et al., 2018), but these effects remain
unquantified. Thus, in Chapter 4 | examine the influence of matrix structure on forest edge AGC in
a region with a wide variety of matrix types and edge contrast, and also examine whether high-

carbon forests are more resilient to edge and matrix effects.

a)
* Short, sparse vegetation in matrix
* Strong abiotic disturbance in forest edge
......... * Forest hotter, brighter, windier
------- * Large impacts on forest trees
VARV AV AAAY
b)

* Relatively tall, dense vegetation in matrix
* Reduced abiotic disturbance in forest edge
* Forest cooler, more shaded, less windy

* Reduced impacts on forest trees

Figure 1.4 — Conceptualized diagram of the abiotic buffering capacity provided by different
matrices. Abiotic gradients such as wind and light are typically stronger in edges bordering a)
high-contrast matrices (e.g. pasture) than in those bordering b) low-contrast matrices (e.g.
mature palm plantation), because matrix structure mediates these effects. This may reduce edge

influence on tree communities within forest. Figure produced with BioRender premium plan.
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1.6 Southeast Asia as a study region

Edge effects can vary considerably between regions, due to differences in factors such as forest
type and climate (Harper et al., 2005). Whilst there has been a recent increase in edge effect
studies in Southeast Asia (Franklin et al., 2020), there is still a paucity of research in the region,
with most tropical edge effect studies taking place in the Neotropics (Ries et al., 2017). Such
studies are important because Southeast Asia differs from the Neotropics in its biota, forest types
and climate (Corlett, 2019), therefore edge effects are likely to differ. The region supports
exceptionally high levels of biodiversity, and contains four of the world’s biodiversity hotspots
(Myers et al., 2000; Figure 1.5). The biodiversity hotspot of Sundaland, which is spread across
Malaysia, Indonesia, Singapore and Brunei, is particularly rich in flora and fauna. It contains more
than 15,000 endemic plant species and over 700 endemic vertebrate species, despite retaining
less than 8% of its primary vegetation (Myers et al., 2000; Brooks et al., 2002). There is a variety of
forest types throughout this region, however the majority of terrestrial diversity is contained
within lowland tropical rainforests, which have the greatest height, biomass and plant diversity of
any vegetation type in Southeast Asia (Corlett, 2019). However, Southeast Asia has experienced
very high rates of forest clearance and degradation (Miettinen et al., 2011; Hansen et al., 2013;
Zhu et al., 2023) and its biota is highly sensitive to land-use change and forest degradation
impacts (Gibson et al., 2011), with its natural forests shifting from carbon sinks to sources (Harris
et al., 2021). Much of Southeast Asia’s lowland forest area occurs on the island of Borneo, the

world’s second largest tropical island.
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Sundaland

Wallacea

Figure 1.5 — Map of Southeast Asian biodiversity hotspots (delineated by red lines). Black box
shows Sabah, Malaysian Borneo, which is the study area of my thesis. Map produced using Data
Basin (owned by the Conservation Biology Institute), with layer ‘Biodiversity Hotspots 2016’

(available under a CC BY 3.0 license - https://creativecommons.org/licenses/by/3.0/legalcode)

and addition of hotspot names and black box. Data downloadable from https://databasin.org/.

Bornean rainforests

The lowland rainforests of Borneo primarily comprise mixed dipterocarp forests (Whitmore, 1984;
e.g. Figure 1.6), and are home to the majority of the island’s biodiversity (MacKinnon et al., 1997;
Curran et al., 2004; Ashton, 2010). These forests contain a greater diversity of vascular plants than
any other ecoregion on earth, with over 10,000 known plant species including 3000 tree species
(MacKinnon et al., 1997; Kier et al., 2005). Trees in the family Dipterocarpaceae are the dominant
component of lowland rainforests in Borneo, particularly amongst the canopy and emergent
layers (Slik et al., 2003). Lowland dipterocarp forests are characterised by their unique structure,
with a relatively open upper canopy and greater height and density of tall emergent trees (Paoli et
al., 2008; Figure 1.6). Canopy height is generally 30-40m, with a scattered emergent layer over
50m tall (Corlett, 2019), however some dipterocarp species reach heights of almost 100m, making

them the tallest tropical trees in the world (Shenkin et al., 2019). These forests experience supra-
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annual mast-fruiting events of dipterocarp trees every 2-10 years (Appanah, 1993) which are
triggered by El Nifio-Southern Oscillation (ENSO) events (Curran et al., 1999). Dipterocarps are
primarily wind-dispersed, with tall, straight boles to facilitate this fruiting strategy (Slik et al.,
2010). The dominance of large emergent dipterocarp trees means that Bornean forests harbour
exceptionally high levels of AGB and AGC (Asner et al., 2018), with average AGB in Borneo around
60% higher than in Amazonian forests (Slik et al., 2010). However, the height and hardwood

qualities of dipterocarps also make them important timber species and the focus of commercial

logging activities (Meijaard et al., 2006; Edwards et al., 2011).

Figure 1.6 — Lowland mixed dipterocarp forest in Danum Valley Conservation Area. Sabah,

Malaysian Borneo. Photo by J Anderson.

Since the 1950s, the majority of Southeast Asia’s lowland forests have been subject to commercial
selective logging (Sodhi et al., 2004; Edwards et al., 2011). Historically, timber exports from
Borneo exceed the timber exports from all of Latin America and tropical Africa combined (Curran
et al., 2004), and around half of the remaining forest on Borneo has been logged at least once
(Gaveau et al., 2014). The majority of remaining forest areas in the Malaysian state of Sabah, in
the north of Borneo (Figure 1.5), have been selectively logged (Reynolds et al., 2011; Bryan et al.,
2013; Gaveau et al., 2014), reducing forest carbon stocks by around 50% (Asner et al., 2018).
Timber production peaked in Sabah in the 1970s and 1980s, but was generally not carried out

sustainably, and so the primary threat to lowland rainforests has been the expansion of
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agricultural croplands to replace heavily-degraded natural forest with low timber revenues
(Reynolds et al., 2011). From 1973 to 2010, Sabah lost around 1.9 M ha of forest, equivalent to
40% of its forest cover (Gaveau et al., 2014). Approximately 1.2 M ha of forest, both selectively
logged and primary, were converted to oil palm (Elaeis guineensis), as well as pulpwood (Acacia
spp and Eucalyptus spp) and rubber (Hevea brasiliensis). Oil palm plantations and smallholdings
now dominate much of Sabah’s land area, with over 1.5 M ha (i.e. 20% of the total land area)
dedicated to plantations, most of which are monocultures (MPOB, 2022; Figure 1.7). Sabah’s
remaining forest areas, which cover around 3.7 M ha (50% of the total land area), include forest
reserves, parks and wildlife sanctuaries, with variable management and protection classifications
(Reynolds et al., 2011; Asner et al., 2018). This agricultural expansion and previous selective
logging means that most remaining areas of lowland forest, except for some primary forest

reserves, are heavily degraded and fragmented in landscapes dominated by oil palm plantations.

Figure 1.7 — Commercial oil palm monoculture in Sabah, Malaysian Borneo. Photo by J Anderson.
Oil palm

Oil palm originates from equatorial Africa and is the most productive and widely-used vegetable
oil crop in the world (Meijaard et al., 2020). Its products have a variety of uses, including food

products, biofuels, and personal care products and cosmetics (Corley and Tinker, 2015). Oil palm
cultivation has grown substantially in recent decades, particularly in Southeast Asia, where >90%

of global palm oil is produced in Indonesia and Malaysia (Descals et al., 2021). This expansion has
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had significant environmental impacts associated with forest clearance, habitat fragmentation,
pollution, and greenhouse gas emissions (Fitzherbert et al., 2008; Wilcove and Koh, 2010; Sodhi et
al., 2010; Pendrill et al., 2019; Meijaard et al., 2020). Many studies of the environmental impacts
of palm oil have focused on forest loss and peatland drainage (e.g. Carlson et al., 2012; Senior et
al., 2013; Savilaakso et al., 2014; Meijaard et al., 2020), but fragmentation effects are also
important, affecting biodiversity patterns in multiple taxa in oil palm-dominated landscapes
(Benedick et al., 2006; Edwards et al., 2010; Stride et al., 2018). Qil palm can act as a barrier to the
dispersal of forest species (Scriven et al., 2017), but may buffer adjacent forest stands (e.g. Figure
1.8) and so lessen the intensity of edge effects (Fitzherbert et al., 2008), therefore more studies

are needed to quantify these impacts.

Studies of edge effects in oil palm landscapes have revealed contrasting effects, with declines in
forest amphibian richness near oil palm plantations (Scriven et al., 2018) but variable or no
change in insect or mammal diversity (Maeto et al., 1999; Lucey and Hill, 2012; Yue et al., 2015;
Chapman et al., 2019; Williamson et al., 2021). Analyses of remotely-sensed data reveal AGC
losses averaging 22% within 114 m of edges (Ordway and Asner, 2020), but considerable
variation, from 16-30% losses between 35m —300m in edges in the same landscape (Ordway and
Asner, 2020). Remotely-sensed studies have also documented reductions in canopy growth within
300m of plantations (Nunes et al., 2021), and an overall decrease in canopy height near edges
(Nguyen et al., 2023). However, with the exception of Permana et al. (2022), who recently
documented compositional shifts of forest seedling communities towards early-successional
assemblages, and Luskin et al. (2017), who found reduced sapling densities due to spillover of wild
boar from plantations, there is a paucity of field research examining edge effects on forest tree
communities adjacent to oil palm. Global demand for vegetable oil is projected to double by
2050, with palm oil expected to fulfil much of this demand (Corley, 2009). Tropical landscapes
dominated by oil palm plantations will therefore become more common throughout the tropics,
and without quantifying the indirect impacts of deforestation for oil palm via edge effects, we
may be underestimating the environmental impacts of this expansion. Given the highly
fragmented nature of Sabah’s forests and the dominance of oil palm plantations, it is an ideal
study landscape in which to examine edge effects. Furthermore, the availability of high-resolution
data on forest AGC (Asner et al., 2018) provides an opportunity to study the drivers of AGC at

forest edges across large regions.
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Figure 1.8 — Forest edge bordering oil palm monoculture in Sabah, Malaysian Borneo, as seen
from satellite imagery (sourced from Google Earth Pro) and on the ground (photo by J Anderson).

Oil palm is on the left in both panels, with forest on the right.
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1.7 Thesis aims and rationale

In this thesis, | examine the impacts of edges on the composition, diversity and aboveground
carbon stocks of forest remnants in oil palm landscapes. | provide new information to improve
our understanding of the drivers of edge effect variability, and to help inform management
strategies aimed at preserving forest diversity and carbon stocks. In chapter 2, | collect field data
to quantify the effects of edge proximity on the composition, diversity, microclimate, structure
and AGC stocks of tree communities in forest remnants bordering oil palm plantations in Sabah,
Malaysian Borneo. In chapter 3, | use remotely-sensed data for Sabah to examine the influence of
multiple edges on forest AGC, to determine how AGC is affected by proximity to additional edges.
In chapter 4, | extend the analysis of these remotely-sensed data to examine the influence of
adjacent matrix structure on AGC in forest edges, to determine whether edge effects are
mediated by the matrix. In the General Discussion in chapter 5, | synthesise my findings, draw
conclusions about the drivers of edge effect variability and relative importance of edge effects in
Sabah’s fragmented forests, and suggest management recommendations to help preserve the

integrity of forest remnants. The main objectives of these chapters are described below.
Chapter 2: Weak edge effects on trees in Bornean rainforest remnants bordering oil palm

In this chapter, | carry out field work to examine edge effects on forest structure, AGC stocks,
microclimate and tree community composition and richness, in protected lowland forest
remnants bordering mature oil palm plantations. | analyse data from field sites in Sabah,

Malaysian Borneo to test the following hypotheses:

(1) Edge plots contain fewer and smaller stems, and lower AGC stocks, than forest interior
plots

(2) Edge plots have reduced canopy cover, higher temperatures, and higher light levels than
forest interior plots

(3) Tree community composition near edges is distinct from forest interior plots, with
taxonomic and functional shifts toward low wood density pioneer trees, the loss of some

taxa, and lower tree genus richness
Chapter 3: Proximity to multiple edges reduces carbon stocks in fragmented tropical rainforests

In this chapter, | use published remotely-sensed data and a heat-diffusion modelling approach to
develop a state-wide map of forest ‘edginess’ for Sabah. My edginess metric accounts for the
number and proximity of nearby edges in oil palm-dominated landscapes. | combine this

information with data on forest AGC stocks (Asner et al., 2018) to test whether:
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(1) AGCis reduced in forest areas that are influenced by multiple nearby edges
(2) My metric of edginess explains more variation in AGC than the commonly-used measure

of ‘distance to nearest edge’
Chapter 4: Carbon stocks at rainforest edges are mediated by adjacent habitat structure

In this chapter, | use remotely-sensed data on AGC stocks (Asner et al., 2018) to examine how
structural characteristics of the adjacent land-use matrix influence AGC at forest edge sites
throughout Sabah. My analysis spans a range of matrix types, including oil palm, timber
plantations, annual crops and pasture. | also examine whether edge age (time since edge
creation) and local interior forest AGC mediate the effects of the neighbouring matrix structure. |

test the following hypotheses:

(1) Forest AGC is higher in edges adjacent to low-contrast land-uses (i.e. land-uses with tall,
dense vegetation such as mature oil palm) compared with edges adjacent to high-contrast
land-uses (i.e. land-uses with short, sparse vegetation such as cattle pasture)

(2) AGC at edges declines over time

(3) Forest sites with high AGC in their interior are more resilient to edge effects and the

effects of the matrix
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Chapter 2 - Weak edge effects on trees in Bornean

rainforest remnants bordering oil palm

Scan to watch a video abstract for this chapter
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2.1 Abstract

Many tropical forests are dominated by edge habitat, with consequences for forest structure,
carbon stocks and biodiversity. However, edge effects are highly variable and context-dependent,
and are poorly quantified in oil palm landscapes. We studied edge effects in 10 lowland rainforest
remnants bordering mature oil palm plantations on Borneo, by surveying 0.2 ha plots along
transects running perpendicular to the forest edge (ten 1.6 km transects, 5-6 plots per transect;
57 plots in total). We examined how edge proximity affected plot-level forest structure (canopy
cover, number and size of stems >10 cm diameter), aboveground carbon stocks, microclimate (air
temperature and light intensity), and tree community composition and richness. The largest trees
were significantly smaller (up to 21% reduced diameter) in plots near edges, and plot-level carbon
was up to 30% lower (model-fitted average = 64.7 Mg ha™*at 50m from the edge, versus 92.3

Mg ha™ at 1600 m), with the strongest effects within 300m of edges. However, these significant
effects of edge proximity were relatively small in the context of existing variation, with distance-
from-edge explaining <13% of the total variability in maximum tree size or carbon. Additionally,
there were generally no effects of edge proximity on any other component of forest structure,
composition or diversity, and only a weak effect on microclimate. We conclude that limited edge
effects in this system may reflect low structural contrast between forest and mature oil palm, and
limited invasion of pioneer trees from plantations, which diminished edge influence in highly

heterogeneous forest remnants.
Keywords

Agricultural expansion, biodiversity, carbon storage, forest fragmentation, forest structure,

microclimate, tropical trees

Data availability - The data that support the findings of this study are openly available in the
Dryad Digital Repository: https://doi.org/10.5061/dryad.ggnk98sqj (Anderson et al., 2022).
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2.2 Introduction

Agricultural expansion has caused widespread loss of tropical rainforests, which support an
outstanding diversity of species and provide valuable ecosystem services (Lewis et al., 2015). This
expansion is predicted to continue in the coming decades to provide food and resources for a
growing human population (Laurance et al., 2014). Deforestation for agriculture causes a
reduction in forest area and increased fragmentation of remaining forest, with consequences for
biodiversity and key ecosystem functions such as carbon storage (Haddad et al., 2015). Forest
fragmentation creates edges, where abiotic and biotic changes (‘edge effects’) can drive
significant ecological changes within remnants (Laurance et al., 2002; Pfeifer et al., 2017).
Approximately 20% of remaining tropical forest is within 100m of an edge (Brinck et al., 2017); it
is therefore critical that we understand the impacts that edges have on rainforest tree
communities, both to quantify the environmental impacts of agricultural expansion and to devise

management strategies to limit detrimental effects.

Forest edges are typically hotter, drier, brighter and windier than interior forest, with increased
vulnerability to desiccation and fire (Laurance et al., 2002). Abiotic changes lead to biotic edge
effects, such as elevated tree recruitment and mortality, causing rapid community turnover
(Laurance et al., 2006). This typically manifests in declines of slow-growing, late successional
species with higher wood densities, whilst fast-growing pioneers with lower wood densities,
better suited to the disturbed conditions at edges, become more dominant (Tabarelli et al., 2012).
Thus, long-term compositional shifts can occur, resulting in taxonomically and functionally distinct
tree communities at forest edges (Santos et al., 2008), changes to stand-level structure (e.g. stem
number, stem size, canopy density) (Broadbent et al., 2008) and reduced species richness
(Oliveira et al., 2004), but not always (Ibafiez et al., 2014). Increased mortality of large and high
wood density trees can cause declines in aboveground biomass and carbon (de Paula et al., 2011),
but edge effect magnitude is highly variable, and can be mediated by structural contrast with the

adjacent matrix (i.e. land cover) type (Melito et al., 2018).

Not only do edge effects vary in magnitude, but it is often unclear how far they permeate into the
forest. Many studies report penetration distances of less than 500m, albeit with considerable
variation in exact distances (Broadbent et al., 2008). Estimates from remotely-sensed data,
however, indicate that biomass losses of >10% can penetrate at least 1.5km into the forest, but
this is highly variable among regions (Chaplin-Kramer et al., 2015). Hence, variable edge effects
are commonly reported (Ries et al., 2004); this may in part be due to variable study designs, but is

also due to the context-dependent nature of edge effects (Ries et al., 2017). Landscape
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composition and configuration exert a strong influence on edge effect magnitude and penetration
depth, and also define the ecological context within which to assess their significance (Harper et
al., 2005). Given that forest fragmentation is becoming increasingly common (Fischer et al., 2021),
and that remaining forest patches are important refuges for wildlife and contribute to carbon
stocks in agricultural landscapes (Fleiss et al., 2020), it is important to examine edge effects across

a range of human-modified landscapes.

To date, there has been relatively little research on rainforest edges that border oil palm (Elaeis
guineensis) plantations. This is surprising given that palm oil is the world’s most consumed
vegetable oil (Meijaard et al., 2020), with plantations estimated to cover over 20 M ha globally
(Descals et al., 2021) and with around half of all new plantations occupying land converted from
forest (Meijaard et al., 2018). Qil palm is a perennial crop that can reach over 13m in height in
industrial plantations, forming a closed canopy with a stable understory microclimate (Luskin &
Potts, 2011). It may therefore buffer the severity of edge effects in neighbouring forest
(Fitzherbert et al., 2008), explaining the lack of edge effects found by Fleiss et al. (2020) in forest
remnants within plantations. However, remotely-sensed data from Borneo suggest that edge
effects may have large impacts on aboveground carbon (AGC) in forest remnants, resulting in
average declines of 22.5% up to 114 metres from oil palm plantations (Ordway & Asner, 2020).
Similarly, Nunes et al. (2021) found that forest within 300 metres of oil palm plantations had
reduced canopy growth during the 2015-16 El Nifio event. Additionally, there is evidence of
increased stem turnover and reduced biomass accumulation up to 448 metres from edges in oil
palm landscapes (Qie et al., 2017), suggesting that biomass loss may be due to compositional
shifts towards low wood density taxa. However, Qie et al. (2017) also included edges bordering
other matrix types in their study, such as inhabited areas, clear cut logging, regenerating forest
and logging roads. Thus, it is unclear if there are changes in plant community composition or
diversity in edges bordering oil palm, and there is also a lack of consensus on the magnitude and

scale over which edge effects may operate.

The growth of the palm oil industry is expected to continue (Meijaard et al., 2020), and it is
important to consider edge effects when quantifying the environmental impacts of oil palm
expansion. Edge effects can account for 19% of palm oil production greenhouse gas (GHG)
emissions, but are typically not included in GHG footprint studies (Lam et al., 2019); these will
benefit from robust estimates of AGC loss at edges. Additionally, the Roundtable on Sustainable
Palm Qil (RSPO) has Zero-Deforestation Commitments and requires patches of forest with ‘High
Conservation Values’ (e.g. high biodiversity) and ‘High Carbon Stocks’ to be conserved (Rosoman

et al., 2017; RSPO, 2018). Estimates of carbon stocks and biodiversity levels could be significantly
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enhanced with better understanding of edge effects within oil palm landscapes, potentially

enabling better conservation and management practices and outcomes.

In this study, we conducted field surveys to quantify edge effects on rainforest tree communities
in forest remnants bordering mature oil palm plantations in Sabah, Malaysian Borneo. Forests in
this region contain some of the highest levels of AGC of any tropical forests (Asner et al., 2018)
and are important biodiversity hotspots (Myers et al., 2000). However, Sabah has lost
approximately 40% of its forest cover since 1973 (Gaveau et al., 2014) and the remaining forest is
highly fragmented within oil palm plantation landscapes, with plantations now accounting for
>20% of Sabah’s land cover (MPOB, 2019). We quantify changes in plot-level forest structure, AGC
and microclimate at increasing distances into forest remnants from edges bordering plantations,
and examine how the composition and diversity of tree communities change, up to 1.6 km from
edges. We studied effects over these distances because edge influence can persist up to 1.5 km
from edges (Chaplin-Kramer et al., 2015). We test the hypotheses that edge plots contain fewer
and smaller stems and have lower AGC stocks than interior plots, and also have reduced canopy
cover, higher temperatures and higher light levels. We also test the hypothesis that tree
community composition near edges is distinct from forest interior plots, with taxonomic and
functional shifts towards low wood density pioneer trees, the loss of some taxa, and lower tree

richness.
2.3 Methods

2.3.1 Study region and field sites

We studied 10 lowland (<500 m a.s.l.) mixed dipterocarp rainforest remnants in the State of
Sabah, Malaysian Borneo (Figure 2.1; Table S1), between June and October 2019. All sites were
forest reserves protected from disturbance (i.e. timber logging, hunting), containing interior
forest areas at least 1.6 km from any edges, except Site 6 which only had interior forest 1 km from
edges. Whilst detailed management histories of sites are not available, most have likely been
selectively logged at variable intensities in the past (Gaveau et al., 2014). However, there has
been no commercial logging in any site since at least 1984, when they were formally declared as
protected areas, although many may have experienced low levels of encroachment (e.g. felling
and hunting) (Stride et al., 2018). Edges were 19-49 years old (mean = 36 years), and bordered by
large expanses of mature oil palm plantations. Neighbouring palms were on average 12.6m tall
(SD =3.75m) and 7.5m apart, with varied understory vegetation typical of mature plantations

(Luke et al., 2019).
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Figure 2.1. Clockwise from left: (a) Location of study area in Sabah, Malaysian Borneo and (b)
location of the 10 forest remnant sites (see Table S1 for information on each). Maps of forest
cover and oil palm plantations were obtained from CIFOR (Gaveau et al., 2014; Gaveau et al.,
2016), reserve outlines were downloaded from the World Database of Protected Areas (WDPA;

http://www.protectedplanet.net). (c) Transects ran perpendicular from the edge and contained

five or six 0.2 ha circular plots, with plot centres at 50 m, 100 m, 200 m, 400 m, 800 m and (in
seven sites) 1600 m from the edge. (d) Nested sampling plot design. We inventoried live stems
225 cm dbh in the main plot of 25 m radius (0.2 ha), and live stems 210 cm and <25 cm dbh in the
subplot of 15 m radius (0.07 ha). Canopy density was measured in 4 compass directions from the
plot centre, and microclimate data loggers were placed 5 m to the East and West of the plot

centre (hollow circles), 1.8 m from the ground.
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2.3.2 Vegetation surveys

We placed a single transect in each site, running perpendicular from the edge to the interior and
>800 m from any other edges, to avoid influence from multiple edges (Porensky & Young, 2013).
Transects were >4 km apart to avoid spatial autocorrelation. Forest edge was defined as the point
where natural vegetation became taller than 5 m in height (UN FAO, 2012), however edges were
usually characterised by a hard boundary between natural forest and oil palm at our sites,
sometimes separated by minor plantation tracks. Transects comprised six circular plots (25 m
radius, 0.2 ha) spaced to concentrate sampling effort close to the edge (Figure 2.1c), where the
greatest effect of edge proximity was expected. Transects at three sites contained only five plots,
either due to small remnant size or because natural features made the final plot inaccessible. In

total we sampled 57 plots (total area of 11.2 ha).

Within each plot we used a nested survey design to maximise sampling efficiency (Figure 2.1d)
and followed standard protocols (Marthews et al., 2014; Phillips et al., 2016) to inventory live
trees (including palms) above 10 cm diameter at breast height (dbh). Trees were identified to
genus level, or to species when known (23.1% of stems), either in the field or in consultation with
botanists at Danum Valley Field Centre herbarium. Tree height was estimated by eye, always by
the same person (AJ). A)’s estimates have been validated against the ‘tangent method’, which is
commonly used to estimate tree height (Larjavaara & Muller-Landau, 2013), and were closely

correlated (Fleiss et al., 2020), giving us confidence in our estimates.

2.3.3 Forest structure and microclimate measures and AGC estimation

For each plot we calculated the total number of individual stems sampled, and the mean and
maximum dbh (cm) and height (m), to characterise plot-level forest structure. We also measured
canopy density using a spherical crown densiometer, taking four readings (N, E, S & W) from the
plot centre then converting these to a single plot-level measure (proportion cover from 0-1). We
measured mean daily air temperature (°C) and mean daytime light intensity (lum/ft?) within each

plot, using Hobo® loggers (see Supplementary Information for details).

We assigned wood density (g/cm?) values to each stem at the finest taxonomic level available,
using the Global Wood Density Database (Chave et al., 2009; Zanne et al., 2009), then used
published allometric equations (Chave et al., 2014; Goodman et al., 2013) to produce plot-level

AGC (Mg C ha™) estimates (see Supplementary Information for details).
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2.3.4 Tree diversity and community composition measures

As a measure of functional composition we calculated plot-level community-weighted mean
(CWM) wood density (g/cm?3), using mixed-resolution wood density values (12.9% of stems at
species level, 82.4% at genus level, 4.6% at family level) and plot-level abundance weightings.
Wood density is a functional trait linked to growth strategy, with lower-wood density trees
typically having faster growth rates, increased light preference and earlier successional status
(Slik, 2005). We used genus-level data for analyses of taxonomic composition, and calculated plot-
level genus richness (number of genera) as our measure of tree diversity. We worked at genus
level because there are challenges with reliably identifying trees to species in Borneo, and
analysing genus-level data can give more reliable results than species-level identifications (Slik et
al., 2003), whilst also increasing sampling efficiency to give greater sample sizes (Imai et al., 2014).
Genus-level data are also commonly used in studies of disturbance-driven floristic changes (e.g.
Laurance et al., 2006; Michalski et al., 2007; Slik et al., 2008). Furthermore, patterns of floristic
richness and composition are highly correlated between taxonomic levels in Borneo forests,
making fragmentation and disturbance effects detectable at multiple taxonomic resolutions
(Ganivet et al., 2020; Imai et al., 2014; Stride et al., 2018), and wood density is a highly
taxonomically-conserved trait, with 72.5% of species-level variation explained at the genus-level
(Slik, 2006). Our analyses of taxonomic and functional composition and diversity are therefore

robust to genus-level information.

2.3.5 Data analysis of forest structure, AGC and microclimate

We conducted all analyses in R version 4.0.2 (R Core Team, 2020), using generalised mixed-effects
models to test for edge effects on: number of trees (stems per plot), mean and maximum tree
dbh (cm), mean and maximum tree height (m), canopy density (proportion cover from 0-1), AGC
(Mg ha™), mean daily temperature (°C), and mean daytime light intensity (lum/ft?) (nine models in
total; Table 2.1). Data were analysed at plot level, using the glmer function in the Ime4 package
(Bates et al., 2015). Maximum dbh and mean daytime light intensity were both In-(natural log)
transformed to improve model fits, based on diagnostic plots. For all models, we used In-
transformed distance of plots from the forest edge as our fixed effect in order to linearize
predicted edge-response curves, following Ibanez et al. (2017), which is appropriate given our
concentrated sampling effort closer to the edge, and we assessed statistical significance using a
threshold of p < 0.05 for the fixed effect term. We fitted models with appropriate error
distribution families and link functions (Table 2.1) to ensure model assumptions were met, and
model fits were assessed using residual plots. We included ‘site’ as a random intercept in all

models to account for site-level variation in response variables.
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2.3.6 Community composition and diversity analyses

We used the same modelling procedure to test for edge effects on plot-level CWM wood density
and genus richness (two models; Table 2.1). To evaluate taxonomic similarity between plots in
relation to edge proximity, we computed a Bray-Curtis dissimilarity matrix of all plots (Magurran,
2004), based on relative abundances of genera. We then performed an ordination using non-
metric multidimensional scaling (NMDS) with 1000 iterations, using the metaMDS function in the
R vegan package (Oksanen et al., 2020). We used the adonis2 function in vegan to perform a
permutational multivariate analysis of variance (PERMANQOVA), to assess differences in plot-level
community composition between the six distance classes (treated categorically for this analysis),

with 999 permutations to calculate significance.

To determine whether some taxa may be lost from edges even in the absence of detectable edge
effects on plot-level richness or community composition, we pooled data from the 10 sites into 3
distance classes: ‘edge’ (50m + 100m plots), ‘intermediate’ (200m + 400m plots) and ‘core’ (800m
+ 1600m plots). We used a randomisation approach to generate a random (abundance-based)
distribution of genera amongst categories (Supplementary Information), then used a chi-square
goodness-of-fit test (chisq.test function; R Core Team, 2020) to determine if the actual
distribution of genera differed from what we would expect by chance (i.e. our randomisation
approach). If compositional shifts are resulting in the loss or gain of genera at edges (as distinct
communities form), we would expect to see more genera unique to each individual distance class,
and fewer genera found in all three classes, than predicted by chance alone. To confirm that our
results are robust to the taxonomic resolution of our data, we also repeated all diversity and
composition analyses on higher-resolution subsets of our data as a sensitivity analysis

(Supplementary Information).

2.4 Results

In total we surveyed 2,403 individual stems from 57 plots at 10 sites, representing 138 genera
(Table S3) and 54 families. We found high levels of heterogeneity among plots. For example, AGC
varied from 11.3 to 255.9 Mg ha™* (mean = 81.9 Mg ha™ + 44.4 SD), and genus richness varied
from 8 to 31 genera per plot (mean = 20 genera + 4.8 SD). There was also high floristic
dissimilarity between plots according to Bray-Curtis index scores (mean =0.8 £ 0.11 SD, on a 0-1

scale).
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Table 2.1. Summary of mixed-effects models used to analyse the effect of In-(natural log)

transformed distance-from-edge on plot-level variables, with site included as a random intercept

in all models. Models with a significant effect of distance (p < 0.05) are denoted in bold. Marginal

(R?v) and conditional (R%c) R? values are given for these models, representing the proportion of

variance explained by the fixed effect (In-distance), and the entire model, respectively.

Response variable Error family (link B (£ SE) p R*y R%
function)
Stem number Negative binomial (log 0.01 0.74
link)
Mean dbh (cm) Gamma (log link) 0.001 0.94
In(Max dbh (cm)) Gaussian (identity link) 0.07 (+ 0.02) 0.004 0.13 0.20
Mean height (m) Gamma (log link) 0.02 0.23
Max height (m) Gaussian (identity link) 3.4 (+/-1) 0.002 0.10 0.50
Canopy density (proportional) Binomial (identity link) -0.0002 0.96
Aboveground carbon (Mg ha)  Gamma (log link) 0.103 (£ 0.05) 0.027 0.05 0.27
Mean daily temperature (°C) Gaussian (identity link) -0.05 (£ 0.02) 0.02 0.005 0.95
In(Mean daylight intensity Gamma (log link) -0.01 0.20
(lum/ft?))
CWM wood density (g/cm?) Gamma (identity link) 0.005 0.12
Genus richness Poisson (log link) -0.007 0.79
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2.4.1 Variation in forest structure, AGC and microclimate with distance from edge

We found a significant effect of distance-from-edge on some components of forest structure, with
maximum tree height, maximum dbh and AGC declining closer to edges (Table 2.1). Model-
predicted values showed a 26.2% decrease in maximum height in plots at 50 m (mean =32.9 m)
versus 1600 m (mean = 44.6 m; Figure 2.2a; p < 0.01), and a similar decrease (21.3%) in maximum
dbh (65.9 cm compared with 83.7 cm; Figure 2.2b; p < 0.01). The loss of very large trees in plots
near edges resulted in a 29.9% decline in plot-level AGC (from 92.3 to 64.7 Mg ha™! in plots at
1600 m versus 50 m; Figure 2.2c; p < 0.05). Edge effects on these three variables weakened with
distance, with more than half of the change occurring within approximately 300 m of the edge.
Edge proximity explained only 13% of the total variance in maximum dbh, 10% of total variance in
maximum height, and 5% of total variance in AGC (Table 2.1 R?y). Hence, whilst significant,
distance-from-edge explained only a small proportion of the total variation in these three
variables. There was no effect of edge proximity on any other structural variable we measured

(mean height, mean dbh, number of stems, canopy density; Table 2.1; Figure S2).

Edge plots were marginally hotter, but there was no significant effect of edge proximity on mean
daytime light intensity (Table 2.1; Figure S2f). Model-predicted values showed a significant but
small temperature increase from 25.54°C at 1600 m to 25.71°C at 50 m (p < 0.05; Figure 2.2d),
and edge proximity explained only 0.5% of the total variance. There was a large effect of site in

the model (R?c = 0.95), likely because sites were sampled on different days.
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Figure 2.2. Significant effect of edge proximity (In-transformed) on (a) maximum height (m), (b)
maximum dbh (cm), (c) AGC (Mg ha™?) and (d) mean daily temperature (°C), with 95% confidence
intervals. Relationships are plotted against untransformed distance in order to visualise the non-
linear edge effect. All models include ‘site’ as a random intercept but only a single trend line is
presented here for each model, using predicted values for the entire sample, to aid visualisation
of the effect (see Figure S3 for individual trend lines for each site). Maximum dbh was In-
transformed prior to analysis, therefore the exponents of predicted values were taken to make
results more interpretable. Minor jitter applied to all figures to aid visualisation of overlapping

data points. See Table 2.1 for model structures, coefficients and significance values.
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2.4.2 Community composition and diversity

There was no significant effect of distance-from-edge on plot-level genus richness (Table 2.1;
Figure 2.3b). There was also no evidence of plots clustering by distance in the NMDS ordination
(Figure 2.3a), and results of the PERMANOVA supported this conclusion (R*=0.07, p = 0.98),
indicating that edge communities were not taxonomically distinct from forest interior
communities. There was no significant effect of distance-from-edge on CWM wood density (Table
2.1; Figure S2e), indicating that there was also no edge effect on tree functional composition. This
lack of edge effects on tree richness or composition was supported by analyses on data pooled
into three distance classes (edge, intermediate and core); there was no significant difference
between the observed distribution of genera among distance classes and their expected random
abundance-based distribution (x3(6) = 7.47, p = 0.3). Sensitivity analyses generally showed no
qualitative change in results, and whilst a minority did give significant results indicative of possible
edge effects, these were biologically weak and were driven entirely by outlier plots or rare (<1
individual/ha) species (Supplementary Information). Thus, our findings are robust to the
taxonomic resolution of our data, and we conclude that distance-from-edge generally had no

effect on tree diversity or community composition.
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Figure 2.3 (a) Non-metric multidimensional scaling (NMDS) of plot genus composition, using
Bray—Curtis index scores based on relative abundances (stress = 0.25), (b) No effect of edge
proximity (In-transformed) on plot-level genus richness, with minor jitter applied to aid
visualisation of overlapping data points (see Table 2.1 for model structure, coefficients and

significance value).
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2.5 Discussion

2.5.1 Edge effects on the largest trees and AGC

We found reduced AGC in forest edges bordering oil palm plantations, with a 30% reduction in
predicted plot-level AGC from 1600 m to 50 m (Figure 2.2c). This is similar to estimates from
remotely-sensed data, with Ordway and Asner (2020) reporting AGC declines of up to 30% in
some edges. Given the absence of edge effects on stand-level structure and composition, but
declines in maximum tree dbh and height, we conclude that AGC loss is driven primarily by edge
effects on large trees (i.e. those over 70cm dbh; Slik et al., 2013; Figure 2.2b). Thus, declines in
biomass and AGC occurred independent of any compositional shifts, as observed elsewhere (Silva
et al., 2021), probably because large trees make up a small proportion of stems but make a

disproportionately large contribution to biomass (Slik et al., 2013).

Large trees (e.g. Figure S5) are commonly among the worst affected by edge effects (Laurance et
al., 2000). They are highly susceptible to wind damage and canopy desiccation (Gora & Esquivel-
Muelbert, 2021), which tend to be higher near edges and can cause increased mortality (Magnago
et al., 2015). Indeed, the largest trees on Borneo are sensitive to drought-induced mortality
(Phillips et al., 2010) and are typically found in sheltered areas where wind speeds are low
(Jackson et al., 2021). Thus, abiotic changes at edges can reduce forest biomass (Qie et al., 2017).
Many edges in our study were created after commercial logging had ceased, but subsequent
encroachment and felling of large trees could also have contributed to the observed patterns, if
removal rates have been higher near edges, where trees are more accessible. Nonetheless, even if
logging has contributed to tree mortality at edges, we argue that this is still an edge-related
effect, given that it results from edge creation and maintenance (Ries et al., 2017). Our finding
that the largest trees are smaller at edges (21% reduced dbh, 26% reduced height) may therefore
indicate increased mortality (via abiotic effects or edge-facilitated felling), and/or inhibited

growth (Nunes et al., 2021), of the largest trees near plantations.

Over half of the observed reduction in AGC and maximum tree size occurred within approximately
300m from the edge (Figure 2.2), supporting studies that found edge effects within 300 - 500 m of
edges (e.g. Nunes et al., 2021; Ordway & Asner, 2020; Qie et al., 2017). Small forest remnants will
increasingly dominate many fragmented tropical landscapes (Taubert et al., 2018), and remnants
without interior forest areas further than 300m from edges may therefore experience severe
degradation of the large tree stand and associated carbon stocks. Effects on the largest trees

could also have wider consequences, given their importance for numerous ecosystem processes
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and the many species they support (Pinho et al., 2020), and their loss may also have contributed

to the small increase in understory temperature we observed near edges.

2.5.2 Weak edge influence - the importance of local context

Contextualising the influence of edge effects against existing variability within a system is
essential to evaluate their relative importance (Harper et al., 2005). Whilst distance-from-edge
caused a significant and meaningful decline in both AGC and maximum tree size (p < 0.05, 0.01
and 0.01 respectively; Table 2.1), these effects were relatively small in the context of the high
baseline heterogeneity within the forest. Distance-from-edge explained only 13%, 10% and 5% of
the total variation in maximum dbh, maximum height and AGC, whilst including site as a random
effect in the models accounted for an additional 7%, 40% and 22% of variation respectively (Table
2.1 R? values). Thus, the ecological importance of edge influence in our study system is low
compared to other drivers of variation, such as inter-site differences in factors like disturbance
(e.g. from selective logging) or topography, which can outweigh fragmentation effects (Fleiss et
al., 2020; Liu & Slik, 2014). Additionally, contrary to our hypotheses, many effects found in other
systems were absent. We generally found no effect of edge proximity on community composition
or tree diversity, no effect on most forest structural variables (e.g. stem number, canopy density),
and only a weak effect on microclimate (< 0.2°C increase in temperature). Thus, overall edge
effects do not appear to be as dominant here as in other systems (e.g. Laurance et al., 2018). We
think this finding is unlikely to be due to the taxonomic resolution of our data, because analyses
on a sub-set of stems identified to species-level support our conclusions (Supplementary
Information). Other studies have shown that the adjacent matrix is a key determinant of
ecological change within forest fragments, and has a mediating influence on fragmentation
effects (Driscoll et al., 2013; Hatfield et al., 2020; Kupfer et al., 2006), and so the nature of the oil
palm matrix (i.e. its structure, composition and extent) is likely to be an important factor in

explaining the limited influence of edges in our study.

The average height of palms bordering our sites was 12.6m; at this height, plantations have
typically developed closed canopies and some level of understory complexity (Luskin & Potts,
2011). Thus, compared with forest bordering open habitats like pastureland (Laurance et al.,
2002) or annual crops such as sugarcane (Santos et al., 2008), structural contrast is maintained at
relatively low levels at these plantation-forest edges. Structural contrast directly mediates the
strength of abiotic gradients at edges, which control the magnitude and distance of effects on
tree communities (Arroyo-Rodriguez et al., 2017; Mesquita et al., 1999), thus palm maturation

may have provided a buffer against edge influence. For example, plantations are typically only
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around 2.8°C hotter than forest once mature (Luskin & Potts, 2011), hence the very small increase
in temperature we observed near edges, which may also have been buffered by vegetation
regrowth ‘sealing’ the forest edge (Didham & Lawton, 1999) and may only occur over very short
distances (Ewers & Banks-Leite, 2013). Qil palm plantations may also act as a barrier to the
dispersal of disturbance-adapted trees into forest edges, thus minimising compositional shifts.
Study systems in which tree communities experience strong edge effects often contain many
small, degraded forest remnants in close proximity to one another (e.g. Benchimol & Peres, 2015;
Laurance et al., 2002; Magnago et al., 2017; Santos et al., 2008), which can act as a source of seed
rain and facilitate the spread of pioneer trees into edges (Jesus et al., 2012), and trees within the
matrix can also act as a source of propagule pressure (Nascimento et al., 2006). However,
management practices that prevent the establishment of mature trees within monoculture oil
palm plantations, and the isolation of forest remnants within the plantation landscape (Figure 2.1;
Scriven et al., 2015), will probably limit pioneer tree seed rain into edges, given that the maximum
dispersal distance of most trees in the region is 100-1000m (Corlett, 2009). Hence, the
composition and configuration of forest remnants and the plantation landscape have likely
mediated the ecological influence of edges in this study system. This suggests that mature tree
communities in remnants within these oil palm landscapes may have some resilience to
fragmentation effects, although it is important to note that edge effects can vary considerably
even within the same study system, for example due to variation in local topography, soil type,
climate or patch geometry (Laurance et al., 2007; Ordway & Asner, 2020), and it is therefore

possible that effects may be more severe in other edges bordered by oil palm.

2.5.3 Potential time lags in edge effects

The average age of edge formation in our study was around 36 years, and so we conclude that
there are long-term consequences of edge creation for the largest rainforest trees and AGC.
However, it is unclear if these edge effects are ongoing or if they are residual effects following
high mortality shortly after edge creation. There is little variation in edge age amongst our sites,
which are biased towards older edges created 46-49 years ago (Table S1), therefore any
conclusions about the temporal dynamics of effects are limited. However, there is evidence that
AGC loss increases with edge age (Ordway & Asner, 2020), suggesting that edge effects may
continue to impact the largest trees in our study, particularly in the younger edges established 19
years ago. Mortality at edges could also increase if management practices within plantations (e.g.
periodic replanting) increase structural contrast at edges, or if edge effects are worsened by

droughts, which are becoming more frequent and severe due to climate change (Cai et al., 2018;
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Nunes et al., 2021). Thus, edge effects on large trees may worsen, and forest remnants within oil

palm landscapes could experience long-term decays of carbon stocks.

Although we found no edge effects on the composition or diversity of trees in our plots, edge
effects may be present in younger cohorts smaller than our 10 cm dbh stem threshold. Edge
effects on seedlings and saplings can occur independently of effects on adult trees, for example
due to their establishment post-edge creation or due to altered biotic interactions during early life
stages (Krishnadas et al., 2019; Luskin et al., 2017; Slik et al., 2011). Stride et al. (2018) found that
forest area and isolation effects reduced richness of tree seedlings but not adult trees in Bornean
forest remnants, signalling a potential extinction debt. It is therefore possible that compositional
shifts, loss of diversity and greater reductions of carbon could occur in these edges in the future.
Further research on younger tree cohorts is needed to determine whether there are potential
time lags, which may pose a threat to the long-term integrity of small remnants. Studies should
also seek to determine the temporal dynamics of edge effects on mature trees and any potential

impacts of plantation management, such as palm replanting.

2.5.4 Conclusions and implications for sustainable oil palm landscapes

Whilst edge proximity explained relatively little of the total plot-level variation within this system,
it nevertheless caused a significant decline in maximum tree size and AGC, therefore edge effects
do have implications for the future of sustainable oil palm landscapes. Adoption of sustainability
criteria, such as the retention of forest patches that support ‘High Conservation Values’ or ‘High
Carbon Stocks’ within plantations (Rosoman et al., 2017; RSPO, 2018), can boost local carbon
stocks by 20% (Fleiss et al., 2020). However, their long-term persistence and integrity must be
considered; for this reason, there are recommendations to prioritise the conservation of forest
remnants with ‘core’ areas >200 ha (Lucey et al., 2017; recognising the detrimental effects of
edges). Most remnants within plantations fall well short of this target (Scriven et al. unpublished
data), and an edge penetration distance of around 300m, as indicated by this study, would
compromise the ability of small or irregularly-shaped forest remnants to maintain carbon stocks,
and the associated biodiversity that high-carbon forests support (Fleiss et al., 2020). Thus, if oil
palm agriculture is to become sustainable as the industry continues to grow, it is important that
these effects are taken into account when developing sustainability criteria, to ensure the long-

term integrity of forest remnants.

Overall however, our results, like those of Fleiss et al. (2020) and Stride et al. (2018), suggest that
fragmentation effects on mature tree communities in oil palm landscapes may be weak relative to

existing levels of variation within forest remnants. Thus, tree communities in these landscapes
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may be less vulnerable to fragmentation effects than those in other agricultural landscapes, with
remnants possibly maintaining their integrity in the longer term. We suspect that this is probably
because of the current configuration and composition of the oil palm matrix (extensive and
mature) and the forest remnants themselves (isolated and heterogeneous). However, given that
edge effects can vary even within the same study system (Ordway & Asner, 2020), it is possible
that effects may be more severe in other edges bordered by oil palm, such as those bordered by
young palms or in close proximity to additional edges, and effects may also become more severe
if there are time lags. Thus, whilst we conclude that strong edge effects are not ubiquitous, and
are absent from some edges bordering oil palm, future research should seek to understand the
patterns and drivers of spatial and temporal variability in these effects at a landscape scale, in

order to inform the management of sustainable oil palm landscapes into the future.
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Chapter 3 - Proximity to multiple edges reduces

carbon stocks in fragmented tropical rainforests

Primary lowland dipterocarp forest at dawn
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3.1 Abstract

Context

Tropical land-use change has resulted in highly fragmented landscapes, with remaining forest
fragments being further degraded by edge effects. Edge effects reduce aboveground carbon
(AGC), but it is unclear if these effects are magnified by proximity to multiple edges.

Objectives

We quantified the amount by which AGC is reduced in forest areas that are influenced by multiple
nearby edges. We determined whether a metric of ‘edginess’ (a measure that accounts for the
amount and proximity of nearby edges) explains more variation in AGC than the commonly used
measure of ‘distance to nearest edge’.

Methods

We used high-resolution (30m pixel) remotely-sensed datasets to study the influence of multiple
edges on AGC in the forests of Sabah (Malaysian Borneo), a fragmented forest landscape
dominated by oil palm plantations. We generated a state-wide map of forest edginess (index
scaled from low = 0 to high = 1), and quantified the relationship between edginess and AGC for a
stratified random sample of 600,000 forest pixels. We also quantified the relationship between
‘Euclidean distance to nearest edge’ and AGC for the same sample of pixels, and used a model
comparison approach to determine which metric explained more variation in pixel-level AGC.
Results

AGC in forest directly adjacent to multiple edges (model-fitted AGC = 41.6 Mg C ha at edginess =
1) was 23% lower than in forest directly adjacent to a single edge (model-fitted AGC =53.9 Mg C
ha at edginess = 0.78), and less than half (38%) that of the forest core (model-fitted AGC =
108.84 Mg C ha® at edginess = 0). Proximity to multiple edges therefore caused a substantial
reduction in AGC. A model of AGC using our edginess metric provided a better explanatory model
than one using distance to nearest edge (AAIC = 21962 for edginess vs Euclidean distance model)
and explained more variation in pixel-level AGC, particularly within 100m of edges, although
neither model explained much of the total variation in AGC (R’ for edginess model of 18.3% vs
15.3% for the Euclidean distance model). We estimate that almost half (41%) of the total forest
area in Sabah is within 300m of an edge and that AGC in approximately a quarter (23%) of this
edge-affected forest is impacted by multiple edges.

Conclusions

Our study reveals that proximity to multiple edges greatly reduces forest AGC, and that a metric
which measures edginess explains more variation in AGC throughout a fragmented landscape

than a more commonly used Euclidean distance metric. Proximity to multiple edges is likely to
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increase the impacts of detrimental abiotic factors on trees, leading to increased mortality at
these sites. Our results emphasize the importance of forest reserve designs that minimize
edge:area ratios, and that accounting for effects of multiple edges is important for understanding

how edge effects impact AGC.
Keywords

Agricultural expansion, carbon storage, deforestation, forest fragmentation

3.2 Highlights

1. High-resolution remotely-sensed data were used to study the impact of multiple edges on
aboveground forest carbon (AGC)

2. AGC is significantly lower when forest is close to multiple edges

3. A metric accounting for multiple edges (‘edginess’) explains more variation in AGC than a
‘distance to nearest edge’ metric, particularly in close proximity to edges

4. Failure to account for the influence of multiple edges may result in underestimation of
edge effects

5. Forest reserves in fragmented tropical landscapes should be designed to minimize

edge:area ratios, to preserve carbon stocks

3.3 Introduction

Tropical forests are essential components of the Earth system, supporting a considerable
proportion of the global biodiversity and providing numerous ecosystem services (Barlow et al.,
2007; Mitchard, 2018). However, land use change in the tropics has driven extensive
deforestation and the fragmentation of remaining forest areas (Gibbs et al., 2010; Laurance et al.,
2014; Brinck et al., 2017). Fragmentation results in the creation of forest edges, where remaining
forest areas are in close proximity to new types of land use. Forest areas close to edges often
experience significant ecological changes following edge creation, such as compositional shifts
and biodiversity losses (Laurance et al., 2002; Oliveira et al., 2004). Recent estimates suggest over
30% of remaining tropical forest is within 100m of an edge, and this is predicted to increase to

50% by the year 2100 due to ongoing human activities (Fischer et al., 2021).

Of particular concern is the impact that edge creation has on aboveground carbon (AGC) stocks in
fragmented tropical forests. Tropical trees store approximately one third as much carbon as is

held in the Earth’s atmosphere (Mitchard, 2018) and perform the majority of the terrestrial
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world’s photosynthesis (Beer et al., 2010), playing a key role in global climate regulation.
However, there is evidence from multiple tropical systems that aboveground forest carbon stocks
are degraded near edges (Laurance et al., 1997; de Paula et al., 2011; Anderson et al., 2022).
These edge effects are primarily due to the abiotic disturbances that occur in edge-affected
forest, driving an increase in the mortality of large trees and increased turnover of tree
communities (Nascimento and Laurance, 2004; Magnago et al., 2015; Qie et al., 2017). Accounting
for these edge effects is important for understanding the impacts of land-use change from
agricultural expansion, such as oil palm cultivation (Lam et al., 2019), and for improving forest and
climate policies (Gibbs et al., 2007; Chaplin-Kramer, Ramler, et al., 2015). However, there is a
geographic bias in studies which have examined edge effects on forest carbon, with most studies
occurring in the Neotropics, and there is considerable variability reported in the strength of these
edge effects (Melito et al., 2018). Moreover, the impacts of edge effects are often determined
from local studies, making it difficult to quantify impacts across regions and landscapes (Ries et

al., 2017).

An additional complication is that studies typically only quantify the influence of the nearest
forest edge, yet there is evidence that the presence of multiple edges worsens the overall edge
effect on trees (Porensky and Young, 2013; Laurance et al., 2018). In forest areas that are close to
multiple edges, such as in small or geometrically complex forest fragments, there is evidence of
strengthened edge effects on vegetation thickness (Malcolm, 1994), tree species richness and
community composition (Benitez-Malvido and Martinez-Ramos, 2003; Laurance et al., 2006) and
tree mortality and density (Laurance et al., 2006). The influence of multiple edges on forest
carbon, however, remains unquantified. Patch geometry in fragmented landscapes is often
complex, and ongoing land-use change means that forest fragmentation continues to increase,
with fragments becoming smaller and ‘edgier’ (Taubert et al., 2018; Hansen et al., 2020; Fischer et
al., 2021). Thus, if forest carbon is reduced close to multiple edges, carbon declines may be
greater than previously estimated (Putz et al., 2014; Brinck et al., 2017; Fischer et al., 2021).
Existing studies have also been limited by a previous lack of high-resolution datasets to study

these patterns (Chaplin-Kramer, Ramler, et al., 2015).

In this study, we use high resolution (30m x 30m pixels) remotely-sensed data on forest cover and
AGC in order to quantify the effect that proximity to multiple edges has on forest AGC in Sabah,
Malaysian Borneo. These forests contain exceptionally high levels of biodiversity and AGC (Myers
et al., 2000; Asner et al., 2018), but have experienced a large amount of deforestation and forest

fragmentation in recent decades, primarily due to plantation industries such as oil palm (Gaveau
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et al., 2016; Gaveau et al., 2019). The remaining forest areas in this landscape are therefore highly
fragmented. Field studies have revealed significant reductions in forest carbon (up to 30% loss)
within 300m from edges bordering oil palm plantations (Anderson et al., 2022), as well as carbon
reductions of over 50% in small fragments compared to continuous forest (Fleiss et al., 2020).
There is also evidence of associated changes in canopy structure and foliar traits (Ordway and
Asner, 2020), canopy growth dynamics (Nunes et al., 2021), stem turnover (Qie et al., 2017) and
tree regeneration (Permana et al., 2022) near edges. Here we use remotely-sensed data to
explore the impacts of close proximity to multiple edges on AGC, and test the utility of an
edginess metric (i.e. proximity to multiple edges) compared to the commonly used measure of
‘distance to nearest edge’. We test the hypotheses that AGC decreases with increasing forest
edginess, and that a metric of edginess explains more variation in AGC than the ‘Euclidean

distance to nearest edge’ metric, particularly in the most edge-affected forest.

3.4 Methods

Mapping and GIS analyses were performed in ArcGIS Pro version 2.3.3 and R version 4.1.1 (R Core

Team, 2022), and all statistical analyses were performed in R version 4.1.1 (R Core Team, 2022).

3.4.1 Mapping forest cover in Sabah

We produced a natural forest cover map at 30m resolution for Sabah for 2016, using a
combination of high-resolution tree cover and forest loss data (Hansen et al., 2013) overlaid with
a map of industrial oil palm and timber plantations (Gaveau et al., 2014; Gaveau et al., 2016), to
identify areas of natural forest, non-forest and forest edges (Figure 3.1). We focused on 2016 so
that our forest cover data correspond with published data on AGC (Asner et al., 2018). To produce
our forest cover map, we used the approach recommended by Carlson et al. (2018) as follows. We
first downloaded a 30m resolution map of tree canopy cover (%), defined as canopy closure for all
vegetation taller than 5m in height, for the year 2000 (Figure 3.13;

https://storage.googleapis.com/earthenginepartners-hansen/GFC-2020-v1.8/download.html; see

Hansen et al. (2013) for details). Next, we produced a binary forest/non-forest map for the year
2000, using a minimum 30% tree cover threshold to define forested pixels. This tree cover
threshold allows for the inclusion of degraded forest typically found in fragmented regions, and is
therefore recommended for studies of forest fragmentation (Haddad et al., 2015; Brinck et al.,
2017; Taubert et al., 2018; Hansen et al., 2020; Fischer et al., 2021). We then used data on tree

cover loss between the years 2000-2016 (https://storage.googleapis.com/earthenginepartners-

hansen/GFC-2020-v1.8/download.html; see Hansen et al. (2013) for details) to identify forest
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pixels that had changed to non-forest, and re-classified them as non-forest pixels (Figure 3.1b;
approx. 17.5 million pixels or 1.6 M ha). The tree cover data we used do not distinguish between
natural forest and tree crops such as oil palm plantations (Tropek et al., 2014), and so we used a
manually digitised layer of industrial oil palm and timber plantations for 2016, produced by a

team of local experts ( https://www.cifor.org/knowledge/dataset/0049; see Gaveau et al. (2014)

and Gaveau et al. (2016) for details), to reclassify forest pixels which were actually tree plantation
pixels (approx. 8 million pixels or 0.7 M ha) as non-forest. Finally, we applied a 1ha minimum
mapping unit (MMU) filter to reduce the influence of speckle and within-forest canopy gaps, re-
coding any contiguous (Queen’s case contiguity, i.e. pixels sharing a common edge or vertex)
group of pixels (forest or non-forest) with a combined area of less than 1ha to the value of the
surrounding pixels, following Haddad et al. (2015), giving a binary (forest, non-forest) land cover
map for 2016 (Figure 3.1c). Our full binary land cover map for Sabah can be found in the

Supplementary Materials (SI Figure 1).

3.4.2 Mapping forest edginess from proximity to multiple edges

To determine the influence of multiple edges on AGC, we generated a map of ‘edginess’ (i.e. a
measure of edge influence that takes into account both the number and proximity of nearby
edges) for 30m x 30m forest pixels throughout Sabah, by adapting the heat-conduction model
created by Malcolm (1998) and refined by Malcolm et al. (2017). This model is an additive
diffusion-based model of edge effects, which has proven effective at explaining fragmentation
effects on tree community structure in fragmented tropical forests and invertebrate species
richness in fragmented temperate forests (Malcolm et al., 2017). It simulates edge effects as the
diffusion of ‘heat’ through neighbouring pixels in a binary land cover raster (forest vs non-forest),
with heat diffusing from the non-forest matrix (‘hot’ pixels) into forest (‘cold’ pixels). The diffusion
proceeds iteratively, with heat permeating inwards from non-forest into adjacent forest in a
stepwise manner, therefore the number of iterations determines the depth of edge influence
(DEI) parameterised. The model is additive, therefore modelled forest temperatures represent the
summed influence of all nearby edges that are within the parameterised DEI. The end result of
the diffusion is a ‘heat map’ representative of edge influence on forest pixels, with a negative
exponential function within forest with increasing distance from combined edges. These ‘heat’
values serve purely as a proxy for edge influence, representing processes which are known to
cause AGC declines in edge-affected tropical forest (e.g. wind disturbance and canopy desiccation
(Laurance and Curran, 2008; Briant et al., 2010)), rather than actual forest temperatures. We used

our binary forest cover map, and parameterised the edginess metric assuming effects penetrate
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forest to a depth of 300m in this landscape (Ordway and Asner, 2020; Nunes et al., 2021;
Anderson et al., 2022). After running the diffusion model we scaled the resulting ‘heat’ values of
forest pixels based on the minimum and maximum values present in forest (min-max scaling), to
improve metric interpretability, thereby producing our final edginess metric which ranged from 0
- 1. A value of 0 indicates that a forest pixel is subject to zero edge influence (i.e. far from any
edges), whilst a value of 1 indicates that a forest pixel is in close proximity to multiple edges
(Figures 3.1e & 3.1f). Edginess is influenced by the geometry of forest patches, with higher
edginess scores found in forest ‘peninsulas’ (Figure 3.1f; black circle) than in forest areas
sheltered by patch geometry, e.g. when edges occur at a reflex angle (Figure 3.1f; blue circle). The
map of edginess scores across Sabah is provided in the Supplementary Materials (SI Figure 2),

along with full details of our parameterisation approach.

In order to compare the performance of our edginess metric with a ‘distance to nearest edge’
metric, we also calculated the Euclidean distance of each forest pixel to its nearest ‘edge’ pixel.
We defined edge pixels in our landscape as forest pixels bordering a non-forest pixel (Queen’s
case contiguity; Figure 3.1d). We did not distinguish between naturally-occurring and
anthropogenic (i.e. human-made) edges because of the difficulties in doing so reliably (Fischer et
al., 2021); however the majority of edges in this region are likely to be anthropogenic (Gaveau et

al., 2016; Brinck et al., 2017).
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Figure 3.1 - Steps involved in creating a 30m-resolution binary land cover map (forest, non-forest)
and map of forest edginess for Sabah, 2016, shown for a 14,000 ha sub-region - a) % tree cover
map for the year 2000, b) 30% tree cover threshold applied, forest pixels (green) that experienced
forest loss between 2000-2016 converted to non-forest pixels (cream), ¢) 2016 mask of industrial
plantations applied to convert plantation pixels to non-forest, and 1ha MMU filter applied, to give
final binary land cover map d) satellite imagery for comparison (arcgis.com) with edge pixels
shown in white, e) heat diffusion model applied to produce edginess scores (0-1) for forest pixels,
f) close-up view of small fragments in 1,750 ha sub-region. Blue circle exemplifies forest sheltered
by patch geometry, e.g. when edges occur at a reflex angle, whilst black circle exemplifies forest

exposed by patch geometry, e.g. when edges form a forest ‘peninsula’.
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3.4.3 Data sampling

Before conducting analyses we excluded forest pixels within 1.5km of a NoData pixel in our land
cover map, or within 1.5km of the Sabah state boundary, to eliminate the potential for
unaccounted edge influence (Chaplin-Kramer, Ramler, et al., 2015). We also excluded forest pixels
bordering non-forest pixels (Figure 3.1d; see Methods 3.4.2) because these are likely to contain a
mixture of forest and non-forest, reducing their AGC and inflating any edginess impacts we
observe. We limited our study to pixels within 1km of an edge (i.e. Euclidean distance to nearest
edge <1km), to focus on forest areas that encompass the majority of any edge effects in this
landscape (Ordway and Asner, 2020; Nunes et al., 2021; Anderson et al., 2022), whilst still
sampling the full gradient of edge-affected and ‘core’ forest (i.e. forest unaffected by edge
effects) without over-sampling core forest. We analysed a stratified random sample of pixels from
six equal-width distance bins, with 100,000 pixels (equivalent to 9000 ha) randomly sampled from
each bin. Bins were assigned based on logio transformed Euclidean distance to nearest edge, and
so represent the following distance ranges: 30 m - 53.8 m, 53.8 m-96.5m, 96.5m-173.1 m,
173.1 m-310.5m, 310.5 m - 557 m, and 557m - 1000 m. This sampling approach (similar to the
one used by Anderson et al. (2022)) prioritises representation of pixels close to edges
(approximately 2/3 of our sampled pixels are within 300m of an edge), and ensures that pixels
with a lower edginess score, which are more common, are not over-represented in our analyses.
It also limits the spatial proximity of sampled pixels, thus reducing the likelihood of pseudo-

replication in our sampling.

We extracted the following data for each forest pixel in our final sample (n = 600,000 pixels; total
of 54,000 ha): measure of edginess (metric from 0-1), Euclidean distance to nearest edge (m), and
aboveground carbon density (hereafter AGC; Mg C ha; from Asner et al. (2018)). These carbon
data, produced using a combination of airborne Light Detection And Ranging (LiDAR), satellite
imaging and geospatial data collected in 2016, have relatively high levels of uncertainty in some
areas (>40% in some areas of low carbon storage, as is typical of these kinds of large-scale carbon
maps (Asner et al., 2014)), however these errors are unbiased, meaning that AGC is not
consistently over- or under-estimated in low-carbon areas (Asner et al., 2018). Thus, we are
confident that the trends reported in our results are not sensitive to this uncertainty, and it is
therefore not problematic for our overall conclusions. Furthermore, these data represent the
best-available dataset of AGC for Sabah and offer significant advantages over alternative datasets
produced at global or pantropical scales. Such large-scale datasets are typically validated using

field plots from a limited subset of regions and so provide erroneous AGC estimates in unsampled
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regions (Ploton et al., 2020), unlike the data produced by Asner et al. (2018) which were validated

with local field plots in our study region.

3.4.4 Data analyses

We modelled the effect of edginess on pixel-level AGC using a linear regression (Im function; R
Core Team, 2022). We modelled a linear relationship because the non-linear effect of edge
proximity is already accounted for by the heat-diffusion approach used to generate the metric
(Malcolm et al., 2017), thus the resulting relationship between edginess and AGC is expected to
be linear. We also used a linear regression (Im function; R Core Team, 2022) to model the effect of
Euclidean distance on AGC, with Euclidean distance logio transformed to linearize the relationship
between the two variables (as in Anderson et al. (2022)). There was evidence of non-normality in
the residuals of both models when raw AGC values were used, thus we used sqgrt-transformed
AGC (sqrt(AGC+1)) as our dependent variable for both models, to ensure model assumptions were
met. To test whether edginess explains more AGC variation than Euclidean distance we used an
Akaike Information Criterion (AIC) model comparison approach (AIC function; R Core Team, 2022)
to determine the best-fitting model (Wagenmakers and Farrell, 2004). Finally, we also repeated
these analyses using only sampled pixels within 100m of an edge (Euclidean distance < 100m; n =
200,000), where edge effects are typically strongest (Broadbent et al., 2008; Ordway and Asner,
2020; Anderson et al., 2022), to determine whether the benefits of an edginess metric are more

pronounced in these areas.

3.5 Results

Our map of forest cover (Sl Figure 1) includes a total forested area of approximately 4.16 M ha for
Sabah in 2016 (excluding ‘edge’ pixels), of which 3 M ha are within 1km of an edge (72% of the
total forest area), and 1.7 M ha within 300m of an edge (41% of the total forest area). Of the 3 M
ha of forest within 1km of an edge, approximately 45% was designated a low edginess score of
<0.1 (i.e. ‘core’ forest), with the remaining 55% of pixels approximately evenly distributed along
the range of 0.1-1 edginess. The distribution of edginess values in our sampled pixels (SI Figure 3)
therefore approximated the distribution of edginess scores throughout the entire Sabah
landscape. For our study pixels, there was a non-linear relationship between edginess and
nearest-edge distance, although the two metrics were generally poorly correlated, with variance
in edginess scores decreasing at greater distances (Figure 3.2). Forest carbon varied considerably
(Figures 3 & 4), with an overall mean pixel-level AGC of 91.6 Mg C ha™* (+/- SD 58.3 Mg C hal) in

our sample.
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Figure 3.2 — Relationship between edginess and Euclidean distance to nearest edge (m), plotted

for a subsample of 60,000 data points to aid visualisation.

3.5.1 Carbon declines with increasing edginess

We found a significant negative effect of edginess on forest carbon (linear regression of edginess
on sqgrt-transformed AGC; 8 =-3.95, p < 0.0001; Figure 3.3), with less than half (62% decline in
model-fitted carbon) AGC in the most edgy pixels (41.6 Mg C ha™ at edginess = 1) compared with
the least edgy pixels (108.84 Mg C haat edginess = 0, i.e. forest ‘core’ pixels). In edge-adjacent
forest pixels (those that are 30m from their nearest edge), model-fitted AGC declined from 73.8
Mg C halin pixels which are sheltered by patch geometry (at edginess = 0.463, e.g. when edges
occur at a reflex angle; Figure 3.1f), to 53.9 Mg C hain pixels close to a single straight edge (at
edginess = 0.78), to 41.6 Mg C hain pixels which are close to multiple edges (at edginess = 1, e.g.
in small or geometrically complex fragments; Figure 3.1f). Thus, AGC in forest adjacent to multiple
edges was reduced by almost a quarter (23%) relative to forest adjacent to only a single straight
edge, confirming that the presence of multiple edges can substantially reduce AGC even when
forest is in very close proximity to the nearest edge. We therefore conclude that forest carbon is
impacted by multiple edges. 1.7 M ha of forest in Sabah is within 300m of an edge, and 0.39 M ha
has a high edginess value > 0.78. This implies that AGC in about a quarter (23%) of edge-affected
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forest (i.e., forest within 300m of an edge) is further reduced by the impacts of multiple edges

across this landscape.
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Figure 3.3 — Significant negative effect of edginess on AGC (Mg C ha?). Red line shows the fitted
values of a linear regression of edginess against sqrt-transformed AGC for our sample of 600,000
data points, with model-fitted values back-transformed to give actual AGC values. A subsample of

60,000 data points are plotted to aid visualisation.

3.5.2 Edginess metric explains more AGC variation than Euclidean distance metric
Comparison of AIC scores shows that the edginess model was a better fit to forest AGC than the
Euclidean distance model (AAIC = 21962). Neither explained a large amount of variation in pixel-
level AGC across Sabah, but the edginess model did offer a slight improvement over Euclidean
distance, explaining 18% of the variation in AGC (R? = 0.183; Figure 3.3; 8 =-3.95, p < 0.0001),
compared to the 15% of variation explained by the Euclidean distance model (R? = 0.153; Figure
3.4; logio transformed Euclidean distance against sqrt-AGC; 8 = 2.64, p < 0.0001). There was
evidence of spatial autocorrelation in residuals of both models, but sensitivity analyses showed
that our results are robust to this autocorrelation and it does not affect our conclusions
(Supplementary Information). When analysing just 200,000 pixels within 100m of an edge, we
found that edginess, whilst still only explaining a small amount of overall variation in pixel-level

AGC, considerably outperformed Euclidean distance, explaining approximately 11% of AGC
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variation in these pixels, compared to the 1.5% explained by Euclidean distance (R = 0.108 vs R? =

0.015).
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Figure 3.4 - Significant effect of logio(Euclidean distance (m)) on AGC (Mg C ha?). Red line shows
the fitted values of a linear regression of logio(Euclidean distance) against sqrt-transformed AGC
for our sample of 600,000 data points, with model-fitted values back-transformed to give actual
AGC values. The relationship is plotted against untransformed distance in order to visualise the

non-linear edge effect. A subsample of 60,000 data points are plotted to aid visualisation.

3.6 Discussion

3.6.1 Proximity to multiple edges reduces AGC in fragmented forests

We found evidence for a considerable (>60%) reduction in AGC in the most edge-affected forest
areas relative to forest core, due to the impacts of multiple edges. Previous studies in this
landscape have demonstrated AGC reductions of up to 30% in forest edges (Ordway and Asner,
2020; Anderson et al., 2022), however these focused on the effects of single edges, and here we
demonstrate that AGC is further reduced by the proximity of additional edges. AGC levels were up
to 23% lower in close proximity to multiple edges than in forest adjacent to a single straight edge,
and were up to 44% lower than in edge-adjacent forest sheltered by forest patch geometry, for

example where edges occur at a reflex angle (e.g. Figure 3.1f; blue circle). Thus, the influence of
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edge effects on AGC is strongly dependent upon the spatial configuration and number of nearby
edges. Previous studies of multiple edges are limited and, unlike our study, do not find evidence
for interacting edge effects on AGC (d’Albertas et al., 2018), though this may relate to the
practical limitations of field studies (i.e. small sample sizes, placement of field plots). In our study,
the use of high-resolution remotely-sensed data ensured a large sample size, and ability to sample

across the full gradient of edginess in the studied landscape.

Edge-related losses of AGC in this landscape are primarily driven by the increased mortality of
large trees (Anderson et al., 2022), which contribute disproportionately to forest biomass (Slik et
al., 2013). These trees are disproportionally affected by edge proximity (Laurance et al., 2000) as
they are susceptible to wind damage and canopy desiccation, which are higher near edges and
result in increased mortality (D’Angelo et al., 2004; Magnago et al., 2015; Gora and Esquivel-
Muelbert, 2021). Mortality may therefore be higher when forest is in proximity to multiple edges,
where the underlying abiotic disturbances are also greater (Laurance and Curran, 2008; Schwartz
et al., 2017). These disturbances can also cause compositional shifts near multiple edges
(Laurance et al., 2006). Compositional shifts near edges can further contribute to biomass
declines (Qie et al., 2017), but not always (Anderson et al., 2022). Thus, our results are probably
due to increased levels of abiotic disturbance (e.g. wind turbulence, canopy desiccation) in the
edgiest forest areas, resulting in greater mortality of large trees and possible compositional shifts
in tree communities, which underlie the observed reductions in AGC near multiple edges. It is also
possible that the observed patterns could be linked to area effects or variation in regional forest
cover, which are likely correlated with edginess and could reduce carbon stocks by limiting tree
regeneration and the ecological resilience of tree communities (Lucey et al., 2017; Melito et al.,
2021; Arroyo-Rodriguez et al., 2023). Field studies should seek to provide an understanding of the
mechanistic drivers of AGC loss we observed here, as well as measures of associated changes in

tree community composition and diversity.

We estimate that around 1.7 M ha (41%) of Sabah’s forest is edge-affected (i.e. within 300m of an
edge), and that AGC is further reduced in approximately 23% of this edge-affected forest as a
result of proximity to multiple edges. Our results therefore illustrate the substantial detrimental
impact that patch size and geometry can have on edge-related AGC losses. Tropical forest
fragmentation continues to increase with the ongoing expansion of agriculture, resulting in
fragments becoming smaller and more geometrically complex (Taubert et al., 2018; Hansen et al.,
2020; Fischer et al., 2021). It is therefore likely that edge-related carbon losses will become more
severe, and forest areas with high edginess are also likely to experience associated changes in

forest structure, community composition and diversity.
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3.6.2 Accounting for multiple edges improves explanatory power

The vast majority of edge effect studies use ‘Euclidean distance to nearest edge’ as the
explanatory variable by which to assess edge influence, under the assumption that proximity to
the nearest edge drives ecological change. However, our results show that a metric which
accounts for the proximity of multiple edges explains more variation in AGC than a metric which
only considers the nearest edge. The proportion of variation explained by our edginess model
(18.3%) is also larger than that observed in field studies in the same study landscape (Anderson et
al., 2022), which found that distance from nearest edge explained only 5% of the variation in
forest carbon. Whilst the improvement in explanatory power relative to the Euclidean distance
model was fairly small (3%), and the proportion of AGC variance explained by our edginess model
is similar to that found by Chaplin-Kramer et al. (2015) based on a model of Euclidean distance
(20%), we observed a greater difference in metric performance when we repeated our analyses
on pixels closer to edges. We find that the benefits of an edginess metric are most prominent
close to edges (<100m), where there is the highest variation in edginess (Figure 3.2) and where a
Euclidean distance model explains only 1.5% of the variation in AGC. This finding indicates that
distance to the nearest edge becomes an increasingly poor predictor of variation in AGC across
the most fragmented areas in our landscape, whilst an edginess metric still provides a reasonable

level of explanatory power (R? = 11%).

Accounting for multiple edges through an edginess metric therefore provides improved ability to
explain observed patterns in edge-affected features, particularly in highly fragmented landscapes
where ‘core’ forest no longer exists. Whilst a Euclidean distance metric may suffice to generate
overall estimates of edge influence across large regions (e.g. Chaplin-Kramer, Ramler, et al., 2015;
Silva Junior et al., 2020), an edginess metric explains more variation in carbon stocks in very close
proximity to edges. In these areas, there is very little variation in the ‘distance to nearest edge’
measure and so it becomes more categorical than continuous (Figure 3.4; vertical banding at left
of plot), therefore this metric has too low a resolution to be useful in highly fragmented regions.
Thus, an edginess metric is likely to be beneficial for spatially-explicit modelling of forest carbon
stocks, and for more accurate estimates of carbon stock reduction in fragmented forests, making
it useful for footprinting studies of tropical agricultural products (Chaplin-Kramer et al., 2017; Lam
et al., 2019), ecosystem service assessments (Chaplin-Kramer, Sharp, et al., 2015; Metzger et al.,
2021), and landscape management decisions (e.g. identifying priority areas for forest
conservation and restoration (Lucey et al., 2017; Brancalion et al., 2019)). An edginess metric may
also help resolve reported idiosyncrasies in edge effects (Laurance et al., 2007; Ries et al., 2017),

and could help explain the apparent lack of edge effects on AGC in some studies (e.g. Fleiss et al.,
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2020), if they have not accounted for the influence of multiple edges. Further testing of the
edginess metric at local spatial scales may help to bridge the gap between small-scale studies of

edge influence and the extrapolation of results to regional scales (Ries et al., 2017).
3.6.3 Unexplained variation in forest carbon

Our edginess model explained more variation in AGC than the Euclidean distance model, but a
substantial amount of unexplained variation in AGC remains. This is perhaps unsurprising given
that forest carbon in this landscape is highly variable (Asner et al., 2018; Figures 3 & 4), driven by
many factors in addition to fragmentation effects. Biomass levels in Borneo forests are driven by
variables such as annual rainfall, soil fertility, soil drainage and historic disturbances (Slik et al.,
2010; Asner et al., 2018), and local environmental variables can also modulate edge effects on
AGC (Ordway and Asner, 2020). Furthermore, edge effects can be less important than the location
of fragments in terms of driving patterns in tree diversity and composition (Liu and Slik, 2014).
Thus, even in the most edge-affected areas (<100m), edge influence apparently only explains low
levels of variation in AGC. Future studies could examine how edginess interacts with other
environmental variables, as well as factors such as regional disturbance (Melito et al., 2018;

Melito et al., 2021), in driving spatial patterns of AGC.
3.6.4 Wider implications for fragmented tropical landscapes

Our results improve understanding of the spatial distribution of AGC stocks in fragmented forests,
and demonstrate that accounting for multiple edges is necessary in landscape management
decisions aimed at long-term conservation of forest carbon. Whilst there is debate around the
best configuration of forest reserves for the purpose of biodiversity conservation (Arroyo-
Rodriguez et al., 2020; Banks-Leite et al., 2021), our results emphasize that, where possible,
reserves should be large and circular (Laurance, 1991) for the purpose of maintaining carbon
stocks, as this design minimizes their edge:area ratio. In our study landscape, where non-forest
areas are dominated by oil palm plantations, these recommendations apply to the development
of sustainable palm oil practices with respect to the size and shape of High Conservation Value
(HCV) and High Carbon Stock (HCS) forest reserves within RSPO-certified plantations (Rosoman et
al., 2017; RSPO, 2018), which are often small, with low AGC levels similar to those found in the

edgiest forest pixels in our study (Fleiss et al., 2020).

Our finding that AGC is reduced when in proximity to multiple edges indicates that predictions of
fragmentation-induced AGC declines may underestimate impacts in highly fragmented

landscapes, if these are based on a ‘nearest edge’ understanding of edge influence. For example,
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studies which estimate edge-related carbon loss by combining core-area models with a simple
carbon reduction factor (e.g. Brinck et al., 2017; Fischer et al., 2021) typically base their estimates
on studies which only measure the influence of a single edge. Our results suggest that these
estimates may be improved if they are parameterised for multiple edges. Accounting for multiple
edges will be particularly important in highly fragmented landscapes with small and geometrically
complex fragments, which are becoming increasingly common (Taubert et al., 2018), as these are
the regions where interacting edge effects are likely to be most prevalent and cause the greatest

reduction in forest carbon.
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Chapter 4 - Carbon stocks at rainforest edges are

mediated by adjacent habitat structure

Forest remnant surrounded by oil palm monoculture
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4.1 Abstract

Tropical forests are becoming increasingly fragmented due to agricultural and forestry expansion,
leading to a potential reduction in aboveground forest carbon near forest edges. However, forest
edge effects are highly variable, and here we examine how the structural characteristics of the

adjacent land use (‘matrix’) contribute to this variability.

We analysed high-resolution (30m pixels) remotely-sensed data on above-ground carbon (AGC),
for 902 forest edge sites throughout Sabah, Malaysian Borneo. Sites bordered a range of matrix

types, from high-contrast land-uses with very low AGC (e.g. pasture, bare earth), to low-contrast
land-uses with more similar AGC to forest (e.g. tree plantations). Edge effects are expected to

increase over time, and so we also examined the effect of edge age on AGC at edges.

Carbon stocks were lower in edges bordering high-contrast matrices than in those bordering low-
contrast matrices (8 = 0.41, p < 0.001). This equates to an average model-fitted loss of 21% AGC in
edges bordering land-uses such as pasture, compared to an average loss of 10% AGC in edges
bordering tree plantations. Older edges (8+ years) contained around 10% less AGC than younger
edges (<8 years), however we found no interaction between edge age and matrix effects. Whilst
adjacent matrix structure was an important determinant of edge carbon, the amount of carbon in
the nearby forest ‘core’ had a greater impact (8 = 0.62, p < 0.001), indicating that edge carbon
stocks are lower in more degraded forests (i.e. sites with lower core forest AGC). Nonetheless,
forest sites with high core forest AGC suffered the greatest reduction in carbon at edges (% loss),

particularly when adjacent to high-contrast matrices.

Overall our results demonstrate that edge effects are weakest at sites adjacent to low-contrast
matrices, such as tree plantations and oil palm, which may buffer forest edge exposure to
microclimatic changes and windthrow. Carbon stocks at forest edges decline over time, although
most losses occur within the first 8 years of edge formation. Management activities aimed at
reducing edge contrast, such as the creation of matrix buffer habitats, may help to maintain

carbon stocks in fragmented tropical landscapes.
Keywords

Agricultural expansion, carbon storage, deforestation, forest fragmentation, landscape

management
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4.2 Highlights

Aboveground carbon (AGC) losses at forest edges are mediated by adjacent land use
High-contrast edges have twice AGC loss of low-contrast edges (21% vs 10% loss)
Edge AGC declines over time but most AGC loss is within 8 years of edge creation

Edge AGC is more dependent on AGC in nearby ‘core’ forest than on edge contrast

LA S

Management strategies to buffer edge contrast may help maintain forest edge AGC

4.3 Introduction

The expansion of tropical agriculture and forestry has caused widespread fragmentation and loss
of tropical forests, globally important ecosystems which play a key role in climate regulation
(Malhi et al., 2014; Lewis et al., 2015; Mitchard, 2018; Curtis et al., 2018). The direct impacts of
deforestation on tropical forests are substantial (Newbold et al., 2015; Tyukavina et al., 2015),
however anthropogenic disturbances in remaining forest areas can also have large impacts
(Barlow et al., 2016; Maxwell et al., 2019; Lapola et al., 2023), and are widespread (Matricardi et
al., 2020; Zhu et al., 2023). Fragmented forests experience edge effects, the biotic and abiotic
changes that occur within forest following edge creation. Edge effects are a leading driver of
forest degradation in human-modified landscapes, and are responsible for significant changes in
forest structure, composition, diversity and function (Laurance et al., 2011; Chaplin-Kramer et al.,
2015; Pfeifer et al., 2017; Zhu et al., 2023). Around 30% of the remaining tropical forest area is
within 100m of an edge, and this is expected to increase to 50% by the year 2100 (Fischer et al.,
2021). However, edge effects are highly variable (Laurance et al., 2007; Ries et al., 2017), and so it
is important to examine factors that modulate edge effects, and devise management strategies to

limit their detrimental impacts.

Edges have a considerable impact on aboveground carbon (AGC) stocks in fragmented tropical
forests. AGC declines with increasing proximity to edges (Chaplin-Kramer et al., 2015; Ordway and
Asner, 2020; Anderson et al., 2022), and edge effects can cause a doubling of carbon emissions
from deforestation in highly fragmented landscapes (Maxwell et al., 2019). These carbon losses
are primarily driven by abiotic changes that occur near edges, such as increased wind speed,
reduced humidity and increased temperature (Magnago et al., 2015), which can also increase fire
occurrence (Cochrane, 2003). These factors contribute to increased mortality of large trees
(Laurance et al., 2000; de Paula et al., 2011; Anderson et al., 2022), which store the majority of

forest AGC (Slik et al., 2013). Edge effects can also cause compositional shifts in tree communities
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and increased stem turnover, which can further contribute to AGC losses (Nascimento and
Laurance, 2004; Qie et al., 2017). However, edge effects on AGC are highly variable in strength
(Melito et al., 2018), making it important to understand the drivers of this variability. The
structure, composition and quality of the adjacent matrix habitat (i.e. non-forest land use) can
play an important role in shaping the magnitude of edge effects (Harper et al., 2005; Laurance et
al., 2011; Driscoll et al., 2013). The degree of structural contrast (i.e. difference in vegetation
structure) between the forest and matrix determines the strength of abiotic gradients, in factors
such as wind speed, temperature and humidity (Camargo and Kapos, 1995; Laurance and Curran,
2008; Arroyo-Rodriguez et al., 2017; Permana et al., 2022), with more severe abiotic gradients
observed in high-contrast edges (e.g. forest adjacent to pasture) than low-contrast edges (e.g.
forest adjacent to mature tree plantations). The structure of the matrix can therefore mediate
biotic changes occurring at edges, and there is evidence of more severe edge effects on a variety
of taxa including birds, amphibians and invertebrates (Santos-Barrera and Urbina-Cardona, 2011;
Campbell et al., 2011; Hatfield et al., 2020), as well as increased tree mortality (Mesquita et al.,
1999), at high-contrast edges. These findings suggest that matrix structure may also affect AGC in
tropical forest edges (Melito et al., 2018), but this has not yet been quantified and is therefore the

focus of our study.

Edge effects on AGC change over time, therefore consideration of edge age is also required when
examining the impact of adjacent matrix structure on forest carbon. Edge-related tree mortality is
typically greatest within the first few years after edge creation (Laurance et al., 2002), due to the
severe microclimatic gradients adjacent to high-contrast felled areas, resulting in an initial pulse
of tree death and a sharp decline in AGC (Silva Junior et al., 2020). Tree mortality declines as the
edge ages (Laurance et al., 2018), but carbon stocks continue to deteriorate (Ordway and Asner,
2020). However, interactions between edge age and matrix contrast have so far not been
considered in the literature. The influence of matrix contrast may be greatest in young edges, if
forest regrowth has not yet ‘sealed’ the edge against subsequent abiotic disturbances (Camargo

and Kapos, 1995).

Quantifying the influence of the adjacent matrix on edge AGC also requires consideration of local
variation in core forest AGC, both to contextualise the local importance of edge effects and to
determine whether the structure, and AGC, of the forest itself mediates the influence of matrix
contrast (Harper et al., 2005). Whilst there is evidence that site-level variation in AGC can
outweigh any local effects of fragmentation (Fleiss et al., 2020; Anderson et al., 2022), this is not
always the case (Berenguer et al., 2014). These site-level differences in AGC are driven by

variation in disturbance history, management regimes, topography, edaphic conditions and local
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environmental conditions (Slik et al., 2010; Asner et al., 2018), resulting in significant spatial
heterogeneity in forest carbon stocks, even in ‘core’ forest not influenced by edge effects. This
variation in core AGC could mediate the impacts of high-contrast edges. High-carbon forests may
be more resilient to otherwise strong edge effects, due to increased seed flux from large tree
species in the forest core (Melito et al., 2018), reduced synergisms between multiple disturbances
(Berenguer et al., 2014; Silvério et al., 2019), and local climatic buffering provided by structurally

complex forests with denser canopies (Mahmood et al., 2014; Chapman et al., 2020).

In this study, we use high resolution remotely-sensed data to study the impacts of matrix
structure on carbon stocks in forest edges throughout Sabah, Malaysian Borneo. Sabah has
experienced considerable forest loss and fragmentation due to commercial logging and the
subsequent expansion of plantation industries such as timber and oil palm (Reynolds et al., 2011;
Gaveau et al., 2014). Agriculture now comprises over 25% of the land area (Ministry of Agriculture
and Fisheries (M.A.F), 2017). Non-forest areas in the region are dominated by oil palm
plantations, but there is also a variety of other land-use types, such as clear-cut logging, timber
and rubber plantations, livestock pastures, rice paddies, urban settlements and regenerating
forests (M.A.F, 2017; Qie et al., 2017). Forest edges therefore border a wide variety of matrix
types, providing a gradient from high-contrast edges (e.g. forest adjacent to pasture) to low-
contrast edges (e.g. forest adjacent to mature palm and timber plantations). Prior to the
expansion of plantation industries many forests in Sabah were selectively logged at variable
intensities, and are still exposed to variable management regimes, leading to significant
heterogeneity in tree biomass and AGC of forest remnants (McMorrow and Talip, 2001; Reynolds
et al., 2011; Asner et al., 2018). The majority of deforestation occurred prior to 2010 (Gaveau et
al., 2014), but agricultural expansion has continued (Gaveau et al., 2019) and around 20% of
remaining forest in Sabah is within 100m of an edge (chapter 3). These edges vary considerably in
the structure of the adjacent matrix, as well as their age and local core AGC, making it an ideal
landscape for our study. We test the hypothesis that forest AGC is higher in edges adjacent to
low-contrast land-uses (i.e. land-uses with tall, dense vegetation) compared with edges adjacent
to high-contrast land-uses (i.e. land-uses with short, sparse vegetation), and we examine whether

the effects of edge contrast are moderated by the effects of edge age and local forest AGC.
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4.4 Methods
4.4.1 Selecting edge sites

Mapping and GIS analyses were performed in ArcGIS Pro version 2.3.3 and R version 4.1.1 (R Core
Team, 2022). We selected edge sites using high-resolution (30m pixels) remotely-sensed data for
Sabah in 2016, to generate a sample from the study landscape. We focused on 2016 so that our
forest cover data correspond with published data on AGC (Asner et al., 2018). We used a binary
land cover (forest vs non-forest) map for Sabah (Figure 4.1a), produced from a combination of
tree-cover and forest-loss data (Hansen et al., 2013) and an industrial plantation map (Gaveau et
al., 2014; Gaveau et al., 2016). This 2016 land cover map delineates forest cover (excluding
mangroves) based on a minimum 30% tree cover threshold for pixels in the year 2000, the
recommended threshold for studies of forest fragmentation (Haddad et al., 2015; Brinck et al.,
2017; Taubert et al., 2018; Hansen et al., 2020; Fischer et al., 2021), but excludes forest pixels
which experienced deforestation or conversion to plantations between 2000 and 2016 (see
Chapter 3 for details). We used the land cover map to delineate forest edge boundaries (Figure
4.1a), defined as forest pixels adjacent to a non-forest pixel (Queen’s case contiguity), in order to
identify candidate locations for study sites. Edge effects on AGC vary depending on the number
and proximity of nearby edges (‘edginess’; Chapter 3), and we excluded sites affected by multiple
edges to control for this. To do this, we filtered candidate sites based on a threshold of edginess
applied to edge-adjacent forest pixels (30m from edge boundary), using the heat-diffusion
approach developed by Malcolm et al. (2017; see Chapter 3 for details). Edginess values range
from 0-1, with O representing ‘core’ forest beyond any edge influence, and 1 representing a forest
pixel adjacent to multiple edges. We applied a threshold range of 0.65-0.8 to select potential
edge-adjacent forest pixels for inclusion in the study, filtering out those pixels which were either
close to multiple edges (edginess > 0.8) or were adjacent to only a small number of edge pixels
(edginess < 0.65; e.g. when edges occur at a reflex angle or next to small clearings within forest).
Thus, we included edge-adjacent forest pixels which bordered straight edges and were not
influenced by additional edges. We selected pixels that formed 300m ‘straight edge segments’
(i.e. contiguous edge-adjacent forest pixels) and excluded any segments less than 300m (Figure
4.1b), to ensure a consistent sampling area across sites (see below), thus generating 4630

candidate edge study sites.

At each site we generated a transect (300m x 900m; 27ha) spanning the 300m straight edge
segment, running perpendicular to the edge from 300m into the adjacent non-forest and 600m

into the forest (Figure 4.1c). We included forest up to 600m from the edge to ensure sites
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contained core forest pixels, because edge effects typically occur within 100-500m of edges in this
landscape (Qie et al., 2017; Ordway and Asner, 2020; Nunes et al., 2021; Anderson et al., 2022).
We only included sites with at least 300m of non-forest adjacent to the edge, to exclude edges
bordering narrow gaps such as rivers, roads and small forest clearings (Briant et al., 2010). Thus,
edge sites (n = 4630) each comprised approximately 9 ha of non-forest and 18 ha of forest. We
discarded sites with fewer than 2.7 ha of ‘core forest’ pixels (forest pixels 500-600m from the
focal edge, with an edginess score of <0.05), as these were typically in very small forest fragments
without a true forest ‘core’ (n = 3521 sites). We also excluded sites where the average AGC (Asner
et al., 2018) of non-forest pixels was greater than that of core forest pixels (n = 63 sites), as these
likely reflected incorrect land classifications. Finally, we imposed a minimum distance of 2km
between sites to ensure spatial independence of sampling locations, leaving a final sample of 902
sites for analysis (Figure 4.1c). We categorized forest pixels within 120m of the edge as edge-
influenced, because edge effects on AGC are typically strongest within around 100m (Ordway and
Asner, 2020) and a 120m threshold is therefore recommended when using 30m-resolution data
(Silva Junior et al., 2020). We did not include edge boundary pixels themselves (Figure 4.1; white

shading) as these pixels likely contain a mixture of forest and non-forest.
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Figure 4.1 — Selection of edge study sites, shown for a 3,600 ha sub-region of Sabah: a) land-cover
map for Sabah in 2016, showing forest (green), non-forest (cream) and edge boundary (white)
pixels, b) 300m ‘straight-edge segments’ (blue), based on forest ‘edginess’ values to avoid sites in
proximity to multiple edges, c) spatially-independent (>2km apart) edge sites (black rectangles)
perpendicular to straight-edge segments, spanning 600m of forest and 300m of adjacent non-
forest, d) close-up view of a single edge site, showing the non-forest zone (blue), edge-influenced
forest zone (light green; < 120m from edge) and core forest zone (pink; 500-600m from edge,

edginess <0.05).
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4.4.2 Sampling forest AGC, matrix structure and edge age

We computed four site-level metrics from our sample of 902 sites, to use in subsequent data
analyses. We calculated the average aboveground carbon density (hereafter AGC; Mg C ha) of
forest pixels in the ‘edge-influenced zone’ (< 120m from edge; Figure 4.1d, light green zone), the
average AGC of forest pixels in the local ‘core forest zone’ (500-600m from edge; Figure 4.1d, pink
zone), and the average AGC of non-forest pixels (non-forest pixels within 300m adjacent to edge;
Figure 4.1d, blue zone). These published AGC data from Asner et al. (2018) were produced using a
combination of airborne Light Detection And Ranging (LiDAR), satellite imaging and geospatial
data collected in 2016. They represent the best-available dataset of AGC for Sabah. We use mean
AGC in the non-forest as our measure of matrix structure, given that AGC is primarily driven by
aboveground biomass, a common measure of vegetation structure (Asner et al., 2018). Asner at
al. calibrated the AGC data from forest plots but not from non-forest areas, and so AGC values of
non-forest land classes may be less reliable than forest AGC values. However, they nevertheless
provide a continuous measure of vegetation structure, which can distinguish between high-
contrast and low-contrast land-uses. Thus, higher AGC in non-forest pixels is indicative of land-
uses such as mature oil palm and tree plantations (taller, denser vegetation resulting in low-
contrast edges; e.g. Figure 4.2a, mean non-forest AGC = 28 Mg C ha™), whereas low AGC
represents land-uses such as pasture or bare earth (lower, sparser vegetation resulting in high-

contrast edges; e.g. Figure 4.2b, mean non-forest AGC =5 Mg C ha™).
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Figure 4.2 — Exemplar study sites with forest bordering a) a relatively low-contrast matrix (mature
oil palm), with relatively high AGC non-forest pixels (mean AGC of non-forest pixels =28 Mg C
hal), compared to sites bordering b) a relatively high-contrast matrix (pasture & annual crop
mosaic) with relatively low AGC in the matrix (mean AGC of non-forest pixels = 5 Mg C ha™). Site
boundaries are shown in light green and are represented by simplified polygons here, with edge
boundary pixels shown in white (not included in analyses). On-ground photographs (J Anderson)
are representative of respective land-uses in Sabah, but do not correspond to actual site

locations. Satellite imagery sourced from arcgis.com.
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We also computed edge age (time since edge creation; years before 2016) for each site. We used
information on the year of forest loss for non-forest pixels, sourced from Gaveau et al. (2014;
2016) where available (where non-forest is industrial timber or oil palm plantations), and from
Hansen et al. (2013) otherwise. Gaveau et al. provide forest-loss estimates dating back to 1973,
although temporal resolution pre-2000 is generally patchy, whilst Hansen et al. provide yearly
estimates dating back to the year 2000. Forest-loss estimates refer to initial deforestation events
(when edges are created) rather than subsequent changes in the non-forest land cover (e.g.
replanting events in oil palm and timber plantations). We calculated the mean age of all non-
forest pixels in each site (i.e. time since deforested), then grouped sites into three age categories:
young edges (mean age <8 years old, n = 332 sites), intermediate age edges (mean age 8-16 years
old, n = 242 sites) and old edges (mean age 16+ years old, n = 328 sites). We used a categorical
measure of edge age because exact dates of edge creation are unknown, particularly for edges
created pre-2000. Previous research has shown that AGC losses tend to stabilise within 8 - 15
years following edge creation (Silva Junior et al., 2020), but AGC stocks can sometimes recover
within 15-20 years (Almeida et al., 2019). Our three age categories should therefore allow us to
identify key temporal trends in AGC loss, such as evidence of stabilisation or AGC recovery. These
categories provide a reasonable level of resolution in edges <16 years old, and similar sample

sizes in each category.
4.4.3 Data analysis

Statistical analyses were performed in R version 4.1.1 (R Core Team, 2022), on site-level metrics.
We constructed a linear regression (Im function; R Core Team, 2022) to measure the influence of
matrix structure (mean AGC in adjacent non-forest; Mg C ha!) on edge forest carbon (mean AGC
in edge-influenced zone; Mg C hal). We also included core forest carbon (mean AGC in core zone;
Mg C ha) and edge age (categorical) as independent variables. The inclusion of core forest AGC
controls for local variation in forest AGC, and we also modelled an interaction term between edge
age and matrix structure, to determine whether the influence of matrix structure on edge carbon
differs depending upon the age of the edge. However, we found no significant interaction
between edge age and matrix structure, therefore the interaction term was removed and
hereafter we report results from the simplified model. Model residual plots were checked, and
show that all necessary statistical assumptions of the linear regression were met (Thomas et al.,
2017). Whilst there was a correlation between core forest carbon and matrix structure (r = 0.35;
cor function; R Core Team, 2022), calculation of variance inflation factors (vif function; Fox and

Weisberg, 2019) showed no evidence of concerning collinearity between variables (VIF < 3).
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To aid interpretation of each of the main results, we calculated model-fitted edge AGC for various
scenarios. We used the ‘Predict’ function (Fox and Weisberg, 2019) and model parameters (Table
4.1), holding the value of all independent variables constant other than the variable of interest, as
specified below (see Table 4.2). Continuous variables were held constant at their mean value
(98.3 Mg C ha for core carbon, 24.9 Mg C ha for matrix AGC) unless reported otherwise.
Predictions were averaged across all age categories, except in section 4.5.3 (age effects on AGC).
For comparisons of high and low contrast edges, we used a representative matrix AGC value of 3.2
Mg C ha® for high-contrast edges, as this is the mean AGC of pasture (Marin-Spiotta et al., 2007),

and 30.3 Mg C ha* for low-contrast edges, as this is the mean AGC of oil palm (Fleiss et al., 2020).
4.5 Results

We sampled a range of edge contrast levels amongst our 902 sites, with considerable variation
present in the structure of the adjacent matrix (Figure 4.3a). Around 11% of sites (n = 97) were at
relatively high contrast edges (adjacent matrix AGC <5 Mg C ha; e.g. Figure 4.2b), whilst 32% (n
=291) were at relatively low contrast edges (adjacent matrix AGC > 28 Mg C hal; e.g. Figure 4.2a).
The average AGC in the adjacent matrix was 24.9 Mg C ha!, compared to the average AGC of 98.3
Mg C halin the forest core (though this also varied greatly; Figure 4.3c), demonstrating large
differences in vegetation structure between forest and non-forest. We also observed substantial
variation in edge forest carbon (Figure 4.3b), and our linear regression including matrix structure,

core AGC and edge age explained 59% of this variation (adjusted R? = 0.59; Table 4.1).

Table 4.1 — Summary outputs of a linear regression used to analyse the influence of matrix
structure (mean AGC in adjacent non-forest; Mg C ha), core forest carbon (mean AGC in core
zone; Mg C ha') and edge age (categorical) on edge forest carbon (mean AGC in edge-influenced

zone; Mg C ha?). Adjusted R? = 59%.

"Significance levels and intercept adjustments of edge age categories are relative to the y-

intercept of young edges (<8 years).

Predictor variable 6 (+ SE) Intercept adjustment (:tSE) p
Matrix structure 0.41 (+ 0.05) - <0.001
Core forest AGC 0.62 (£ 0.02) - <0.001
Intermediate edges (8-16 years) - -8.4(£2.32)7 <0.001"
Old edges (16+ years) - -7.2(x2.13)7 <0.001"
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Figure 4.3 — Frequency histograms showing the considerable variation in AGC in 902 edge sites
throughout Sabah, for a) the adjacent non-forest zone (non-forest < 300m from edge), b) edge-
influenced forest zone (forest < 120m from edge) and c) core forest zone (forest 500-600m from

edge). The mean AGC of each zone is shown in red.
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4.5.1 Carbon stocks in high-contrast versus low-contrast edges

We found a significant positive effect of adjacent matrix structure on AGC at edges, with a fitted
increase of 0.41 Mg C ha edge forest carbon for every increase of 1 Mg C ha* AGC in the
adjacent matrix (Figure 4.4; Table 4.1). Thus, carbon stocks were lower in edges that bordered
high-contrast land-uses than in edges bordering low-contrast land-uses. At high-contrast edges
(e.g. Figure 4.2b) average model-fitted AGC in edge forest was 77.43 Mg C ha! (averaged across
all age categories, with core carbon held at mean value of 98.3 Mg C ha’}; Table 4.2). This is
approximately 13% lower than at low-contrast edges (e.g. Figure 4.2a), where average model-

fitted edge carbon was 88.52 Mg C ha* (Table 4.2).

Relative to the mean core forest AGC value of 98.3 Mg C hal, these edge values equate to an
average predicted carbon loss of 21% in high-contrast edges (when matrix AGC = 3.2 Mg C ha'l),
compared to an average predicted loss of 10% in low-contrast edges (when matrix AGC = 30.3 Mg
C hal; Table 4.2). Whilst the relationship between matrix structure and edge forest carbon may
appear to be driven by a few sites with high AGC in the matrix (Figure 4.4), model residual plots
show no evidence of overly influential data points. Furthermore, restricting the analysis to only
those sites with < 50 Mg C ha™ matrix AGC (n = 809) showed no qualitative change in results
(effect of matrix structure on edge forest carbon when high matrix carbon sites are excluded: 8 =

0.5, p <0.001), confirming that the observed relationship is not driven by these data points.
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Figure 4.4- Significant effect of adjacent matrix AGC (mean AGC in adjacent non-forest; Mg C ha?)
on forest edge AGC (mean AGC of forest < 120m from edge; Mg C ha?), for 902 edge sites
throughout Sabah, Malaysian Borneo. Raw data points (panel a) are coloured by the age category
of edge sites, with young (< 8 years old) edges in green, intermediate (8-16 years old) edges in
orange, and old (16+ years old) edges in purple. Model-fitted lines (panel b; also coloured by age
category) show predicted values of edge forest AGC for different values of matrix AGC, as fitted by

a linear regression, whilst holding core forest AGC constant at its mean value of 98.3 Mg C ha™.

Shading shows 95% confidence intervals.
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4.5.2 Local variation in forest AGC

We found a strong positive relationship between local forest AGC (mean core AGC) and edge
forest carbon, with an increase of 0.6 Mg C ha™ edge carbon for every increase of 1 Mg C ha core
carbon (Figure 4.5; Table 4.1). Furthermore, the inclusion of forest core AGC in the regression
increased the explained variance in edge carbon by around 40% (adjusted R? = 0.59 with core AGC
included vs 0.21 without). Thus, edge carbon was highly dependent upon core forest carbon, and
the highest AGC stocks were found in sites where the core forest contains high levels of carbon.
However, although carbon stocks were higher at these forest edges, the fitted relationship
between edge forest carbon and core forest carbon indicates that these edges actually experience
the greatest carbon losses relative to the core (Figure 4.5). Sites of an average quality (core AGC =
98.3 Mg C ha') were predicted to experience around 12% AGC loss at the edge relative to the
core (average model-fitted edge AGC = 86.6 Mg C ha, when matrix AGC held at mean value of
24.9 Mg C hal; Table 4.2), whereas sites with core carbon levels representative of protected
forest reserves such as Danum Valley Conservation Area (207 Mg C ha (Asner et al., 2018)),
experience average predicted AGC losses of 26% at the edge (average model-fitted edge AGC =
153.4 Mg C ha, when matrix AGC held at mean value of 24.9 Mg C ha; Table 4.2). Edge impacts
were even greater when sites bordered a high contrast matrix, with predicted edge AGC
reductions of 21% in sites with average levels of core forest AGC, but 30% reductions in sites with
high core AGC respectively (Table 4.2). Thus, the most severe AGC losses are predicted to occur at
sites with high forest core AGC bordering high-contrast matrix habitats, such as pasture (Table

4.2).

Table 4.2 — Model-fitted edge AGC (Mg C ha) and % loss (relative to core AGC) for various edge
scenarios (determined by set values of core AGC and matrix AGC), averaged across all edge age
categories. Values generated using the R Predict function (Fox and Weisberg, 2019) based on the

parameters of a linear regression (Table 4.1).

Core AGC Matrix contrast (Mg C ha) Model-fitted edge = Model-fitted AGC
(Mg C hal) AGC (Mg C ha) loss at edge (%)
Sample High (matrix AGC = 3.2) 77.43 21
average (98.3) Low (matrix AGC = 30.3) 88.52 10

Sample average (matrix AGC=24.9) 86.6 12
High (207) Sample average (matrix AGC=24.9) 153.4 26

High (matrix AGC = 3.2) 144.6 30
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Figure 4.5 — Significant relationship between local forest core AGC (mean AGC in forest 500-600m
from edge; Mg C ha?) and forest edge AGC (mean AGC of forest < 120m from edge; Mg C ha?), for
902 edge sites throughout Sabah, Malaysian Borneo. Raw data points (panel a) are coloured by
the age category of edge sites, with young (< 8 years old) edges in green, intermediate (8-16 years
old) edges in orange, and old (16+ years old) edges in purple. Model-fitted lines (panel b; also
coloured by age category) show the predicted values of edge forest AGC for different values of
core forest AGC, as fitted by a linear regression, whilst holding adjacent matrix AGC constant at its

mean value of 24.9 Mg C ha’. Shading shows 95% confidence intervals.
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4.5.3 Effect of edge age on AGC

AGC stocks were significantly lower in intermediate (8-16 years) and old (16+ years) edges than in
young (<8 years) edges, irrespective of matrix structure (Table 4.1; Figure 4.4). Post-hoc analysis
confirmed that AGC was lower in both intermediate (p < 0.001) and old (p < 0.01) edges
compared with young edges, but that there was no significant difference between intermediate
and old edges (Tukey HSD test with Holm—Bonferroni correction for multiple comparisons; p =
0.6). On average, carbon stocks in edges over 8 years old were around 8 Mg C ha™lower than in
edges under 8 years old. At high-contrast edges (adjacent matrix AGC = 3.2 Mg C ha) over 8 years
old, with average forest core AGC (core AGC = 98.3 Mg C ha), this equates to a predicted 24%
reduction in AGC at the edge relative to the forest core (average model-fitted edge AGC = 74.83
Mg C halwhen core AGC = 98.3 Mg C hatand age >8). This is a considerably greater magnitude of
edge effect than in edges under 8 years old, where model-fitted edge AGC is 16% lower than core
AGC (fitted edge AGC = 82.63 Mg C ha* when core AGC = 98.3 Mg C ha!and age <8). Thus, we
conclude that edge effects on AGC worsen over time, irrespective of matrix structure, and that

most reductions in AGC occur within approximately 8 years following edge creation.
4.6 Discussion

Given the increasing fragmentation of tropical forests for agriculture, and the predicted increase
in edge habitat throughout the tropics (Fischer et al., 2021), understanding the factors which
affect carbon stocks in forest edges is increasingly important. Here, we found that the structure of
the adjacent matrix habitat can have a large influence on AGC at forest edges, with the most
severe AGC reductions found in edges bordering high-contrast matrices such as pasture. We also
found that local variation in core forest AGC, probably driven by variation in disturbance history,
mediates matrix impacts on AGC losses at edges, and that site-level differences in core AGC have
a greater influence on edge forest AGC than matrix effects alone. Finally, we observed a negative
effect of edge age on edge forest AGC, irrespective of adjacent matrix structure. The most severe
AGC losses occurred within approximately eight years of edge creation, and there is evidence that
AGC stocks in forest edges reach a post-disturbance equilibrium at lower levels than pre-
fragmentation (no evidence of AGC recovery in edges over 16 years old; Table 4.1). These results
improve our understanding of the drivers of edge effect variability, and have implications for the
development of management strategies aimed at preserving carbon stocks in fragmented

rainforests.
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4.6.1 Matrix structure affects carbon at forest edges

We found that carbon stocks are highest in forest edges bordering low-contrast matrices. Carbon
losses at the edge were estimated to be roughly doubled when forest bordered land-uses such as
pasture, compared with land-uses characterized by taller, denser vegetation, such as mature palm
trees or timber plantations, which provide a lower-contrast edge. Our results therefore provide
the first empirical evidence that the structure of the adjacent matrix can mediate edge influence
on forest carbon, as previous studies have suggested (Melito et al., 2018; Anderson et al., 2022).
This aligns with studies showing more severe edge effects at high-contrast edges, with lower-
contrast edges reportedly being more beneficial for bird and invertebrate communities in forest
fragments (Campbell et al., 2011; Hatfield et al., 2020). Whilst this is the first study to directly
quantify matrix impacts on forest AGC, a systematic review of edge effects on tropical forest
biomass revealed that biomass loss is typically more severe at higher contrast edges (Melito et al.,
2018), and Mesquita et al. (1999) showed that tree mortality is up to 110% greater in Amazonian
forest edges bordering pasture compared to edges bordering regrowth forest. Thus, the
mediating influence of matrix contrast on AGC loss at edges is likely to be present in other tropical
study systems as well. This finding may help to explain some of the reported variability in edge
influence (Laurance et al., 2007), and may help improve the general predictability of edge impacts
across fragmented landscapes (Ries et al., 2017). Further studies should test for the generality of

this relationship in other study systems.

Edge effects on forest carbon are primarily driven by abiotic gradients which increase the
mortality of large trees (de Paula et al., 2011; Magnago et al., 2015; Anderson et al., 2022). Our
finding that adjacent matrix structure affects forest edge AGC is therefore probably due to the
increased buffering capacity of matrices with taller, denser vegetation, which likely limit wind
speed and microclimatic changes at the forest edge (Harper et al., 2005). Increased vegetation
height and density reduces air temperature and increases humidity in the matrix (Hardwick et al.,
2015; Jucker, Hardwick, et al., 2018), whilst an increase in vegetation complexity diminishes wind
speed adjacent to the forest (Davies-Colley et al., 2000). This is supported by the findings of
Arroyo-Rodriguez et al. (2017), who report that edge effects only cause an increase in forest
temperature when the adjacent matrix is high-contrast, and Permana et al. (2022), who found
that increasing shade in the adjacent matrix (due to taller, denser vegetation) diminished edge
influence on forest humidity, temperature and light intensity. Furthermore, increased canopy
cover in a landscape can lessen the severity of drought-induced canopy desiccation, which is
typically more severe at edges (Nunes et al., 2021), via its influence on local atmospheric

circulation (Laurance et al., 2018). It is also possible that high-contrast edges facilitate increased

129



access compared to low-contrast edges, which could contribute to the observed patterns (e.g. via
increased selective logging or livestock browsing), though low-contrast land uses such as oil palm
plantations typically contain high densities of workers, and encroachment is commonly observed
in adjacent forest edges (Stride et al., 2018). We did not measure the influence of matrix structure
on the penetration depth of edge effects, however it is possible that higher contrast edges may
also suffer carbon losses over greater distances (Harper et al., 2005; Permana et al., 2022), and

future studies could examine this relationship.

In this landscape, and throughout much of Southeast Asia, forest edges are typically bordered by
low-contrast matrices such as oil palm and timber plantations. Whilst AGC loss is less severe in
these sites, the modelled declines in AGC (average 10% reduction) are still considerable,
particularly given that that a large proportion of the remaining forest area in this region is close to
an edge (Zhu et al., 2023). Furthermore, carbon loss in low-contrast edges can be variable, with
losses of up to 30% documented in some forest edges bordering mature oil palm plantations
(Ordway and Asner, 2020; Anderson et al., 2022 (chapter 2)). This variability can be driven by a
number of factors, such as local environmental conditions (Ordway and Asner, 2020), and our
results suggest that local variation in ‘core’ forest AGC may also influence the magnitude, and

relative importance, of these edge effects.
4.6.2 The importance of local core forest carbon

Whilst forest edge AGC is influenced by adjacent matrix structure, we found that edge AGC is
more dependent on local core forest AGC. We observed a model-fitted increase of 0.6 Mg C ha
AGC at the edge for every increase of 1 Mg C ha in the local forest core. Core forest AGC also
explained most of the variation in edge carbon (adjusted R? = 59% with core AGC included vs 21%
without). Thus, there is considerable local variation in forest carbon in this study landscape
(Figure 4.3), and sites with higher AGC stocks in the forest core also tend to have higher AGC at
the edge. This site-level variation in AGC may be related to variation in local climate, soil or tree
community properties (Slik et al., 2010), however a large amount of the variation is likely driven
by historic anthropogenic disturbance (Asner et al., 2018), and sites with lower AGC are therefore
probably the most degraded, reflecting Sabah’s long history of commercial selective logging.
Logged forests are a persistent carbon source (Mills et al., 2023) and typically contain at least 30-
50% less AGC than intact forests, with these reductions persisting for decades (Berry et al., 2010;
Asner et al., 2018; Nunes et al., 2022) due to the removal of large trees and associated
degradation of topsoil, residual trees and recruitment (Pinard et al., 1996; Pillay et al., 2018;

Riutta et al., 2021). The majority of remaining forest in Sabah is degraded due to commercial
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logging (Reynolds et al., 2011; Bryan et al., 2013; Gaveau et al., 2014). The high level of AGC
heterogeneity we observed among sites is therefore probably linked to variability in historic
exploitation, and these differences can be so large that they outweigh local fragmentation effects
on trees (Stride et al., 2018; Fleiss et al., 2020; Anderson et al., 2022). Similar patterns have been
observed in Atlantic forest remnants, where forest disturbance history plays a much greater role
than fragmentation effects or environmental conditions in driving carbon stocks (Pyles et al.,

2022).

Although high carbon sites (i.e. those with high levels of core AGC) had the highest AGC at edges,
these edges also suffered the greatest carbon losses relative to the forest core, indicating that
high carbon forests are the most vulnerable to edge effects. Furthermore, it appears that the
effects of adjacent matrix structure and core forest AGC can act in tandem to mediate forest edge
AGC. When adjacent to high-contrast matrix such as pasture, predicted carbon losses from edge
effects were around 1.5 times greater in high-carbon sites than in those with average core AGC.
This is probably because structural contrast at forest edges is dependent upon the structure of
both the matrix and the forest itself (Harper et al., 2005), and forests with lower, sparser canopies
(and thus, lower AGC (Chave et al., 2014; Jucker, Asner, et al., 2018)) tend to have microclimatic
conditions more similar to non-forest areas (Hardwick et al., 2015; Jucker, Hardwick, et al., 2018),
thereby reducing abiotic edge gradients (Harper et al., 2005). Other studies have reported similar
results to those found here. Old-growth forests are more susceptible to biomass loss from wind
disturbance than second-growth forests (Schwartz et al., 2017), and edge effects on canopy
height growth are more pronounced in mature forests than in logged forests (Nunes et al., 2021).
Furthermore, tropical moist forests, which tend to have denser vegetation, suffer greater carbon
losses at edges than tropical dry forests (Chaplin-Kramer et al., 2015). Sites which have been more
heavily exploited in the past probably also contain fewer large trees prior to fragmentation, as
these would have been extracted during logging operations (Lindenmayer et al., 2012), therefore

these sites may simply have had less AGC to lose.
4.6.3 Edge effects worsen over time

Carbon stocks in tropical forest edges are known to degrade over time (Ordway and Asner, 2020;
Silva Junior et al., 2020), and we found a negative effect of edge age on forest edge AGC,
irrespective of adjacent matrix structure (Table 4.1; Figure 4.4). We anticipated that the benefits
of a low-contrast matrix would be more pronounced (i.e. a stronger effect of matrix AGC on edge
forest AGC) in younger edges, when regrowth has not yet ‘sealed’ the forest edge (Camargo and

Kapos, 1995; Murcia, 1995) and the buffering effect of a low-contrast matrix may therefore be

131



most beneficial. However, we found no significant interaction between age effects and matrix
effects, indicating that the impacts of matrix structure are consistent across age categories. We
expect that this is probably due to the time delay between edge creation (i.e. forest clearance)
and the subsequent planting and growth of vegetation in the adjacent matrix (Luskin and Potts,
2011; Gaveau et al., 2016), thereby offsetting the potential extra benefits of a low-contrast matrix
in young edges. Given the limited availability of remotely-sensed data on AGC, our study only
provides a single snapshot of matrix structure and forest edge carbon, limiting our ability to
address this question. The increasing availability of high-resolution remotely-sensed data on
forest carbon (Dubayah et al., 2020; Dubayah et al., 2022) may allow for future time-series studies
to examine this further and elucidate potential interactions between age effects and matrix

effects.

We found that carbon stocks were lowest in edges over eight years old, but that there was no
difference in AGC between intermediate (8-16 years) and old (16+ years) edges. This indicates
that most reductions in AGC occur within approximately 8 years following edge creation, but that
AGC levels in older edges show no signs of recovery to pre-fragmentation levels. Our results
correspond with research showing that AGC stocks at tropical forest edges reach a post-
disturbance equilibrium within 6 - 15 years, with AGC levels consistently lower than core forest
(Silva Junior et al., 2020). This equilibrium reflects the ongoing abiotic disturbance (e.g. wind
penetration (D’Angelo et al., 2004) and fire (Cochrane, 2003)), high turnover rates (Qie et al.,
2017), and time-lagged degradation of carbon stocks in standing dead trees near edges, which are
only partly compensated by the increased growth of pioneer trees (Nascimento and Laurance,
2004). The localised loss of late-successional tree species, as well as the slow growth rates of large
trees, likely also contributed to the persistent long-term depression of AGC we observed here.
Unlike the edges in our study, carbon losses in some edges in this landscape do not stabilize until
around 20 years post-edge creation (Ordway and Asner, 2020). Thus, there is considerable
variability in the temporal dynamics of edge effects even within the same region. It is possible
that replanting events in adjacent land-uses (e.g. oil palm plantations (Luskin and Potts, 2011))
may increase structural contrast at some older edge sites, thus contributing to this temporal
variability and causing further AGC losses in some older edges, such as those studied by Ordway
and Asner (2020). However, a lack of data on replanting events limits our capacity to study these
effects. Temporal variability in AGC losses may also be driven by local variation in extreme
weather events and natural disasters; significant temporal variability has been observed in
Amazonian forest edges, where biomass recovery in some forest edges is hampered by frequent

exposure to localised fires, whilst edges exposed to fire less frequently can recover biomass to
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pre-fragmentation levels in around two decades (Almeida et al., 2019; Silva Junior et al., 2020).
Approximately one third of the sites we studied were under eight years old. Thus, carbon stocks
may continue to degrade in these edges, with significant implications for the future integrity of

these forest sites.
4.6.4 Management implications for fragmented tropical landscapes

We found that carbon losses at forest edges are roughly halved when the adjacent matrix is low-
contrast (e.g. mature tree or palm plantations) rather than high-contrast (e.g. pasture).
Management activities to reduce the structural contrast of land-uses bordering forest remnants
may therefore help to protect forest carbon stocks in fragmented tropical landscapes. Increasing
the amount of tree cover in the matrix, particularly near forest remnants, should help reduce AGC
losses by dampening abiotic edge effects, and also has co-benefits for landscape connectivity and
biodiversity (Arroyo-Rodriguez et al., 2020; Maeda et al., 2023). Where possible, the planting of
perennial rather than annual crops in close proximity to forest edges is also preferable, although
significant carbon losses still occur at these edges (Ordway and Asner, 2020; Anderson et al.,
2022), therefore matrix management is likely to be beneficial in these land uses also. For example,
permanently preserving mature crop strips directly adjacent to forest edges may be beneficial
when crop replanting takes place. Alternatively, the planting of diverse agroforestry buffers
adjacent to forest remnants in oil palm plantations, as previously recommended (Koh et al.,
2009), may also buffer edge effects. Future studies should seek to determine the optimal width of
these buffer zones for the protection of AGC stocks, as well as potential trade-offs with yield. In
the absence of such data we suggest a buffer width of 100m, given that edge effects on AGC are
typically strongest within this range (chapter 2). Staggered replanting regimes may also limit
matrix contrast without reducing crop cover or net yield (Luskin and Potts, 2011). These
approaches are also likely to have wider co-benefits unrelated to edge effects, such as the
preservation of biodiversity within plantations, increased landscape connectivity, and a more
consistent revenue stream over the rotational period (Luskin and Potts, 2011; Kurz et al., 2016;

Ashton-Butt et al., 2019).

In addition to management activities aimed at reducing structural contrast of the adjacent matrix,
our results also show that management targeted at protecting and promoting forest quality at a
site level is necessary for the protection of carbon stocks. Carbon losses are most severe at the
edge of high quality sites, which is particularly concerning given that forest fragmentation is
increasing throughout the tropics (Fischer et al., 2021) and there are few large tracts of primary

forest remaining (Hansen et al., 2020). Furthermore, oil palm plantations have been increasingly
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expanding into carbon-rich forests (Xu et al., 2022). The protection of primary forest sites from
fragmentation is therefore critical. Management activities aimed at boosting site-level AGC, such
as active forest restoration (Philipson et al., 2020), are likely to be beneficial for core forest which
is not subject to edge influence. However, the benefits of restoration in highly fragmented forests
may be limited by the ongoing abiotic disturbance near edges (Scriven et al., 2022), particularly if
the aim is to restore communities of late-successional trees. Restoration success in fragmented
forests may therefore be improved when combined with matrix management strategies to reduce
edge contrast, thereby minimizing abiotic disturbance and facilitating the re-establishment of

large and late-successional tree communities, and associated carbon stocks, near edges.
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Chapter 5 - General Discussion

Emergent tree in a lowland dipterocarp rainforest
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5.1 Summary of thesis findings

The main aims of my thesis were to (1) investigate the impacts of edge creation on forest trees
and carbon stocks in oil palm landscapes, in order to better understand the environmental
impacts of oil palm agriculture, and (2) provide new information on the drivers of edge effect
variability in order to inform management strategies to ameliorate detrimental edge impacts. |
used field data collected in Sabah, Malaysian Borneo, to quantify edge effects on forest structure,
above ground carbon (AGC) stocks, microclimate and tree community composition and richness,
in forest edges bordering mature oil palm plantations. | found that deleterious edge effects on
large trees caused a significant reduction in AGC near edges, but that edge influence was
relatively weak overall; there were no effects on most variables | studied and a large amount of
variation in forest structure and AGC was not explained by edge proximity. | used remotely-
sensed data to examine the influence of multiple edges on forest AGC in Sabah. | determined that
proximity to multiple edges causes a substantial reduction in AGC, and that a metric which
accounts for multiple edges explains more variation in AGC in fragmented forests than a metric
which only accounts for distance to the nearest edge. Finally, | used remotely-sensed data to
investigate the impact of the adjacent non-forest matrix structure on AGC at forest edges. | found
that carbon stocks were lower in edges bordering high-contrast matrices (e.g. pasture) than in
edges bordering low-contrast matrices (e.g. mature palm and tree plantations), and that edge age
and local core forest AGC also mediate AGC losses at edges. In this final discussion chapter, |
summarise the key findings of each chapter in relation to their main objectives, discuss the
contribution of my results for understanding trends, mechanisms and variability of rainforest edge
effects, and draw conclusions about the relative importance of edge effects in Sabah’s
fragmented forests. | also discuss the wider implications of my research for conservation and
management in oil palm landscapes, and for understanding AGC dynamics in fragmented tropical
forests more generally. Finally, | offer suggestions for future research and put forward my final

conclusions.
Chapter 2: Weak edge effects on trees in Bornean rainforest remnants bordering oil palm
Main objectives:

(1) Quantify the influence of edge proximity on forest structure (canopy density, number and
size of stems 210 cm diameter), microclimate (air temperature and light intensity) and
AGC stocks in 0.2 ha plots placed at increasing distances from forest edges bordering

mature oil palm plantations, in 10 lowland rainforest remnants in Sabah (57 plots in total)
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(2) Inthe same 10 sites, quantify the influence of edge proximity on the composition
(taxonomic and functional) and diversity (taxonomic) of forest tree communities, both at

a plot level and across sites

In this chapter, | investigated local plot-scale changes in forest structure, microclimate, tree
communities and AGC stocks in forests bordering mature oil palm plantations. | established that
forest remnants in Sabah are highly heterogeneous, particularly in terms of their local AGC stocks,
tree genus richness, and community composition. | found that edge proximity caused a significant
reduction in maximum tree size, with the trunks of the largest trees up to 21% thinner and 26%
shorter near edges, and that this loss of large trees caused a reduction in plot-level AGC of up to
30% (30% reduction at 50m from edge), with most effects occurring within approximately 300m
of edges. However, there was no effect of edge proximity on most of the components of forest
structure that | measured (i.e. canopy density, stem number, average stem size), and only a weak
effect on microclimate. There was also no evidence of a reduction in plot-level tree diversity
(genus richness) near edges, or of the loss of any genera at edges, and edge communities were
neither taxonomically nor functionally distinct from forest interior communities. Furthermore, the
significant edge effects | observed on forest structure and AGC were relatively weak in the context
of existing AGC variation, with distance-from-edge explaining <13% of the total variability in
maximum tree size or carbon. | conclude that these relatively weak edge effects probably reflect
low structural contrast between forest and mature oil palm, as well as limited invasion of pioneer
trees from plantations, combined with the high heterogeneity of forest remnants. The highlights

of this chapter are as follows:

e Inforest adjacent to oil palm, edge effects on large trees cause AGC loss (30% AGC
reduction at 50m from edge, losses occur up to 300m from edge)

e Overall, edge effects are relatively weak (no effects on mature tree composition or
diversity, large amount of unexplained AGC variation)

e Mature palms may buffer forest edges, and dipterocarp forests appear to be resilient to

fragmentation effects
Chapter 3: Proximity to multiple edges reduces carbon stocks in fragmented tropical rainforests
Main objectives:

(1) Develop a metric of forest ‘edginess’, which accounts for both the amount and proximity
of nearby edges, and use the metric to map edginess throughout Sabah’s fragmented

forests
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(2) Quantify reductions in AGC in forest areas which are influenced by multiple edges, using
the information on edginess in combination with remotely-sensed data on AGC
(3) Test whether the metric of edginess explains more variation in AGC than the more

commonly used measure of ‘distance to nearest edge’

In chapter 2, | found a significant reduction in AGC at forest edges bordering oil palm plantations,
but observed that overall edge effects were fairly weak. | explored these findings in more detail by
examining whether edge AGC was lower in forests that were close to multiple edges, where tree
communities are likely to be exposed to increased levels of abiotic disturbance. | also tested
whether a metric that accounts for effects from multiple edges explains more variation in edge-
affected features such as AGC. | produced a map of natural forest cover for Sabah, and applied a
heat-diffusion model to generate a state-wide map of forest edginess, integrating both the
proximity and number of nearby edges. From my edginess map, | estimated that almost half of
Sabah’s remaining forest area is likely edge-affected, with approximately a quarter of this edge-
affected forest influenced by multiple edges. | quantified the relationship between edginess and
AGC for a stratified sample of 600,000 forest pixels, and found that AGC was significantly lower in
proximity to multiple edges. Specifically, model-fitted AGC was 23% lower in the edgiest forest
areas than in forest adjacent to a single edge, and over 60% lower than in the forest core.
Furthermore, a model of AGC using my edginess metric was superior to a model which used
‘distance to nearest edge’, though a considerable amount of unexplained AGC variation still
remained. | conclude that proximity to multiple edges greatly reduces forest AGC, probably
because of increased abiotic disturbance within the forest, therefore forest reserves should be
designed to minimize edge:area ratios. | also conclude that accounting for multiple edges is
important for understanding how edge effects impact AGC, and that ignoring the impacts of
multiple edges may lead to an underestimation of carbon emissions from forest fragmentation.

The highlights of this chapter are as follows:

Forest AGC is lower in proximity to multiple edges (AGC 23% lower near multiple edges vs

single edge, and 60% lower than core forest)

e A metric which accounts for multiple edges explains more AGC variation than a ‘distance
to nearest edge’ metric (R? = 18% vs 15% within 1km of edge, 11% vs 1.5% within 100m)

e Accounting for multiple edges is key for accurate estimates of edge-related carbon

emissions

e Reserve designs should account for multiple edge effects, to preserve AGC
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Chapter 4: Carbon stocks at rainforest edges are mediated by adjacent habitat structure
Main objectives:

(1) Examine how structure of the adjacent land-use matrix (i.e. structural contrast with the
forest) influences AGC at forest edges throughout Sabah, using remotely-sensed data on
AGC

(2) Determine the influence of edge age on forest edge AGC, and whether the effects of

matrix contrast are mediated by the age of the edge as well as local core forest AGC

In this chapter, | analysed the remotely-sensed data which | used in chapter 3, in order to examine
additional factors which may mediate edge effects on AGC. | focused on the influence of the
vegetation structure of adjacent matrix, and studied 902 forest edge sites throughout Sabah.
These sites bordered a variety of matrix types including mature palm and tree plantations (low-
contrast edges), and pasture and annual crops (high-contrast edges). | demonstrated that edge
effects on AGC were most severe at high-contrast edges, with an average model-fitted loss of 21%
AGC in high-contrast edges compared to losses of 10% in low-contrast edges. | also found that
AGC in edges declines over time irrespective of matrix structure, primarily within around 8 years
following edge creation, and shows no sign of recovery in older edges. Whilst adjacent matrix
structure was an important determinant of edge carbon (mean forest AGC within 120m of edge), |
found that the amount of carbon in the nearby forest core has a greater impact. Low-carbon
forest sites tended to have the lowest carbon stocks at edges, but high-carbon sites suffered the
greatest proportional carbon losses, with around 1.5 times more AGC lost at edges of high-carbon
sites compared to average-carbon sites. | conclude that the most severe AGC losses are predicted
to occur at sites with high forest core AGC bordering high-contrast matrices. Management
activities to reduce edge contrast, such as the creation of matrix buffer habitats, may be
important to protect carbon stocks in fragmented agricultural landscapes. The highlights of this

chapter are as follows:

e AGC loss at forest edges is mediated by adjacent land-use structure

e High-contrast edges have double AGC loss of low-contrast edges (21% vs 10% loss)

e Edge AGC declines over time, but stabilises within eight years of edge creation

e High-carbon forests suffer the greatest AGC losses at edges (1.5 times greater loss than
average-carbon forests)

e Management strategies to buffer edge contrast may preserve forest edge AGC
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5.2 Edge effect trends and causes of variability

Edge effects on forest carbon

Throughout this thesis | examined edge effects on trees and AGC in fragmented tropical
rainforests, as well as factors which mediate these effects. Until recently, there have been
relatively few studies which quantify AGC losses at rainforest edges, therefore the ubiquity of
edge effects on AGC has been questioned (Melito et al., 2018). Indeed, studies in some tropical
systems have found no evidence of AGC losses near edges (Phillips et al., 2006; Schedlbauer et al.,
2007; Numata et al., 2017), whilst others have found considerable variation in AGC declines
(Melito et al., 2018). In chapter 2, | conducted the first field assessment of edge effects on forest
trees and AGC stocks in an oil palm landscape, and found evidence of AGC losses of up to 30% in
edges bordering oil palm plantations (30% reduction at 50m from edge), with most effects
occurring within 300m of the edge. These losses were primarily driven by edge effects on large
trees, which are known to be highly sensitive to abiotic disturbances near edges (Laurance et al.,
2000; de Paula et al., 2011). The magnitude and depth of this AGC loss is broadly consistent with
the effects reported in other tropical studies; AGC generally appears to decline by between 10% -
50%, with the greatest effects observed within 100m - 500m from edges (Laurance et al., 1997; de
Paula et al., 2011; Chaplin-Kramer, Ramler, et al., 2015 a; Ordway and Asner, 2020; Silva Junior et
al., 2020; Zhao et al., 2021), although losses of up to 70% can sometimes occur (Magnago et al.,
2017). Thus, it appears that AGC losses at tropical forest edges are common across many tropical
study systems, even if the exact size of the effect is variable. My results provide the first field
evidence of AGC losses at edges in an oil palm landscape, indicating that edge effects are a
significant source of carbon emissions in these tropical agricultural landscapes. Around 30% of the
remaining tropical forest area is within 100m of an edge (Fischer et al., 2021). Within this
approximate distance, | observed an average reduction in AGC of around 10% relative to the
forest core (chapter 4). If the trends observed here are representative of edge effects throughout
the tropics, this suggests that edge effects have caused a reduction of at least 3% of total
pantropical forest AGC (30% of forest experiencing 10% AGC loss). The actual amount of AGC lost
is likely to be even greater, given that AGC is further reduced in proximity to multiple edges
(chapter 3) and high-contrast land-uses (chapter 4), and reductions can occur at scales greater
than 100m (e.g. 300m effect observed in chapter 2). However, even a loss of 3% throughout the

tropics poses an important challenge for the conservation of global forest carbon.

Edge effects are notoriously variable in strength and depth, which has often limited our capacity

to make large-scale predictions about their impacts (Ries et al., 2004; Laurance et al., 2007; Ries

148



et al., 2017). My research provides valuable information on the drivers of variability in AGC losses
at edges, thereby improving our understanding of AGC dynamics in fragmented forests
throughout the tropics and improving our conceptual understanding of edge processes. In
chapters 3 and 4, | demonstrated that edge effects on AGC (and thus, the underlying tree
communities) are mediated by proximity to multiple edges, and by structural contrast with the
adjacent matrix. | found that AGC losses rose to over 60% in forest areas close to multiple edges
(chapter 3), and that high-contrast edges (e.g. bordering pasture) lost twice as much carbon (21%
loss vs 10% loss) as low-contrast edges (e.g. bordering mature palms or trees; chapter 4). Though
increased severity of edge effects has been observed on a variety of taxa in proximity to multiple
edges (Porensky and Young, 2013; Laurance et al., 2018) and in edges adjacent to high-contrast
matrices (Mesquita et al., 1999; Campbell et al., 2011; Hatfield et al., 2020), different taxa often
respond to disturbances in distinct ways (Harper et al., 2005), and my findings are the first time
that these patterns have been documented in AGC (and thus, in mature trees). Given that edge
effects on trees are largely driven by abiotic gradients (Harper et al., 2005; Magnago et al. 2015 ga;
Magnago et al., 2017), greater AGC losses near multiple edges and high-contrast matrices are
probably due to strengthened abiotic disturbances. Indeed, wind disturbance is typically greatest
in forest areas close to multiple edges (Laurance and Curran, 2008; Schwartz et al., 2017), and
modelling studies have demonstrated that edgier forest areas are likely exposed to higher
temperatures and more severe fires (Malcolm, 1998; LaCroix et al., 2008). Temperatures are also
increased at edges bordering high-contrast matrices (Arroyo-Rodriguez et al., 2017), as is wind
speed (Davies-Colley et al., 2000; Laurance and Curran, 2008). Thus, variation in matrix contrast
and edginess probably contributes to much of the reported variation in edge effects on trees and
AGC in the literature. In chapter 4, | also found evidence of temporal variability in AGC losses, and
a mediating influence of local core forest carbon. | observed a reduction in forest edge AGC over
time, with most losses occurring within approximately eight years following edge creation, and no
evidence of AGC recovery in older edges, indicating that many fragmented tropical landscapes will
experience long-term depletions in AGC. | found that carbon losses were greatest in forests with
higher core AGC; forest sites with core AGC similar to protected primary forests (207 Mg C hal)
were estimated to lose around 1.5 times more AGC at the edge than sites with core AGC typical of
logged forests (98.3 Mg C hal). This difference is probably because forests with taller, denser
canopies (and thus, higher AGC) will have greater structural contrast with adjacent matrices,
resulting in stronger abiotic disturbances at edges (Harper et al., 2005), which may also explain
why edge effects on canopy height growth are more pronounced in primary forest than in

disturbed forest (Nunes et al., 2021). It is also possible that historic exploitation of the large tree
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stand in most forests in Sabah, via commercial selective logging (Lindenmayer et al., 2012), may
already have eliminated the largest trees which are most vulnerable to edge effects, thus acting
as a type of extinction filter (Betts et al., 2019). My thesis provides new information on the factors
which drive variability in edge effects (multiple edges, matrix contrast, edge age and local core
forest structure), particularly with regard to edge effects on AGC, and therefore contributes to an
improved understanding of edge effect dynamics. My results provide empirical support of
conceptual models on the drivers of AGC in fragmented tropical forests (Melito et al., 2018), and
if my results are generalizable to other fragmented agricultural landscapes throughout the
tropics, then it is possible to make predictions about where edge effects are likely to cause the
greatest reductions in AGC. Integrating my findings from all three chapters, | conclude that the
most severe edge-related carbon losses are likely to occur in forest areas with a high-contrast
adjoining matrix, high core forest AGC, and in close proximity to multiple edges, and that carbon

losses will worsen over time.
Edge effects on tree composition and diversity

Unlike many studies in other tropical landscapes, my field survey data showed that AGC losses can
occur independently of compositional shifts in the underlying tree communities (chapter 2).
Typically, tree communities near edges become dominated by disturbance-adapted pioneers, to
the detriment of late-successional trees with high wood densities (Oliveira et al., 2004; Michalski
et al., 2007; Laurance et al., 2011; de Paula et al., 2011), and this compositional shift to low wood-
density species contributes to AGC losses (de Paula et al., 2011; Qie et al., 2017; Melito et al.,
2018). However, | observed no changes in either taxonomic or functional composition of tree
communities near edges at my Sabah study sites, and declines in AGC appear to be solely driven
by declines in maximum tree size. | also observed no change in the taxonomic diversity of tree
communities at edges, contrary to the general trend of cross-taxa diversity losses at tropical
forest edges documented by a recent meta-analysis (Willmer et al., 2022). However, relatively few
studies have examined edge effects on the taxonomic diversity of tropical tree communities,
which limits our capacity to draw any general patterns. Willmer et al. (2022) concluded that
matrix contrast can mediate edge effects on species richness. Thus, as my field study was
conducted in forest edges adjacent to mature oil palm plantations, it is possible that this relatively
low-contrast matrix may have buffered forest edges against abiotic disturbances which typically
drive changes in tree composition and diversity. As discussed in chapter 2, other aspects of the oil
palm matrix (i.e. its management and extent) may also have minimised compositional shifts in
forest edges, by preventing the dispersal of disturbance-adapted trees into edges, because many

trees in this region have short dispersal distances (Corlett, 2009). Some forests are known to be
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more resilient to edge effects than others (Phillips et al., 2006; Numata et al., 2017), therefore it is
also possible that certain characteristics of these Southeast Asian forests may make them more
resilient to edge effects. Borneo forests are dominated by dipterocarp trees which are wind-
dispersed rather than vertebrate-dispersed (Corlett, 2019), and so the recruitment of these trees
is unlikely to be affected by changes in vertebrate abundance near edges, e.g. from defaunation
or in response to abiotic disturbance (Peres, 2001; Pfeifer et al., 2017), although changes in the
abundance of some seed predators could still influence seedling establishment (Curran et al.,
1999; Luskin et al., 2017). Defaunation has been shown to have little to no impact on carbon
stocks in Southeast Asian forests, because there are more abiotically-dispersed tree species in
these forests (Osuri et al., 2016), though it can result in losses of local tree diversity over time
(Harrison et al., 2013). The community-wide mast-fruiting events in these forests can often lead
to significant time-lags in tree community responses to disturbance (e.g. Slik et al., 2011; Stride et
al., 2018), because of the irregular timing of these events (Appanah, 1993). Thus, it is also possible
that changes in tree composition and diversity may not yet be detectable in the mature tree
cohorts (> 10cm diameter) which | studied, if there is a time-lagged response. Indeed, edge effects
on younger cohorts can often occur independently of effects on adult trees (Slik et al., 2011;
Luskin et al., 2017; Krishnadas et al., 2019), as can other fragmentation effects such as area and

isolation effects in Southeast Asian rainforests (Stride et al., 2018).

Overall, with the exception of large trees and associated AGC stocks (chapter 2; Ordway and
Asner, 2020), adult tree communities appear to be largely resilient to edge effects in this oil palm-
dominated landscape. | therefore conclude that compositional shifts and diversity losses do not
occur in all tropical forest edges. In these Southeast Asian rainforests, this weak edge influence
may be due to the nature of the oil palm matrix (i.e. its structure, composition and extent), as well
as specific characteristics of the dipterocarp forests themselves, such as community-wide mast-

fruiting events and the dominance of wind-dispersed trees.
Contextualising edge influence in Sabah’s forests

In many fragmented tropical landscapes, edge effects are the primary driver of ecological change
(Berenguer et al., 2014; Benchimol and Peres, 2015; Laurance et al., 2018; Pittker et al., 2020).
However, in addition to a lack of edge effects on tree composition, diversity and most
components of forest structure in this study (chapter 2), | also found that edge effects explained a
relatively small amount of variation in forest structure and AGC. The results of my field study
showed that distance-from-edge explained <13% of the total variation in maximum tree size or

AGC, whereas site-level differences explained considerably more variation (40% of variation in
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maximum diameter, and 22% of variation in AGC). In my analysis of remotely-sensed data on AGC
stocks throughout Sabah (chapter 3), | found that a metric of edge influence which accounted for
the effects of multiple edges still only explained around 20% of variation in AGC, and in chapter 4 |
found that local core carbon had the strongest influence on AGC at edges. Thus, edge effects on
tree communities and AGC appear to be relatively weak in these Southeast Asian rainforests,
when contextualised against the high levels of AGC heterogeneity within forests. Contextualising
edge influence against variation within a system is essential, in order to judge the biological
significance of edge effects (Harper et al., 2005). However, many studies do not report key
statistics such as R? values, which limits our capacity to draw conclusions about the relative
importance of edge effects or to make comparisons among systems. Furthermore, one of the
most highly cited studies on fragmentation impacts, the Biological Dynamics of Forest Fragments
Project (BDFFP; Laurance et al., 2002; Laurance et al., 2011; Laurance et al., 2018) is in an
experimentally fragmented landscape, where fragments are largely protected from disturbances
such as logging, fire and cattle encroachment. Thus, our understanding of edge and other
fragmentation effects in more typical fragmented tropical forests exposed to additional
disturbances from logging has been limited (Berenguer et al., 2014; Fleiss et al., 2020), despite the
fact that over 25% of tropical forests have been logged at least once (Edwards et al., 2019). As
discussed in chapter 4, the majority of Sabah’s forests have been selectively logged (Reynolds et
al., 2011). Logging results in considerable variability in AGC stocks, both in this landscape (Asner et
al., 2018; Fleiss et al., 2020) and in other tropical regions (Berenguer et al., 2014; Nunes et al.,
2022). | therefore conclude that fragmentation effects on trees in Borneo forests are largely
dwarfed by existing heterogeneity, and that historic disturbances such as commercial selective
logging have likely driven much of this variation. However, whilst edge effects appear to be
contextually quite weak, AGC losses are nevertheless significant, particularly in proximity to
multiple edges and when edges are adjacent to high-contrast matrices. Thus, these edge effects
should be factored into landscape management decisions aimed at preserving carbon stocks of

remaining forest areas.

5.3 Conservation and management implications for oil palm landscapes

The oil palm industry is a major driver of deforestation in Southeast Asia, with over 17.5 Mha of
land now converted to plantations (Descals et al., 2021). Fragmented landscapes dominated by oil
palm plantations, such as my Sabah study system, are therefore common (Gaveau et al., 2016;
Meijaard et al., 2020), and the growing demand for vegetable oils is likely to drive further
expansion of oil palm (Butler and Laurance, 2009; Searchinger et al., 2018; Meijaard et al., 2020).

This expansion has a number of direct environmental impacts relating to forest clearance and
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peatland drainage (Meijaard et al., 2020), and my research demonstrates that there are also
significant indirect impacts via edge effects, with AGC losses of up to 30% in forest edges adjacent
to oil palm plantations (30% AGC reduction at 50m from edge; chapter 2) driven by the loss of
large trees. A number of initiatives have been developed to reduce the environmental impacts of
oil palm agriculture, such as zero-deforestation commitments and voluntary sustainability
certification schemes (Austin et al., 2021), however these schemes largely focus on reducing or
mitigating direct impacts from deforestation. The Roundtable on Sustainable Palm Oil (RSPO) is a
non-profit, industry-led certification scheme founded in 2004, which aims to improve the
sustainability of the palm oil industry (Laurance et al., 2010; RSPO, 2018), for example via the
identification and protection of High Conservation Value (HCV) and High Carbon Stock (HCS)
forest reserves within plantations (P&C 7; Rosoman et al., 2017; RSPO, 2018). However, the HCV
and HCS approach has historically had little scientific input (Edwards et al., 2012; Senior et al.,
2015), and these HCV-HCS reserves are often too small to contain core forest areas (i.e. areas free
of edge effects; Scriven et al., 2019). The results of this thesis highlight the importance of ensuring
that forest remnants contain core forest areas, in order to maintain AGC stocks within oil palm
landscapes. The results of chapter 3 demonstrate the importance of remnant size and shape
recommendations underlying the HCV and HCS approach, because proximity to multiple edges is
shown to reduce AGC by a further 23% and | found that edginess is greater in small,
geometrically-complex fragments. Indeed, the AGC levels | observed in the edgiest forest pixels
are similar to those found in small HCV remnants in a field study by Fleiss et al. (2020). The
edginess metric | developed in chapter 3 may therefore be beneficial for planning reserve designs
to maximise AGC stocks. Furthermore, the results of chapter 2 indicate that a 100m edge
penetration depth, as is commonly assumed in core area models (e.g. Lucey et al., 2017), may not
suffice to preserve carbon stocks. | observed a reduction in AGC up to 300m from edges, and so
core area models currently used in these HCV and HCS approaches should be adjusted to account
for this increased penetration depth, to preserve carbon stocks and associated biodiversity within

plantations.

In chapter 3, | mapped forest cover and edginess throughout Sabah, and found that almost half
(41%) of the remaining forest area is within 300m of an edge. Whilst the remaining forests in
Sabah are protected (Williams et al., 2020) and further fragmentation is therefore unlikely,
management strategies to reduce influence from existing edges are important, both within HCV-
HCS remnants and in other protected forest areas which are adjacent to plantations. My results in
chapter 4 indicate that management activities to reduce structural contrast of plantations

bordering forest remnants may help to preserve forest AGC. There are a number of ways in which
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this could be accomplished. For example, the preservation of mature palm buffers (Pashkevich et
al., 2022) directly adjacent to forest edges may be beneficial, because oil palm replanting is likely
to increase structural contrast at edges. Increasing the complexity of understorey vegetation
within plantations may also help to reduce contrast, because this provides a cooler and more
stable microclimate within plantations (Luskin and Potts, 2011) and the increased AGC loss |
observed at high-contrast edges (chapter 4) was likely driven by stronger abiotic gradients.
Increasing the amount of tree cover within plantations, either through the preservation of natural
forest remnants (Rosoman et al., 2017; RSPO, 2018) or through agroforestry practices (Bhagwat
and Willis, 2008; Zemp et al., 2019) may also be beneficial for the same purpose. However, it is
important that trade-offs with crop yield are considered if these management strategies
compromise yield (Koh et al., 2009; Foster et al., 2011; Padfield et al., 2019; Hamer et al., 2021),
damaging livelihoods and potentially encouraging additional land clearance to compensate for
reduced yield. Other edge buffering strategies which may not compromise yield include staggered
replanting regimes (Luskin and Potts, 2011), which would minimize structural contrast with
adjacent forest stands during palm replanting, and the planting of diverse agroforestry buffers
adjacent to forest edges. If trade-offs with yield remain, then prioritising the placement of buffers
around the corners of forest remnants (i.e. the edgiest forest areas) may provide the greatest
benefits, by protecting the forest from multiple edge effects (chapter 3) whilst minimising any
reductions in the planted area. These strategies could be implemented via the RSPO’s Principles
and Criteria, or via the guidelines of other sustainability schemes such as the Malaysian
Sustainable Palm Oil (MSPO) and Indonesian Sustainable Palm Qil (ISPO) schemes. When used
alongside best management practices to maximise yield within the planted area (Donough et al.,
2009), strategies such as these may help to preserve forest carbon stocks without significantly
compromising yield, thus improving the sustainability of oil palm agriculture. These
recommendations are likely to apply to oil palm landscapes in other regions too, for example in

Sub-Saharan Africa (Ordway et al., 2019).

5.4 Wider implications for carbon emissions

The global climate is changing rapidly, due to anthropogenic activities which release greenhouse
gases (IPCC, 2021). Tropical forests are a key component of the terrestrial carbon sink and play a
key role in global climate regulation (Le Quéré et al., 2017), however the impacts of degradation
on tropical forest carbon are poorly understood (Mitchard, 2018). This knowledge gap is because
it is difficult to map the extent of forest degradation (IPCC, 2019), and because much of our
understanding of forest carbon dynamics comes from intact forest landscapes (Smith et al., 2018),

whilst degradation impacts are highly variable (see reviews in Houghton, 2005; Bustamante et al.,
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2016; Mitchard, 2018). Of all the drivers of tropical forest AGC degradation, edge effects have the
largest physical footprint (Zhu et al., 2023). Thus, by quantifying AGC declines near forest edges in
a poorly-studied tropical system, my research contributes to an improved understanding of the
impacts of degradation, via fragmentation and edge effects, on tropical forest carbon stocks. My
results highlight the threat that tropical agricultural expansion and associated forest
fragmentation pose to carbon stocks (AGC losses of up to 60% observed in forest exposed to
multiple edges; chapter 3), which is particularly concerning given that the total pantropical edge

area is projected to nearly double by 2050 (Fischer et al., 2021).

Importantly, my results demonstrate that AGC losses are highly variable depending upon local
contextual factors, such as matrix contrast and the number of nearby edges. Yet, as noted by
Melito et al. (2018), most estimates of carbon emissions resulting from edge effects are based on
simulations from a few single-edge field studies in Neotropical forests (Piitz et al., 2014; Brinck et
al., 2017; Fischer et al., 2021), which may therefore be misleading in terms of global impacts. The
influence of multiple edges is an important finding of my thesis, because many fragmented forests
are in close proximity to multiple edges (Taubert et al., 2018) and so studies which estimate
carbon emissions based on assumptions of single-edge effects (e.g. Brinck et al., 2017; Fischer et
al., 2021) will underestimate emissions. The edginess metric | developed in chapter 3 is a
promising approach for improving predictions of edge-related emissions and it would be relatively
straightforward to modify this metric to account for other important factors, such as the structure
of nearby land-uses. By improving the understanding of factors which drive variability in AGC
losses near edges, my results will benefit efforts to estimate emissions from tropical land-use
change (Chaplin-Kramer et al., 2017; Lam et al., 2019), and have the potential to improve

predictions of future changes in the tropical carbon sink (Mitchard, 2018).

An improved understanding of factors which mediate AGC losses at edges, as well as an improved
capacity to estimate and map these losses, will likely improve the accuracy of national and global
carbon budgets. This could aid governments in their efforts to meet emissions-reduction targets
(Silva Junior et al., 2021), and will also be beneficial for ecosystem service assessments (e.g. for
carbon storage). These assessments typically do not consider the influence of landscape-level
processes such as fragmentation and edge effects (Metzger, Villarreal-Rosas, et al., 2021), which
leads to inaccurate assessments and hinders strategies to manage ecosystem services (Chaplin-
Kramer, Sharp, et al., 2015; Metzger, Fidelman, et al., 2021). As demonstrated by my thesis, edge-
affected forest can comprise a large part of tropical agricultural landscapes (e.g. almost half of the
remaining forest in Sabah is within 300m of an edge; chapter 3), and edge effects can contribute

significantly to landscape-level variation in AGC (approximately 20% of AGC variation throughout
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Sabah is explained by edge effects; chapter 3). Accounting for edge influence on AGC is therefore
crucial for accurate estimates of emissions and ecosystem services. These improvements are also
important for carbon finance systems, such as the Reducing Emissions from Deforestation and
Forest Degradation framework (REDD+). REDD+ is a financial incentive for countries with carbon-
rich forests, particularly in the tropics, to reduce emissions arising from forest exploitation. These
carbon finance systems rely heavily on accurate estimates of carbon emissions (Goetz et al., 2015)
and uncertainties in emissions arising from forest degradation have been a major constraint in the
implementation of REDD+ mechanisms (Gibbs et al., 2007; Bustamante et al., 2016). Approaches
by which to map these losses (e.g. the edginess metric developed in chapter 3) could help
improve the robustness of these kinds of carbon finance schemes, thus leading to greater success

in the future.

5.5 Recommendations for future work

My field study of edge effects focused on mature tree communities, with a minimum 10cm
diameter size threshold. Thus, whilst | am able to draw conclusions about the impacts of edge
effects on adult trees, my field data provides no information on younger cohorts (i.e. seedlings
and saplings) or on regeneration processes. Other studies have shown that fragmentation impacts
younger cohorts in the absence of any impacts on adult trees established pre-fragmentation (Slik
et al., 2011; Stride et al., 2018; Krishnadas et al., 2019), and so future studies should seek to
determine whether there are time lags in compositional shifts and diversity losses at forest edges
in Sabah. Support for this line of future research comes from a recent study in a Sumatran oil
palm landscape, which revealed some weak compositional shifts among seedlings, with a slight
decline in late-successional species observed near forest edges, but found no effects on seedling
species richness (Permana et al., 2022). Given that edges are likely to become more common as
global demand for biofuel and vegetable oil grows (Corley, 2009; Searchinger et al., 2019), there is
an urgent need for further studies, both on tree communities and also on additional plant and

animal taxa at forest edges in oil palm landscapes.

The edginess metric which | developed in chapter 3 offers an improvement over the more
commonly used ‘distance to nearest edge’ metric. This metric could be adapted further by
adjusting the parameters of the heat-diffusion model to give greater weighting to the influence of
high-contrast matrices than low-contrast ones. Whilst | tested the impacts of matrix contrast on
edge AGC after controlling for the influence of multiple edges, it would be interesting to examine
how these two factors interact with one another. | tested the capacity of this metric to explain

variability in AGC throughout an entire landscape, but additional testing at a fragment level would
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be beneficial, to determine whether the effect of edginess on AGC is consistent across spatial

scales.

An important topic which | was unable to address in this thesis is the impact that replanting of oil
palm plantations may have on forest edges. Replanting occurs every 20-30 years, once palms have
passed their peak yields (Corley and Tinker, 2015). The process is highly destructive, causing heavy
soil disturbance and the disruption of hydrological systems (Snaddon et al., 2013), as well as
declines in the diversity of multiple taxa within plantations (Kurz et al., 2016; Ashton-Butt et al.,
2019; Pashkevich et al., 2021). The impact of replanting on edges has not been studied, but it is
likely to result in greater disturbance in adjacent forest due to the ensuing increase in structural
contrast (Luskin and Potts, 2011). However, a barrier to such studies is the limited availability of
high resolution remotely-sensed time-series data. Temporal studies of edge effect dynamics have
typically had to rely on space-for-time designs (e.g. chapter 4; Ordway and Asner, 2020) or have
been relatively limited in their scope, studying only small areas which can be repeatedly surveyed
in the field (e.g. Laurance et al., 2018). The increasing availability of high-resolution remotely-
sensed data at large scales (e.g. Dubayah et al., 2020; Dubayah et al., 2022) offers opportunities
to study oil palm replanting, and drone-based lidar technology (e.g. Almeida et al., 2019) offers a
cost-effective means to repeatedly survey forest edges over smaller scales (Tang and Shao, 2015).
Repeat field surveys could ground-truth these remotely-sensed assessments, whilst also
measuring changes in tree community composition and diversity which cannot be assessed with
remotely-sensed data. This research is important because large areas of mature palm plantations
throughout Southeast Asia have been replanted at least once, with many more likely to be

replanted in the near future.

Much of the existing edge effect literature has focused on quantifying impacts, because edge
effects are a remarkably diverse set of phenomena which scientists are keen to understand better
(Ries et al., 2004; Harper et al., 2005; Ries et al., 2017). Overall, edge effects in tropical forests are
detrimental for many taxa and endangered species (Magnago et al. 2015 b; Pfeifer et al., 2017,
Willmer et al., 2022) and for carbon storage (Chaplin-Kramer, Ramler, et al., 2015; Ordway and
Asner, 2020; Silva Junior et al., 2020; Anderson et al., 2022; Zhao et al., 2021). However, there is a
lack of research into management strategies to reduce edge impacts, therefore this should be a
key focus of future research. The findings of chapter 4 indicate that the use of vegetative buffers
adjacent to forest edges may reduce edge effects on tree communities and AGC, by minimizing
abiotic disturbances within the forest. Enrichment planting of late-successional trees in edges may
also help to reverse losses observed in some systems, when used in combination with strategies

such as vegetative buffers to limit abiotic disturbances and within-forest management, such as
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liana cutting, to promote seedling regeneration (Philipson et al., 2020; Scriven et al., 2022). Based
on the findings of my thesis, a buffer width of 300m would likely suffice given that edge effects
occur up to this distance (chapter 2), however even buffers of 100m would likely provide
significant benefits, given that edge effects are strongest within this distance (chapter 2; chapter
3). Future studies could seek to determine optimal buffer widths, optimal composition of buffers,
trade-offs with crop yields, and whether different taxa and ecosystem functions respond similarly.
Edge effects are likely to have long-term detrimental impacts and so by developing effective
management interventions, it may be possible to reverse some of their impacts and improve the

integrity of fragmented forests into the future.
5.6 Conclusions

The expansion of tropical agriculture, such as oil palm, drives fragmentation of tropical
rainforests, and edge effects threaten the integrity of many fragmented forests. In oil palm
landscapes in Southeast Asia, | showed that edge effects on large trees drive significant declines in
forest carbon, but that edges have no observable impact on the composition or diversity of
mature tree communities, and effects on forest structure and microclimate are limited.
Furthermore, edge effects on forest carbon are relatively weak compared to high levels of
variation in carbon in surrounding forest areas. However, my research also showed that carbon
losses increase in the presence of multiple edges, indicating that forest areas experiencing high
levels of ‘edginess’ (e.g. in small or irregularly shaped fragments) suffer high levels of disturbance
from edge effects. Consideration of the impacts of multiple edges is therefore important when
quantifying carbon emissions from forest fragmentation, and a metric which accounts for multiple
edges improves our ability to explain variation in forest carbon in fragmented landscapes. | also
found that carbon losses are greater when forest is adjacent to high-contrast matrices (e.g.
pasture or annual crops), compared to relatively low-contrast matrices (e.g. mature palm or tree
plantations), particularly in forests with high local core carbon. There is evidence that carbon
stocks decline over time in edges, with no signs of recovery in older edges. There are a number of
practical and management recommendations arising from the results of this thesis, which are
summarised in Table 5.1. For example, management interventions to reduce edge contrast, such
as the use of vegetative buffer habitats, as well as efforts to reduce edge:area ratios of remnant
forest reserves, will help to maintain forest carbon stocks in the face of continued agricultural

expansion in tropical regions.
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Table 5.1 — Key recommendations (management and practical) based on the findings of this

thesis.

Recommendation

Evidence

Environmental footprinting of products
containing palm oil should account for edge

effects

Forest edges adjacent to oil palm plantations have
reduced AGC (30% reduction at 50m from edge,

losses detectable up to 300m from edge)

Forest reserve designs (e.g. HCV & HCS reserves
within oil palm plantations) should minimize

edge:area ratios to preserve AGC stocks

Core area models used in these approaches

should assume 300m edge effect depth

AGC stocks are lowest in forest with high ‘edginess’
(additional 23% AGC loss vs single edge). Edginess
is greatest in small, geometrically complex

fragments (with high edge:area ratios)

Edge effects on AGC detectable up to 300m from

edge

Non-forest management (e.g. vegetative
buffers, increased tree cover, increased
understorey complexity) should reduce contrast

with adjacent forest, to preserve forest AGC

Vegetative buffers (e.g. mature palms, diverse
agroforestry) should be at least 100m wide, or

ideally 300m wide

Buffer placement around forest fragment

corners should be prioritised

High-contrast edges have double AGC loss of low-

contrast edges (21% loss vs 10% loss)

Edge effects on AGC are most severe within 100m

of edges, but occur up to 300m

AGC losses are greatest in ‘edgier’ forest, e.g.

fragment corners

High-carbon forests should be protected from

fragmentation

High-carbon forests suffer 1.5 times greater AGC

loss at edges than average-carbon forests

Carbon emissions estimates and ecosystem
service assessments should account for multiple
edge effects, using an edginess metric (e.g. the

metric developed in chapter 3)

7

AGC stocks are lowest in forest with high ‘edginess

(additional 23% AGC loss vs single edge)
An edginess metric explains more variation in AGC

than a ‘nearest edge’ metric (R’ = 18% vs 15%

within 1km of edge, 11% vs 1.5% within 100m)
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Appendix 1 — Supporting information for Chapter 2

Supplementary Information: Weak edge effects on trees in Bornean rainforest remnants bordering

oil palm
Chapter 2 abstract translated into Malay —

Sebahagian besar kawasan hutan tropika dipelopori oleh habitat pinggir, yang turut mempengaruhi
struktur kanopi hutan, stok karbon dan kepelbagaian biologi. Walau bagaimanapun, kesan habitat
pinggir seperti ini sentiasa bergolak mengikut keadaan semasa, dan kajian seumpamanya dikawasan
yang bersempadan dengan ladang kelapa sawit masih kurang. Di hutan tanah pamah Borneo, kami
telah memilih 10 kawasan kajian habitat pinggir di kawasan hutan yang bersempadan dengan ladang
kelapa sawit. Tinjauan dilakukan melalui penubuhan 0.2 ha plot-plot kajian di sepanjang transek
habitat pinggir bersebelahan ladang sawit (i.e., 1.6 km transek; 5-6 plot bagi setiap transek; 57
jumlah plot). Kami mengkaji bagaimana kesan habitat pinggir diperingkat plot akan mempengaruhi
struktur kanopi hutan (penutup kanopi, bilangan dan saiz batang > 10 cm diameter), stok karbon atas
tanabh, iklim mikro (suhu udara dan keamatan cahaya), dan komposisi komuniti pokok dan kekayaan
spesis. Jumlah pokok terbesar jauh lebih kecil (sehingga 21% diameter dan semakin berkurangan) di
plot berhampiran habitat pinggir dan karbon di peringkat plot juga adalah sehingga 30% lebih rendah
(purata model-dipasang = 64.7 Mg ha-1 pada 50 m dari habitat pinggir, berbanding 92.3 Mg ha-1
pada 1600 m), dengan kesan ketara dalam lingkungan 300 m daripada jarak habitat pinggir. Walau
bagaimanapun, kesan ketara habitat pinggir ini agak kecil dalam konteks variasi yang sedia ada,
dimana terdapat <13% daripada jumlah kebolehubahan dalam saiz pokok maksimum atau karbon.
Secara amnya tiada kesan habitat pinggir terhadap mana-mana komponen lain, struktur hutan,
seperti, komposisi atau kepelbagaian, dan hanya terdapat kesan iklim mikro yang sangat kecil. Kami
berpendapat bahawa kesan habitat pinggir yang terhad dalam kajian ini mungkin boleh
mengambarkan perbezaan struktur fungsi yang rendah antara hutan dan ladang kelapa sawit yang
matang, dimana penyesaran pokok perintis di ladang kelapa sawit adalah terhad. Keadaan ini turut

mempengaruhi habitat pinggir dalam struktur hutan hujan tropika yang pelbagai.
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Figure S1. Clockwise from left: (a) Location of study area in Sabah, Malaysian Borneo and (b) location
of the 10 forest remnant sites (see Table S1 for information on each). Maps of forest cover and oil
palm plantations were obtained from CIFOR (Gaveau et al., 2014; Gaveau et al., 2016), reserve
outlines were downloaded from the World Database of Protected Areas (WDPA;

http://www.protectedplanet.net). (c) Transects ran perpendicular from the edge and contained five

or six 0.2 ha circular plots, with plot centres at 50 m, 100 m, 200 m, 400 m, 800 m and (in seven sites)
1600 m from the edge. (d) Nested sampling plot design. We inventoried live stems 225 cm dbh in the
main plot of 25 m radius (0.2 ha), and live stems 210 cm and <25 cm dbh in the subplot of 15 m radius
(0.07 ha). Canopy density was measured in 4 compass directions from the plot centre, and
microclimate data loggers were placed 5 m to the East and West of the plot centre (hollow circles),

1.8 m from the ground.
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Table S1. Locations and descriptions of study sites. Levels of protection of sites are Sabah
Government Classifications. All sites are Class |, VI or VIl forest reserves, which are protected for the
purposes of environmental safeguarding, nature conservation and scientific research (McMorrow and
Talip, 2001) and typically have the most protected forest carbon stocks and biological diversity in
Sabah (Asner et al., 2018). All edge ages are for 2019 (when the field study was conducted) and were
obtained from CIFOR (Gaveau et al., 2014; Gaveau et al., 2016). Edge age is not available for Site 6,
but is likely 20-49 years, based on patterns of deforestation in the surrounding landscape. *Edge
creation at Site 4 appears to have taken place 49 years prior to the study, however there may have

been additional expansion (approx. 50m) of the plantation into the forest 19 years ago.

Site Site name Transect start (edge) Protection Transect Edge age  Palm
lat/long classification length (m)  (years) height (m)

1 Gomantong 5.5361/118.1083 I 1600 19 15

2 Lungmanis North 5.734733/117.648167 VI 1600 46 16

3 Lungmanis South 5.632233/117.756517 VI 1600 46 7

4 Madai-Baturong 1~ 4.728533/118.113517 VI 1600 49* 10

5 Madai-Baturong 2 4.689667/118.042783 VI 1600 29 10

6 Sapi 5.736883/117.409 \ 800 - 10

7 Sepilok 5.86695/117.929183 Vi 800 49 11

8 Tabin 5.259867/118.496133 VI 1600 19 16

9 Tawai 5.621233/117.21605 I 1600 19 18
10  Ulu Kalumpang 4.653533/118.058467 | 800 49 11

Microclimate measurements

We measured air temperature (°C) and light intensity (lum/ft?) within each plot using two Hobo®
loggers (Figure S1d), which took readings every 20 minutes for 1-5 days. Sampling periods were
consistent across all plots within a site, but sites were sampled on different days. Mean daily
temperature (24hr) and mean daytime (0600 - 1800 h) light intensity were calculated at the plot-level
by averaging measurements from the two loggers. For one plot, measurements were calculated from

a single logger as the second was removed by wildlife.
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Carbon stock estimation

Wood density (g/cm?3) values were assigned using the Global Wood Density Database (Zanne et al.,
2009; Chave et al., 2009), at the finest taxonomic level available, after checking identifications against
a taxonomic database (The Plant List, 2013). Densities were assigned to 12.9% of stems at species
level, 82.4% at genus level and 4.6% at family level. Mean plot-level wood density was assigned to
one unidentified individual (0.04% of all stems). We used the R BIOMASS package (Rejou-Mechain et
al., 2017) to estimate tree biomass, using a pantropical allometric equation that incorporates tree
dbh, height and wood density (Chave et al., 2014), which is the preferred equation when these
measurements are available (Labriere et al., 2016; Fleiss et al., 2020), and used a mixed-species
model for palms (using stem height, dbh and dry mass fraction set at 0.37) (Goodman et al., 2013).
Assuming a carbon content of 47.1% (Thomas and Martin, 2012), we converted biomass estimates to

plot-level AGC (Mg C ha™).

Generating an ‘expected’ abundance-based distribution of genera amongst distance classes

Having pooled all data from the 10 sites into 3 distance classes: ‘edge’ (50m + 100m plots),
‘intermediate’ (200m + 400m plots) and ‘core’ (800m + 1600m plots), we used a randomisation
approach to generate an expected random distribution of genera among each possible combination
of classes (e.g. ‘edge only’, ‘edge + intermediate’, ‘edge + core’ etc. and ‘all classes’; n = 7 categories
in total), based on the abundance of each genus in the entire dataset (number of occurrences) and
observed stem counts in each of the three distance classes. We repeated randomised draws 1000
times and calculated the mean number of genera found in each of the 7 categories, to serve as our

‘expected’ values in our chi-square goodness-of-fit test.
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Figure S2. No effect of edge proximity (In-transformed) on (a) number of stems, (b) mean dbh (cm),

(c) mean height (m), (d) proportion canopy density, (e) community-weighted mean wood density
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(g/cm3) or (f) mean daytime light intensity (lum/ft?; In-transformed). Minor jitter applied to all figures

to aid visualisation of overlapping data points. See Table 1 in main text for model structures,

coefficients and significance values.
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dbh was In-transformed prior to analysis, therefore the exponents of predicted values were taken to
make results more interpretable. Minor jitter applied to all figures to aid visualisation of overlapping

data points. See Table 1 in main text for model structures, coefficients and significance values.

Taxonomic sensitivity analyses

To confirm that our results are robust to the taxonomic resolution of our data, which are primarily at
genus level, we repeated all analyses of diversity and composition using higher-resolution subsets of
our data, using the same analytical methods described in the main text. Firstly, we calculated
community-weighted mean (CWM) wood density (g/cm?) for each plot using only the stems for which
we had species-level trait values (12.9% of our stems), which excluded six plots that contained no
species-level values. Re-analysis of these scores for the remaining 51 plots (mixed-effects model,
random site intercept) gave the same qualitative result as we originally reported of no effect of

distance on CWM wood density (6 = 0.01, p = 0.25; Figure S4a).

Secondly, our original analysis of CWM wood density included some data at family level, and so we
re-calculated CWM values using only those stems for which we had either species- or genus-level
wood density values (95.3% of stems). Previously this analysis had been non-significant, but re-
analysis of these scores indicated a significant but weak effect of distance on CWM wood density (N =
57, 6 =0.008, p = 0.035; Figure S4b). However, model residual plots indicated a clear outlier - a plot
with an exceptionally low CWM value. Repeating the analysis with this plot excluded resulted in our
original conclusion of no significant edge effect (N = 56, 8 = 0.007, p = 0.059), indicating that the
significant effect was being driven by this single outlier plot. This outlier plot had a large number of
stems with family-level trait data (43% of stems vs average 5% stems in other plots) and so the
removal of stems with family-level trait values had an exceptionally large influence on this plot,
further justifying its removal from this analysis. The removal of another plot with a disproportionate
number of family-level data (57% of stems), also highlighted as a possible outlier in residual plots,
confirmed our original finding of no edge effects on CWM wood density (with two outlier plots
removed; 8 = 0.008, p = 0.186). Our original analysis reported in the main text revealed a non-
significant 3% decline in CWM wood density from 1600m to 50m from the edge, and this new analysis
excluding family-level data reports a similarly small effect size of a 5% decline in CWM wood density

(with or without the two outlier plots included).
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We also repeated our analyses of taxonomic composition (NMDS ordination & PERMANOVA analysis)
and diversity (mixed-effect model of distance-from-edge on richness) using only stems with species-
level identifications (23.1% of our stems), which excluded one plot that contained no species-level
stems. These analyses support our original findings of no edge effects on plot-level composition (no
clustering by distance in species-level NMDS ordination analysis, Figure S4c; no effect of distance on
species composition in the PERMANOVA: R? = 0.08, p = 0.85) or richness (no effect of distance-from-
edge on species richness, 8 = 0.086, p = 0.11; Figure S4d).

Finally, we repeated our randomisation analysis on data pooled into three distance classes (edge,
intermediate and core), using species-level stems (23.1% of our stems). In contrast to our original
analysis, the chi-square goodness-of-fit test using pooled species-level data revealed fewer species
shared between all three distance classes, more species shared between the intermediate and core
distances, and more species unique to the core distance, than expected by chance (y*(6) = 24.9, p =
0.0004; Table S2), indicative of a possible edge effect. However, there was no evidence of fewer
species shared between the edge and core classes than expected by chance, and no evidence of more
unique species at the edge. Additionally, species that were absent from the edge category but were
either unique to the core or present in both the intermediate and core classes (i.e. those that were
driving the significant effect), were rare species (average <1 individual/ha in our dataset) which can

confound species-level compositional analyses (Laurance et al., 2006; Ewers et al., 2017).

Overall, sensitivity analyses show that our results are robust to the taxonomic resolution of our data,
with no qualitative change in most results. A minority of analyses did give significant results, but
these were biologically weak and were driven entirely by outlier plots or rare species. These analyses

therefore support our conclusion that edge effects are weak in this study.
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Figure S4. (a) No effect of edge proximity (In-transformed distance-from-edge) on community-

weighted mean wood density (g/cm?) calculated from species-level wood density estimates only (N =
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s
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-
=)

51, 8 =0.01, p = 0.25), but a significant effect on (b) Community-weighted mean wood density (g/cm?3)

calculated from species- and genus-level wood density estimates only (N =57, 8 = 0.008, p = 0.035),

with relationship plotted against untransformed distance to visualise the non-linear effect, and with

95% confidence intervals. However, this effect is driven by 2 outlier plots (circled) that experienced a

disproportionate loss of data when family-level wood density values were removed, and the effect

disappears when these plots are excluded from the analysis (N = 55, 8 = 0.008, p = 0.186). (c) Non-

metric multidimensional scaling (NMDS) of plot species composition (N = 56) using Bray—Curtis

index scores based on relative abundances (stress = 0.26), (d) No effect of edge proximity (In-
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transformed) on plot-level species richness (N = 56, 8 = 0.086, p = 0.11). Minor jitter applied to all

figures to aid visualisation of overlapping data points.

Table S2. Observed and expected numbers of species in each combination of distance classes, from
pooled species-level data (23.1% of our stems). ‘Edge’ (E) = 50m + 100m plots, ‘Intermediate’ (1) =
200m + 400m plots and ‘Core’ (C) = 800m + 1600m plots. Expected values were generated using
randomised abundance-based draws. A chi-square goodness-of-fit test showed a significant
difference between the expected and observed distribution of species amongst distance classes (x*(6)
=24.9, p = 0.0004). Post hoc two-tailed z-tests (parameterised from the same randomisation
approach) were used to identify where these significant differences were (denoted in bold) based on

a critical value of z=1.96.

E+I1+C 1+C E+C E+l Conly | only E only
Observed 17 13 6 6 10 11 6
Expected 28.8 4.9 5.8 8.2 5.6 7.3 8.4
V4 -5.34 4.2 0.08 -0.97 2.17 1.72 -1.04
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Figure S5. Emergent Koompassia excelsa at the edge of a rainforest remnant bordering an oil palm
plantation in Sabah, Borneo, with palms in the foreground. Large emergent trees such as this are the
most vulnerable to edge effects, as evidenced by the findings of our study. Photo credit: ] Anderson

(author).
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Table S3. Genera and species sampled in this study, along with abundance (number of occurrences)

across the entire dataset.

Taxa Abundance
Actinodaphne spp. 3
Aglaia spp. 39
Alangium spp. 21
Alangium javanicum 2
Albizia spp. 1
Allophylus spp. 1
Alstonia spp. 9
Anisophyllea spp. 9
Anisoptera costata 1
Antidesma spp. 4
Aporosa spp. 10
Aporosa elmeri 2
Aquilaria spp. 1
Archidendron spp. 33
Ardisia spp. 1
Artocarpus spp. 20
Baccaurea spp. 23
Barringtonia spp. 38
Barringtonia lanceolata 1
Beilschmiedia spp. 15
Blumeodendron spp. 2
Bridelia glauca 1
Brownlowia spp. 11
Brownlowia peltata 2
Buchanania spp. 7
Callicarpa spp. 14
Calophyllum spp. 4
Canarium spp. 35
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Carallia spp.

Caryota spp.
Castanopsis spp.
Chionanthus spp.
Chisocheton spp.
Chisocheton sarawakanus
Cleistanthus spp.
Crateva spp.

Crateva magna

Croton spp.

Croton argyratus
Cryptocarya spp.
Dasymaschalon spp.
Decaspermum spp.
Dehaasia spp.
Dendrocnide spp.
Dillenia spp.

Dillenia excelsa
Dimocarpus spp.
Dimorphocalyx spp.
Diospyros spp.
Dipterocarpus caudiferus
Dipterocarpus confertus
Dipterocarpus gracilis
Dipterocarpus lowii
Dipterocarpus stellatus
Dracontomelon spp.
Dracontomelon costatum
Dryobalanops beccarii
Dryobalanops lanceolata
Drypetes spp.

Drypetes longifolia

O N NN
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Duabanga spp.
Duabanga moluccana
Durio spp.
Dysoxylum spp.
Elaeis guineensis
Elaeocarpus spp.
Endospermum spp.
Erythroxylum spp.
Eusideroxylon spp.
Fagraea spp.

Ficus spp.

Fordia spp.
Garcinia spp.
Gironniera spp.
Glochidion spp.
Gluta spp.

Gluta wallichii
Gmelina spp.
Gonystylus spp.
Guioa spp.

Helicia spp.
Heynea spp.
Homalium spp.
Hopea ferruginea
Hopea nervosa
Hopea pentanervia
Hopea sangal
Hydnocarpus spp.
Hydnocarpus borneensis
Ixora spp.
Kibatalia arborea

Knema spp.

17
27
35

23

74

13
32

22
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Koilodepas spp.
Koompassia spp.
Koompassia excelsa

Koordersiodendron spp.

Koordersiodendron pinnatum

Lansium spp.
Leucaena spp.
Lithocarpus spp.
Litsea spp.
Lophopetalum spp.
Ludekia spp.
Macaranga spp.
Macaranga conifera
Macaranga gigantea
Macaranga hypoleuca
Madhuca spp.
Magnolia spp.
Mallotus spp.
Mallotus peltatus
Mangifera spp.
Meiogyne spp.
Melanochyla auriculata
Melicope spp.
Memecylon spp.
Microcos spp.
Monoon spp.
Myristica spp.
Nauclea spp.

Neesia spp.
Neo-uvaria spp.
Neolamarckia spp.

Neolamarckia cadamba

50

30
12
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Neolitsea spp.
Neoscortechinia spp.
Nephelium spp.
Nephelium ramboutanake
Ochanostachys spp.
Ochanostachys amentacea
Octomeles sumatrana
Palaquium spp.
Pangium spp.
Paracroton spp.
Paranephelium spp.
Paraserianthes spp.
Parashorea spp.
Parashorea malaanonan
Parashorea tomentella
Parishia spp.

Payena spp.

Pentace spp.

Pentace laxiflora
Planchonia spp.
Pleiocarpidia spp.
Pleiocarpidia sandahanica
Polyalthia spp.
Polyalthia sumatrana
Psydrax spp.

Pternandra spp.
Pterocymbium spp.
Pterospermum spp.
Quercus spp.

Ryparosa spp.

Sageraea spp.

Santiria spp.

111

15
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Saraca declinata
Scaphium spp.
Scleropyrum pentandrum
Scorodocarpus spp.
Shorea acuminatissima
Shorea agamii

Shorea beccariana
Shorea falciferoides
Shorea fallax

Shorea gibbosa

Shorea guiso

Shorea johorensis
Shorea laxa

Shorea leprosula
Shorea leptoderma
Shorea macroptera
Shorea mecisopteryx
Shorea multiflora
Shorea ovalis

Shorea parvifolia
Shorea seminis

Shorea smithiana
Shorea superba
Sindora spp.

Sloanea spp.
Stemonurus spp.
Symplocos spp.
Symplocos fasciculata
Syzygium spp.
Tabernaemontana spp.
Teijsmanniodendron spp.

Terminalia spp.
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Urophyllum spp.
Vatica oblongifolia
Vatica sarawakensis

Walsura pinnata

A N WD

Xanthophyllum spp.

References

Asner, G.P., Brodrick, P.G., Philipson, C., Vaughn, N.R., Martin, R.E., Knapp, D.E., ... Coomes, D.A. 2018.
Mapped aboveground carbon stocks to advance forest conservation and recovery in Malaysian

Borneo. Biological Conservation. 217, pp.289-310.

Chave, J., Coomes, D., Jansen, S., Lewis, S.L., Swenson, N.G., & Zanne, A.E. 2009. Towards a worldwide

wood economics spectrum. Ecology Letters. 12(4), pp.351-366.

Chave, J., Réjou-Méchain, M., Burquez, A., Chidumayo, E., Colgan, M.S., Delitti, W.B.C,, ... Vieilledent,
G. 2014. Improved allometric models to estimate the aboveground biomass of tropical trees.

Global Change Biology. 20(10), pp.3177-3190.

Ewers, R.M., Andrade, A., Laurance, S.G., Camargo, J.L., Lovejoy, T.E., & Laurance, W.F. 2017.
Predicted trajectories of tree community change in Amazonian rainforest fragments. Ecography.

40(1), pp.26-35.

Fleiss, S., Waddell, E.H., Bala Ola, B., Banin, L.F., Benedick, S., Bin Sailim, A., ... Hill, J.K. 2020.
Conservation set-asides improve carbon storage and support associated plant diversity in

certified sustainable oil palm plantations. Biological Conservation. 248(Article no: 108631).

Gaveau, D.L.A., Sheil, D., Husnayaen, Salim, M.A., Arjasakusuma, S., Ancrenaz, M., ... Meijaard, E.
2016. Rapid conversions and avoided deforestation: examining four decades of industrial

plantation expansion in Borneo. Scientific Reports. 6(Article no: 32017).

187



Gaveau, D.L.A., Sloan, S., Molidena, E., Yaen, H., Sheil, D., Abram, N.K., ... Meijaard, E. 2014. Four

Decades of Forest Persistence, Clearance and Logging on Borneo. PLoS One. 9(7), p.e101654.

Goodman, R.C., Phillips, O.L., Del Castillo Torres, D., Freitas, L., Cortese, S.T., Monteagudo, A., &
Baker, T.R. 2013. Amazon palm biomass and allometry. Forest Ecology and Management. 310,

pp.994-1004.

Labriere, N., Locatelli, B., Vieilledent, G., Kharisma, S., Basuki, I., Gond, V., & Laumonier, Y. 2016.
Spatial congruence between carbon and biodiversity across forest landscapes of northern

Borneo. Global Ecology and Conservation. 6, pp.105-120.

Laurance, W.F., Nascimento, H.E.M., Laurance, S.G., Andrade, A., Ribeiro, J.E.L.S., Giraldo, J.P,, ...
D’Angelo, S. 2006. Rapid decay of tree-community composition in Amazonian forest fragments.
Proceedings of the National Academy of Sciences of the United States of America. 103(50),
pp.19010-19014.

McMorrow, J., & Talip, M.A. 2001. Decline of forest area in Sabah, Malaysia: Relationship to state
policies, land code and land capability. Global Environmental Change. 11(3), pp.217-230.

Rejou-Mechain, M., Tanguy, A., Piponiot, C., Chave, J., & Herault, B. 2017. BIOMASS : an {R} package
for estimating above-ground biomass and its uncertainty in tropical forests. Methods in Ecology

and Evolution. 8(9).

The Plant List 2013. The Plant List Version 1.1. The Plant List Version 1.1. [Online]. [Accessed 1 March
2020]. Available from: http://www.theplantlist.org/.

Thomas, S.C., & Martin, A.R. 2012. Carbon Content of Tree Tissues: A Synthesis. Forests. 3(2), pp.332—
352.

Zanne, A.E., Lopez-Gonzalez, G., Coomes, D.A,, llic, J., Jansen, S., Lewis, S.L., ... Chave, J. 2009. Global
wood density database. Available from: https://doi.org/10.5061/dryad.234.

188



Appendix 2 — Supporting information for Chapter 3

Supplementary Information: Proximity to multiple edges reduces carbon stocks in fragmented

tropical rainforests

Generating a map of forest edginess for Sabah

In order to generate a map of edginess for forest pixels throughout Sabah, we adapted the heat-
diffusion code provided by Malcolm et al. (2017), which allows for the parameterisation of
multiple edge effects according to known edge gradients. Thus, modelling parameters were
developed in a single-edge dummy landscape raster, given that the relationship between edge
proximity and aboveground carbon is well studied in single edges (Ordway and Asner, 2020;
Anderson et al., 2022). As recommended by Malcolm et al., we specified a constant temperature
of 35 for all non-forest pixels (Tmox = 35), a starting temperature of 20 for all forest pixels (Tmin =
20), and an a value of 0.24 (proportionality constant specifying the proportion of heat transferred
between neighbouring pixels with each iteration). The diffusion proceeds iteratively, with heat
permeating inwards from non-forest into adjacent forest in a stepwise manner, therefore the
number of iterations determines the depth of edge influence parameterised. Thus, after each
iteration we extracted the modelled temperatures (a proxy for edge influence) of forest pixels in
our dummy landscape, and ran a segmented regression (Muggio, 2008) of temperature against
distance to edge, to identify the depth of the modelled edge effect. In this way, we identified the
103" jteration (i = 103) as the one which parameterised a 300m edge effect. We then applied the
heat-diffusion model to our binary land cover raster for Sabah in 2016, using these parameters
(Tmax = 35, Tmin = 20, 2 = 0.24, i = 103), to generate our map of forest edginess. Because the model
is additive, the modelled temperatures in areas of edge intersection represent the summed
influence of all nearby edges that are close enough to have an influence. Heat diffusion is not
adjusted based on the identity of the neighbouring non-forest, given that the influence of matrix
identity on edge effects is not well quantified. Finally, we scaled the temperature values to
between 0-1, based on the full range of values present, to improve metric interpretability and
produce our final edginess metric. This metric of edginess offers advantages over alternatives
such as ‘edge density’ (Ries et al., 2017) or the ‘point edge effect’ (Malcolm, 1994; Fernandez et

al., 2002), which do not capture the non-linear influence of edges and give unrealistic estimates in
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small fragments (Malcolm et al., 2017; Ries et al., 2017). For full details of the heat diffusion

model, including model equations, see Malcolm et al. (2017).

Spatial autocorrelation

Correlograms revealed evidence of spatial autocorrelation in model residuals, therefore we
constructed additional spatial regressions to ensure that our results are robust to this
autocorrelation. Given the unreasonably large computation times associated with spatial analysis
of large datasets (Beale et al., 2010), we partitioned our landscape and constructed spatial
regressions for a 17,000 ha sub-region which contained a similar distribution of edginess values as
in the full landscape. For the 2275 sampled pixels in this sub-region, we constructed models using
standard Ordinary Least Squares (OLS) methods as in the main text (non-spatial regressions), then
compared results to those from models constructed using Generalized Least Squares (GLS)
methods (as recommended by Dormann et al. (2007) and Beale et al. (2010)), which accounted
for spatial autocorrelation using a Gaussian autocorrelation structure.

Results of the OLS models for the sub-region are qualitatively the same as those reported for the
full landscape in the main text, with only a small change in model parameters. There is a
significant negative effect of edginess on sqrt-transformed AGC (6 = -4.32, p <0.0001) and a
significant positive effect of Euclidean distance (logio transformed) on sqrt-transformed AGC (8 =
2.88, p < 0.0001), with the edginess model outperforming the Euclidean distance model (AAIC =
251). Results of the GLS models give qualitatively the same results after accounting for spatial
autocorrelation, with a significant negative effect of edginess on sqgrt-transformed AGC (6 =-4.2, p
<0.0001), a significant positive effect of Euclidean distance (logio transformed) on sqrt-
transformed AGC (8 = 2.53, p < 0.0001), and with the edginess model outperforming the
Euclidean distance model (AAIC = 192). Thus, we conclude that our original model results are
robust to spatial autocorrelation, and that this autocorrelation did not influence our main

conclusions.
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Forest edginess

SI Figure 2 - Forest edginess map produced at 30m resolution for Sabah, 2016. Only forest areas

interest (i.e. non-forest or external landscape).
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