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Abstract

In this thesis | utilise a combination of newly advanced methodological and
statistical approaches to assess knowledge gaps concerning biodiversity in- human
modified tropical landscapes. Specifically, uke cuttingedge LIDAR technology,
occupancy modelling and soundscape analysis to document the responses of tropical birds

to landuse change in Borneo.

| first evaluate the contribution that riparian reseiivpsotected natural vegetation
around waterwgs in production landscapés have in supporting biodiversity. By
assessing the avian community structure and richness of riparian reserves | demonstrate
that these landscape features can offer significant biodiversity benefits, and support
comparable levs of species diversity to logged riparian forests provided they are of
sufficient size (>80m in total width) and habitat quality (>75 tChaf tree biomass). |
show that in oil palm estates riparian reserves would need to be >200 m in total width (i.e.
100 m from each riverbank) to preserve comparable numbers of forest specialist bird to

logged riparian forest.

| then examine whether responses of species and trait groups to habitat disruption
follow linear trajectories or nehnear responses whereb@rapt changes to occupancy
and diversity occur once thresholds of disturbance are exceeded. Habitat disruption across
a landcover gradient from intact forest to oil palm plantations was characterised via
LIDAR metrics that quantify habitat structure irrélk dimensions. By scrutinising the
individual responses of 171 bird species and 17 different+spdities trait groups to these
metrics via hierarchical mulspecies occupancy modelling, | show that the majority of
species respond to habitat degradationa nonlinear fashion. | demonstrate that
thresholds in species response scale up to abrupt changes in trait group richness,

particularly those associated with important ecosystem functions such as pollination, seed



dispersal and insectivory. | find ttayroups exhibit highly varied thresholds from one
another. | also highlight how exceeding particular thresholds of degradation in human
modified tropical landscapes could result in abrupt changes to ecosystem functioning,

thereby making humamodified tiopical landscape less resilient to further perturbations.

Last, | seek to test the application of recently developed acoustic approaches for
monitoring biodiversity in humamodified tropical landscapes. | assess the performance
of five commohd yapesd di dioces i n correspondi
estimated bird diversity from field data. | find that sources of acoustic bias in production
landscapes (including human produced noise and the sound of running), make broad
application of acostic monitoring technologies to heavily disturbed habitats such as
intensive farmland challenging. | demonstrate that controlling for-tfréay, using
noisereduction algorithms and excluding certain habitat types, improves the capacity of
acoustic indies to reflect both observed bird richness, and estimates of species numbers

derived from occupancy models.

Taken together, the three studies in this thesis reveal the biodiversity value of
riparian areas, the potential for ntimear responses of specieshabitat change, and the
efficacy of novel monitoring techniques applied to biodiversity monitoring in human
modified tropical landscapes. | offer a number of recommendations and applications of
these three sets of findings and explore their implicgbombiodiversity conservation in
tropical regions. By addressing these three knowledge gaps using a combination of newly
available innovations | demonstrate not only the importance of the findings themselves,
but also highlight how innovations in techngyo analytical technique and monitoring
approach when used in conjunction can elucidate biodiversity patterns that were otherwise

less well known.

vi
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Chapter 1. Introduction

A global environmental and biodiversity crisis

Anthropological degradation of the biosphere continues unabated, with
societiescontinuing to operate beyond the planetaoyrdaries required teustain
human civilisation (Butler, 2017), 35% of ntmman specie€lThomaset al, 2004)
and potentially human life Stern Review, U.K Treasury, 2007 Currently,
biodiversity loss, climate forcing and nitrogen pollution all exceed what is deemed the
0safe oper at i ng (Rsecksatmet alf 2009) whthulewalsnoif acgad
acidification and phosphorus pollution also approaching these boun(@aig=nter
& Bennett, 2011; Kawaguclat al, 2013)The scale of effects on the biosphere are
now so pervasive that there is growing concern the pleoekd become almost
uninhabitable to humans in a few generatiBarnoskyet al, 2012) especially when
overall patterns of resource use and degradation are accelé&igffgn, Broadgate,
Deutsch, Gaffney, & Ludwig, 2015)ncreasingly, civil unrest and war (Kelleyal.,
2015), famingBarnett & Adger, 2007and the rise of authoritarianisf8teinhardt &

Wu, 2015) are being driven in part, by societal responses to environmental

degradation.

Of the planetary boundaries currently being exceeded, biodiversity loss is
occurring at levels furthest beyohdh 0 s e ¢ 0 n s(Ratkstromed al, 2308)f e 6
Rates of vertebrate extinction during the last hundred years are at leasimd€0 t
those of the background rate of extinction, suggesting a six major extinction event is

already underwayCeballoset al, 2015) It is estimated that the amount of genetic
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diversity already lost would take over 200,000 human generations to be regained
through evolutioary processes (Myers, 1993). This unprecedented pace of
biodiversity loss (Pimnet al, 1995), is eroding the capacity of natural ecosystems to

provide goods and services which benefit human wellbeing @iak, 2006).

Biodiversity underpins the fundamtal characteristics of ecosystems, and
species losses can compromise ecosystem function and resilience to external
perturbations (Cardinalet al, 2006). Species losses worldwide are already having
comparable effects upon primary productivity to otleents of environmental change
(Hooperet al, 2012) Since 1500 there have been 338 documented vertebrate
extinctions (Younget al, 2016). However, the majority of historic and prehistoric
extinctions caused by humans probably went unnoticed. Modelled estBugtgest
that close to 1000 species of Apasserine land bird went extinct in th&cific region
alone(Duncaret al.,, 2013) Itis projected that a further 130,000 species could become
extinct across all taxa by 20g@imm & Raven, 2000)The accelerating crises in
biodiversity loss specifically, and environmental detation more generally, make
directing effective and prescient conservation interventions to the most important

regions and habitats the worldall the more important.

The degradation and destruction of tropical forests, and implications for biodiwgrsi

Biodiversity is patchily distributed across the planet and highly concentrated
in the tropics, where around tvibirds of all life on earth occurs, particularly in humid
rainforests (Pimm & Raven, 2000)The tropics in general are hyperdiverse and

account for 90% of terrestrial bird species, virtually all shaleater corals, and @v



75% of known amphibians, freshwater fish, ant, terrestrial mammals and flowering
plants (Barlow et al, 2018) Within tropical regions forests are the most diverse
habitats, with about half of etlhle202pr | dods
The distribution of these foredairgelymirror 25 biodversity hotspots, wheraround

30-50% of plant, amphibian, reptile and bird species o¢eunm & Raven, 2000)

However, these same regions have some of the highest human population densities
and growth rates globall{Cincotta,et al, 2000) as well astie most rapid rates of
landusechange(Jantzet al, 2015) Since 1990, arounflve million hectares of

tropical forest have been lost per y¢deenanet al, 2015) Landusechange in the

tropics has been the single greatest driver of biodiversity loss (Badle 2004).

Remotesensing analyseswvee al 80% of t he worl doés tr
be somewhat degrad€Botapovet al, 2017) Conservation scientists have argued
that, in this context, primary forest conservation is paramount, since it is irreplaceable
for biodiversty (Gibsonet al, 2011) Undisturbed forests may be especially important
in the context of climate change, given the thermal buffering capacity of forests is
compromised by edge effedtswers & BanksLeite, 2013) However, mtact tropical
forests continue to be cleared at an accelerating rate, with the global extent reduced by

8.4% between 2000 and 20(Rotapowet al, 2017)

Drivers of deforestation and forest degradation vary in terms of their relative
importance globally, but 70% of overall forest loss is attributable to direct human land
use conversiofSonget al, 2018)and agriclture is the strongest driver of tropical
forest loss globallfGibbset al, 2010) Commercial agriculture is a stronger driver
than subsistencéarming, whilst mining operationsinfrastructural expansion and
urban development also contribute significartjosonumaet al, 2012) Human
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populations are predicted to contirteeexpando around 911 billion people by 2050
(Vorbésmartyet al, 2000) and a #@00% increase in agricultural production is
expected to be necessaryorder to satisfy the additional population as well as
increases in consumption (Tilmaat al, 2001; Godfrayet al, 2010).Projections
estimate natural vegetative cover in biodiversity hotspots will be reduced by a further
26-58% by 2100, precipitatqnhundreds or thousands of extinctions in tetrapods alone

(Jantzet al, 2015)

In the last decade, the value of degradexgpical forests for biodiversity
conservation has become more widely recoghide part, this is an enforced
pragmatic approach on the part of conservation scientists, since the proportion of
primary forest isdeclining and the alternative to retaining degraded forest is often
more intensive agriculturdhnduse(Lindenmayer & Fraklin, 2002; Meijaard &

Sheil, 2007). However, the proportion of species from primary forests that persist in
heavily logged areas is often substantial, even if those species persist at reduced
abundances. Whilst the levelsspecies numbergtained ardighly taxonand region
specific(Gibsonet al, 2011) for twelve out of fifteen taxonomic groups assessed in
Amazonia more than half the species found in primary forest persisted in logged forest
areaqBarlow, et al, 2007) In Borneo, studies have also concluded &% of bird

and dung beetle species from unlogged forest are still present within forest logged
multiple times (Edwardset al, 2010). Similarly, research on insectivosooats
showed no definitive effect of logging on slevel richnesgStruebiget al, 2013)
Additional justifications for the conservation and restoration of logged and degraded
forests have been offered in terms of the provision of ecosystem services (Chazdon,

2008) including carbon sequstration(Chazdoret al., 2016)



Forest degradation in the context of Soul

Sodhi first highlighted the biodiversity crisis in Southeast Asia in Z804lhi
et al, 2004. TheSoutheast Asia region has paps the greatest degree of endemism
of anywhere in the worl{Kier et al., 2009) Both current and projected rates of forest
loss are higher here than for the global average in the trsosance, 2007)and
the extent of lowland primary forest is vanishingly small. The yield and value of timber
in Southeast Asia is higher than anywhere else in the world, resulting in major
incentives for the unsustable loggingln Borneq in particulay the value of timber
extracted between 1980 and 2000 was greater than that of tropical Africa and Latin
America combinedCurranet al, 2004) and around 1.6% of forest is lost per year
(Wilcove et al, 2013) Modelled estimates suggest thasZ% of lowland forest bird
species and-86% of lowland forest mammalsealikely to go extinct under business
as usual logging scenari@®/ilcove et al, 2013) Biodiversity loss in the region is
also compounded by high hunting pressuytdarrisonet al, 2016)due in part to
geographic proximity to Chineseankets, where demand for rare species causes an
6ant hropic all eed6 faxafCousckamgtrala20065Uniguen e a st
for the tropics many bird species are also in high demand, either as pet songbirds or
for use in taditional medicingNijman, et al.,, 2018) Southeast Asia is currently one
of the regions with most taxa on the IUCN Red List, with 3,319 species listed as
Vulnerable, Edangered or Critically Endangered, includiB$8 species of birds

(IUCN, 2019.

In recent years, the expansion of oil paliagis guineensjsagriculture has
been one of the leading drivers of deforestation in Southeast Asia. Oil palm is among

the most pofitable production land uses in the tropics and now covers an estimated
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18.7 million ha globallyMeijaardet al, 2018).At least522 Mha of tropical forest
was converted to oil palm between 1980 and 2(Bbs et al, 2010)and an
additional 150 Mha was ehred between 2000 and 2012 (Hanseal 2013. In
Kalimantan, Indonesian Borneo, 90% of oil palm expansion from 1990 to 2010
replaced some type of forest; (47% intact forest, 22% logged forest, and 21%
agroforest)Carlsonet al, 2012) Demand is expected to continue to increath a
growing global population and affluen¢®ayeret al, 2012) Expansion to meet this
demand could extend the oil palm footprint to 800,000 ha of forest in Colombia by
2020 (Garciellloa et al, 2012), and more than 6.5 million ha by 2080 on Borneo
(Struebiget al, 2015). Since the climatic niche for cultivating oil palm is similar to
that d tropical forests (Pirkeet al, 2016), oil palm expansias also likely tocontinue

in other hyperdiverse ecoregions. Therefore, understanding the extent to which
biodiversity can be preserved within-pélm landscapeand how best to manage the
competing demands of oil palm production and conservation efforts to maximise both

biodiversity protection and human wellbeing is of paramount importance.

Biodiversity in humanmodified tropical landscapes

Given that over 40% ostrface Iseurrentdyrundéro s
agricultural management (Perfecto & Vandermeer, 2010), and virtually all tropical
habitats are either managed or exploited by people (Kaetiah, 2007) there has
beenincreasing research focus on biodiversity in rural lanossavhich undergo
active management or modification by people (Garaneal, 2009).Sincea mere
10% of tropical forests aréormally protectedSchmittet al, 2009) the capacity of

reserves to provide adequate protecttontropical fauna and floras strongly
6



influenced byanthropogenic activitiem adjacent land (Wittemyest al. 2008). On
this basis, it is arguetthat conservation science needs to adopt a systematic approach
which incorporates the soe&cological interplay between rural human plagpons
and protected lands in order to offer more holistic solution to problems of biodiversity

conservation (Liet al 2007).

In humanmodified tropical landscapes any remaining forest is typically
limited to remnants surrounded by agriculture, witbhhspatches comprising native
vegetation, secondary regrowth and pioneer vegetétamanceet al, 2014) The
status of biodiversityn these landscapes, and the factbet most affect it, remain
poorly understood (Chazdat al, 2009), bua combination of the spatial extent and
configuration of remnant natural vegetatiare thought to be the main drivers of
biodiversity patternéEwers, & Didham, 2006as well as both the intensity lahduse
(Tscharntkeet al, 2019 and the structural and ecological characteristics of crop
species(Phalan, 2011) Recent research has highlighted that such landscapes,
paticularly those that occur along a gradient between undisturbed tropical forest and
agriculture, may have comparable levels of alpha (i.e. within site) and beta (i.e.
between site) diversity to undisturbed habitats, but distinctly lower levels of gamma
(i.e. landscape) diversity (de Castro Safal, 2015). Biodiversity is thought to be
critically important for the maintenance and resilience of ecosystem function in these

systems (Lohbeckt al, 2016).

The patchwork nature of humamodified tropical feests means research on
the responses of biodiversity to fragmentation is highly relevant to understanding these
systems fully. However, when trying to address ecological questions over -human
modified tropical landscapes holistically, the idea of isoldt®bitat patches located
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in an inhospitable matrix may represent an incomplete way of understanding the
system. Fragmentation models assume that there is a clear contrast between human
defined patches and the rest of the landscape and that multiple orgpeis@ive this

as suitable habitat, which may not always be the case in landscapes where agriculture
or extraction is of low intensity or fragments are also highly degraded (Fischer &
Lindenmayer, 2006). The amount and structure of native vegetatioralgmeg of
anthropogenic edges, degree of landscape connectivity and structure and heterogeneity
of modified areas all affect species assemblages in fragmented systems (Fischer &
Lindenmeyer, 2007) and these can be useful properties to consider in-motéed
landscapes more generally. It is still relevant that the highest levels of biodiversity in
agricultural landscapes tend to be in the largest remnant frag(rtegaarcet al,

2007) with the greatest degree of structural similarity to continuous undisturbed
forests(Decaénset al, 2018) since even landscapéade conservatiorinterventions

should necessarily prioritise the preservation of the areas with the highelst of

richness alongside other management approaches adopted.

Landsparing and sharing framewksr are also useful when considering the
overall efficacy of different approaches to protect biodiversity in humadified
tropical landscapes. Largparing approaches focus on attempts to maintain refuges
for biodiversity separate from croplands (Fischeal, 2008;Edwardset al., 2010;
Phalan, 2011)whilst land sharing focuses on employing wfielfriendly farming
methods to enhance (or preserve) biodiversity on productive lands (Cétuajh
2011; Pywellet al, 2012). The tradeff between two the approaches appears to be
mediated by regional context and crop type as-kEpating is fairly sccessful in

preserving biodiversity in coffee and cacao dominated landscapes (€ddhi2000;



Cloughet al, 2001) but generally less successful in oil palm areas (Edwetrds,
2010). The success @nd-sharing may also be affected by the typd proximity of

surrounding habitat&ilroy et al., 2014)

Oil palm plantationgypically supportvery low levels of biodiversity. Large
reductions in diversityare reportedor birds (Edwardset al, 2010);batsin forest
(Danielsen & Heergaard, 1993hammals (Scotet al, 2001) beetles (Chungt al,

2000) and ants (Brul 2001). Among 25 studies comparing biodiversity between logged
forest and oil palm, 23 found significant negative effects (Savilaasla, 2014).
However, the majority of these studies focussed strictiynygantation areas. When
considered as whole landscapes, oil palm estates frequently include remnant forest
fragments of varying size. These areas are known to support considerable biodiversity
from studies of forest birds (Edwarelsal,, 2010), bats (Stiebiget al, 2008) and ants
(Bruhl et al, 2003) for example A recent multitaxa synthesis suggested that
fragments in oil palm landscapes need to be a minimum of 200 ha in size in order to
maintain a oémini mum viabl e leaso6f%d speciee a ( d
found in continuoudores) (Luceyet al, 2017). The landscapscale differences
between industrial and smallholder oil palm agriculture remain uncertain, although the

latter appears to have a lower overall negative effect on (fmsret al, 2011)

Understanding the landscapéde potential for biodiversity conservation in
oil palm estates requires aogical valuation of native forests retained not only in
6conventional 6 fragment s, but also in r|
landscapes, riparian forest remnants comprise the majority of natural veggtat&n (
obs), meaning their contriltion to landscap&vide patterns of biodiversity in oil palm
landscapes is potentially considerable. Whilst riparian reserves may in some ways be

9



considered in the framework of fragmentation as long, linear fragments, the ecology
of riparian forests is somgat distinct from that of nenparian forest. For example,
sometaxa are riparian or nermparian specialists and occur as obligates in their
respective habitat®Naimanet al 1998)and the resulting community overlaps with
that of the surrounding landscape in terms of species composition, but alsasontai
unique species. The biodiversity value for riparian forest remnants in oil palm
landscapes has already been demonstrated for dung beetlé¢§rapt2014)and fish

(Giamet al,, 2015) but remains poorly assessed for other taxa.

Birds as biodiversity indicators

Globally, pattens of avian biodiversity mirror those of other taxa, with the
greatest biodiversity in the tropi¢¥etz,2012) Global threats facing the birds are also
well understood. Of a global estimatb~10,000 speeis1,492are currently listed as

vulnerable, endangered aitally endangered (IUCN, 2018

Landusechange is the most significant threat to biadsund the worldEven
in scenarioghat assume no additional affects from climate change, at least 400 of
8750 modelled species are projected to experience >50% range reductions by the year
2050 (Jetzet al, 2007). The Red List Index for birds, (which provides an indexed
metric of the changing levels of endangerment of extinction) showed a 7% worsening
in the status of the world birds between 1988 and 2004 (Butetaal, 2004).
Disaggregated indices showed deteriorations across all major ecosystems, but the

steepest declines occurred in the indices for Sundaic biedgh@se found irthe

10



Malay peninsula Sumatra Java and Bornep)which were driven by intensifying

destruction of lowland fores{8utchartet al, 2004)

Birds exhibit many of the features rewpal of biodiversity indicators: they are
diverse (Jetzet al, 2012) respond to multiple environmental changes in similar
patterns to the majority of other taxa; and can be surveyed moreffaxdively than
many other taxgGardneret al, 2008) Birds (alongside mammals) are also the
wor | d étdieth xoromic groufCostello, 2015) which meansew research
findings are often more easily contextualised in terms of their broader significance
than might be the case for other taxa. However, accurately surveying tropical bird
communities is often more difficult than generally appreciated by reszaraimo do
not specialise irthese taxagRobinsonet al, 2018) The challenge of accurately
identifying and counting birds in typically dark, structurally qoex rainforest
environments where upwards of 95% of species are only encountered aurally, is often
underestimated (Robinsetal,, 2018). Many species have varied acoustic repertoires
including multiple short vocalisations, which can lead to difficuttyavoiding false
negative detections by naxperts (Robinsoat al, 2018). The utility of studies with

systematic fals@egative detections can potentially be compromised (Remsen, 1994).

Survey and monitoring challenges for birds

In the context of thechallenges highlighted above, the monitoring and
assessment of both temporal and spatial patterns of biodiversity generally, and bird
diversity specifically, is increasingly importaimt conservation Without adequate

monitoring and assessment efforts, dictons of impending species declines,
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extinctions, and subsequent recommendations for intervention are compromised. Nor
Is it possible to reliably assess the effectiveness of management practices or
conservation efforts without appropriate data for eathg those prices
(Lindenmayeret al, 201Q. Monitoring biodiversity also provides a potential first
warning for the collapse of associated ecosystems, which underpin societa¢ingll
(Rowlandet al, 2018; Scholest al 2008). The Aichi Biodiveity Targets specify
goals such as Aimproving the status of
species and genetic diversity.o Evaluati
so far been largely missddittensoret al, 2014) Implementing new conservation

efforts to meet them, necessarily involves biodivgrsibnitors. Given the available
funding for biodiversity conservation globally is insufficient toanal conservation

needs (McCarthet al, 2012), using the most effective methods of monitoring and
assessing biodiversity is highly important (Balmfetdl., 2000). Monitoring efforts

should also yield data that are accurate and as ecologically relevant as possible, in
order to detect the effects of often cryptic stressors or patterns, which may have
profound effects when upscaling study outcomes aderge spatial or temporal

scales.

In the last 20 years a significant numlagrinnovations have increased our
capacity to monitor and assess the responses and patterns of biodiveeditianto
environmental variation in tropical forests, as wellmgrove the efficiency and cost
of monitoling efforts (Pimmet al,, 2015. Broadly, these fall into categories of new
methods and means of capturing biodiversity data, new methods of assessing and
measuring environmental variation, and improved analytiapproaches for

comparing and integrating biodiversity and environmental data. New methods of
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characterizing biodiversity include autonomous camera traps and acoustic recorders
(Steenweget al, 2017)while environmental DNA monitoring is moving from lab

based to fielebased assessment techniques (Thomsen & Willerslev, 2015).

One exaple of a novel technological approach to biodiversity which has
resulted in significant increases in efficiency in capturing species data is that of
autonomous acoustic monitoring techniques. Theséniqueshave only become
feasible recently on largeales through the reduced cost of recording technology (Hill
et al, 2018). Soundscape ecology covers a number of techniques that focus on
analysing the interaction of organisms, environmental drivers and human impacts
based on their associated acousticpprtes(Gascet al, 2013) Such approaches
allow the assessment and ritoring of biodiversity in a highly passive manner, with
potentially little need for human expertise or effort once autonomous acoustic sensors

can be set up.

The means to capture environmental data affecting biodiversity also advanced
very rapidly overthe last two decades. Freelyailable remote sensed datasets were
limited to Landsatsatellite imagenryat the turn of the centufiWagendra, 2001; Wang,
et al, 201Q. As well as vastly improvement in firgrain resolution of existing
technologies the addition of SynthetA&perture Radar (SAR) and aerial Light
Detection And Ranging (LIDAR) allows the ability to assess structural aspects of
vegetation. Advances in drone technology, combined with the algorithms and
computing power now also makarestcanopy mapping in threardensions possible

via photogrammetrySaarineret al, 2017)

Perhaps the most notalsingle advance comes from hyysgectral LIDAR,

which provides the ability to map the fiseale structure of vegetation in three
13



dimensions and thereby offers the potential to analyse patterns of faunal distribution
and association which were previousinachievable. In tropical forests assessing
vegetation in three dimensions is especially relevant, since vertical components in
these landscapes are inherently important, with up to 70% of species utilising the upper
forest strata on a facultative bagigays & Allison, 1975). Vertical dimensions are

even more important for taxa suabbirds and flying insect@and communiesoften

change markedly from terrestritdeders to arboreal specialists (Chraehl, 2016;

Storket al, 2015). LiDARbased stdies have addressed the effects of habitat extent,
canopy height, canopy heterogeneity, vertical canopy distribution, understory density,
aspect, elevation, slope and ruggedness have described responses in taxa as diverse as

birds, mammals, insects andHi(Daviesget al, 2014).

Novel analytical approaches include a vast range of technigques such as
improvements in accounting for specific challenges such as imperfect species
detection (Jennelle, Runge, & MacKenzie, 2002advances in metanalytic
approaches tdetermine effects across multiple systems (Patdal, 2013), rapid
advances in GIS and spatial statistical approaches such as the development of MaxEnt
for distribution modelling(Elith et al, 2011) the application of deep learning
computing techniques in analysing ever larger datasets such as those collected through
citizen sciencé€Kelling et al, 2013) or to deal with advancas populationgenetis
via environmentaDNA (Corder et al, 2017)or classify remote sensed déitiethcoat
et al, 2018). Other techniques which have been refined and/or adopted more widely
include new ways of conceptualising biotic communities, from approaches such as

functional diversity(Cadotte, Carscadden, & Mirotchnick, 20119 phylogenic
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diversity (Tuckeret al, 2017)and the analyses of potential thresholds in speaids

community responsg§icetola & Denoe, 2009)

One innovation whickcould potentially facilitate the detection of far more
cryptic responses of species and communities is the increase in data power and error
estimation associated with occupancy modellifigually all methods of biodiversity
surveying suffer from imperfect detection and complete species surveys are often
unfeasible (Iknayaret al 2014). Traditional rarefaction methods have focused on
measures which account for the difficulty in detectinge species by offering the
means to assess when communities have been adequately sé&@i@Eed& Jost,

2012) and extrapolating gTies accumulation curves to estimate metrics such as
species richness and communiiyll numbers (Palmer, 1990Chaoet al, 2014)
Occupancy modelling uses repeat sampling to estintia¢ probability of false
negative detections and then corgrfur thesein overall modelgJennelle,2002)
Concerns have been raised that in some cases gearing study design toward these
analyses may result in focusing finite survey effort inefficiently or inayppately.

This is because the amount of data requi
substantially lower than that required for estimates which adjust for imperfect
detection, when in fact, improved study design can surmount problems of intperfe
detectionBanksLeite et al, 2014) Other authors have suggested that although good
survey design is fundamentélwill not necessarily solvall detection problemser

control for all variation in detectability (Guilleraroita, 2017.
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Thesis structure

In this thesis | integrate the use of recent advances in biodiversity monitoring
in order to address practical knowledge gaps relevasdriegvation management in
humanmodified tropical landscapes.cbmbine multiplenovel approaches to assess
the relative biodiversity value of different habitats and provide management
recommendations to optimise biodiversity provision in a tropical production
landscape, elucidate hitherto unrecognised ecological patterns and refine novel
analytical approaches themselves. | focus on Southeast Asia throughout, with a

specific research focus in the lowlands of Eastern Sabah, Maild&Bsraeo

In Chapter 1, | examine the speciesdliversity present in riparian reserve
compared to riparian forest consoll also determine theproportion of forest
specialist specieseemainingin these reserves.use LIDAR derived remoteensing
data to measure the widths and cardensities of riparian reserves within oil palm
estates. Usinghesedata |estimatethe optimalriparian reserveavidths and carbon
densities necessary to support a similar level of species richness to riparian forest

controls in continuous forests.

| useChapter 2 to focus on the ecological patterns exhibited by the avifaunal
community along a continuous gradient of forest degradation using dadsaitl
approach. | combine a Bayesian occupancy model, mteased with LIDAR
derived vegetation structuraelata, with piecewise regression analyses to assess
thresholds in both species and trait group respotsémbitat changeUsing this
approach | infer likelgpecies responskresholds to multiple environmental variables

and am able to elaborate on theywzarticular trait groups have previously been
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observed to respond to changes in forest structure by identifying points of abrupt

change in these responses.

In Chapter 3 | seek toimprove theapplication of soundscape analysis
biodiversity monitoring ¥ offering recommendations to optimise how well acoustic
indices reflect bird communities as measured by conventional point count approaches
and species richness as defined by the occupancy model described in Chapter 2. By
assessing thenfluence of contrdling for time-of-day and background noise
recordingsand removing habitats where certain indices arefanational | am able
to offer recommendations as to which indices are most robust for assessing

biodiversity in human modified tropical landscape

In the Introduction and Discussion sections of this thesis | have adopted a first
person singular style. However, given the collaborative nature of the data chapter, |

switch to a combination first person plural or passive voice throughout thesesectio
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Abstract

1. Conversion of forest to oil palm agriculture is a significant and continuing
threat to tropical biodiversity. Despite this, little is known about the value of
riparian reservg in oil palm and how these conservationasties might best
be managed to maintain biodiversity.

2. We characterised bird communities of 28 sites in an oil gatest mosaic in
Sabah, Malaysia using 6104 encounters from 840 point counts. Sites included
oil palm riparian reserves of various vegetation quality and reserve widths,
which were compared to oil palm streams without a riparian reserve as well as
riparian and nodmiparian control areas in continuous logged forest.

3. Riparian reserves, oil palm wateays, and control sites in riparian and non
riparian forest supported distinct avifaunal communities. Riparian reserve
width, forest quality and amount of forest cover were the strongest predictors
of bird species richness. For forependent species, éaaf these predictors
had stronger effect size when compared with all species. On average, reserves
held 31% of all species and 30% of forest specialists, whereas riparian forest
controls averaged 32% of all species, but 38% of forest species.

4. Riparian resrves with >40 m of natural vegetation on each bank supported
similar bird diversity to riparian forest control habitats found in continuous
logged forest. However, to support equivalent numbers of fedependent
species and species of conservation caneeserves would need to be at least
100 m wide on each bank. The highest numbers of species were found in

riparian reserves with aboxgound carbon densities exceeding 75 tG, ha
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highlighting the importance of forest quality, as well as width, in stipm
riparian bird communities.

5. Synthesis and application designed and protected appropriately, riparian
reserves in oil palm estates support diverse bird communities, including many
species of conservation concern. This can be achieved by deawiglaate
reserves (8200 m total width), but to maximize species numbers forest
disturbance should also be minimised prior to conversion as well as during

plantation operations.

Key-words: agriculture, riparian buffer, riparian zone, biodiversigndusechange,

fragmentation, landscape configuration, forest management.

Introduction

Human activities are causing unprecedented biodiversity de€limemet al
2014) with agricultural expansion being a primary cause of tropical species loss
(Gibsonet al. 2011). At least 522 Mha of tropical forest was converted betwedh 198
and 2000 (Gibbst al 2010) and a further 150 Mha was lost between 2000 and 2012
(Hanseret al 2010). A major contributor to this problem has been oil palm cultivation
(Elaeis guineensjswhich is now one of the most profitabEnduse in the tropics
with continued demand (Vijayt al 2016). Meeting this demand will require
improved productivity on existing estates, as well as expansion of the crop into new

areas.
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Tropical production landscapes harbour significantly less biodiversity than
nativeforest (Gibsoret al 2011); a pattern documented in many agricultaraduss,
including fruit orchards (Roundt al 2006), rubber plantations (Warr@&momaset
al. 2015), and oil palm under both smallholder cultivation (Azttaal 2011) and
industrid production (Edwardst al 2010). Retaining forest remnants within human
modified tropical landscapes can therefore enhance biodiversity levels (Laetance
al. 2018), although crop yields are likely to be reduced as a consequence (Estwards
al. 2010).Forest patches are maintained typically on slopes, floodplains, or along

waterways.

Waterways and riparian areas are often afforded legal protection in tropical
countries to mitigate flooding and sedimentation (Mateal 2007). In Malaysia, for
example agricultural companies are required to maintain riparian reserves of between
5 and 50 m from each riverbank, with most beingBR20m (Government of Malaysia,
2012). In Brazil reserves can be-300m wide depending on channel width, but recent
policy chames drastically reduce the prescribed widths (da S§tval, 2017). In
addition, oil palm companies that adhere to guidelines under the Roundtable for
Sustainable Palm Oil (RSPO), the primary environmental certification scheme for this
crop, agree to ratn riparian reserves, and there are ambitions to increase the width

requirements (Luket al Submitted).

While the main rationale for protecting riparian reserves is hydrological, these
habitats may also be important for maintaining wildlife populationsSumatra,
riparian reserves in papeulp plantations support largeammal communities
comparable to those in continuous forest (Yagpl 2016), and in Amazonia large

and undisturbed riparian reserves retain 1ogemplete mammal and bird assemblages
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when compared to large forest patches (Lees & Peres, 2008; Zietkzie2017). In
Borneo, fish (Gianet al 2015), dung beetle and Iel@ter ant (Grayet al 2014, 2016)
assemblages in oil palm riparian reserves are more similar to those in contiguous
logged forests than the surrounding oil palm matrix in terms of composition, species

diversity and functional group diversity.

The species composition of riparian remnants is likely to be influenced by
many of the processes associated with habitat fragtiem such as area, isolation
and edge effects (Laurane¢ al 2018). Area, or width of the riparian remnant, is
expected to be a primary determinant of diversity, yet few researchers have
documented this in tropical regions, and even fewer provideicéxplidth
recommendations to inform riparian reserve design (Letkel. Submitted). In the
Neotropics, riparian zones are reported to extend-26680m for plants (Schiettit al
2014), 100 m for snakes (de Fragaal 2011) and 140 m for understoryds (Bueno
et al 2012), but since these studies were undertaken in forested areas it is unclear
whether the same width thresholds would apply in fragmented habitats or agricultural

systems, or indeed to other tropical regions (van der ldbak 2015).

Here, we explore the relationships between riparian reserve width, forest
guality, and the birds present in a modified tropical landscape of Southeast Asia.
Specifically, we characterised bird communities in riparian reserves set in forest or oil
palm toevaluate the relative value for riparian and-niparian biodiversity. Reserve
width, the main criterion stipulated in environmental policy, is expected to correlate
positively with species richness, with more species supported in wider reserves (e.g.
Lees and Peres, 2008; Gratyal 2014; Zimbre®t al 2017). However, the expected

levels of species richness might not be supported if the habitat quality is lowgtLuke
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al. Submitted). Given the roles of other confounding variables in the fragmentation
literature (Laurancet al 2018), it is important to understand how measures of patch
size (i.e. width) and quality affect riparian remnant biodiversity in the context of the
wider landscape covariates (e.g. elevation, isolation). There is also fundapadintal
interest in establishing whether the largest riparian reserves can support similar levels
of biodiversity to continuous forest sites, since protecting larger/wider reserves
involves a tradeff between conservation interests and making land aveuiltain
agriculture. We sought to address these questions, while also examining whether
riparian reserves are valuable for fordspendent species and species of conservation
concern, since these taxa are the focus of environmental policy in the cestificat

sector.

Methods

Study system

The study was set in and around the Stability of Altered Forest Ecosystems
(SAFE) project (117.5°N, 4.6°E) in Sabah, Malaysian Boriég. 2.1, Ewerset al,
2011). The 80,000 ha area comprises both forest and plantafiaikpalm and
Acacia with all matrix study sites surrounded by oil palm. Most of the remnant forest
has been logged two to four times over 30 years and contains few mature trees
(Struebiget al 2013), although some parts are less disturbed and arealfiprm
protected. The surrounding agricultural matrix comprises multiple oil palm estates
with trees planted-82 years before the study. Within this matrix, remnants of logged
forest are protected alongside watercourses as riparian reserves. Reservidg typica
extend ca. 50 m on each bank from the river channel, but vary between 10 and 470 m

(median=54 m, SD=135 m) across the landscape. Reserves also vary in altitude,
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topographic ruggedness and substrate (rocky to sandy).

—&- Non-riparian forest (CF)
~0- Riparian forest (RFC)
-@- Riparian reserve (RR)
- Oil palm river (OPR)

‘(

0 125 25 5k i

Figure 2.1 Map of the Stability of Altered Forest Ecosystems (SAFE) Landscape.
Twenty-eight bird sample sites in riparian (n=20) and-niparian (n=8) habitat types in the
SAFE landscape and surrounding agricultural matrix in Sabah, Nefaporneo. A site
comprised ten point count stations (indicated by points on the map), each of which were
sampled for birds on three separate occasions. Forest is shown in grey; tree plantations
(predominantly oil palm), and cleared areas in white. Fa®gtr was derived from Hansen

et al (2013) and updated represent the landscape in 2014 accurately. Black lines denote the

river coursesNames for each site are displayed and correspond to those listigd2ir3.

We sampled bird communities alongsi@0 rivers. Ten of the rivers were
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within oil palm plantation and had riparian reserves (RR), two were in the oil palm
with no riparian reserve and were used as controls (OPR), and a further eight rivers
were used as controls within the logged forestg@ter riparian forest control; RFC).

The rivers sampled in oil palm were selected to represent the range and distribution of
reserve widths present across the study area and plantations elsewhere in Southeast
Asia. Larger riparian reserves were scarce@my one site of >100m was available

in our study area (RR17, width = 470 m). Forest quality, indicated by ajpouad
carbon density measured via LIDAR (Jucletral. 2018), also varied substantially
across the landscape. Finally, to document any diffggs between riparian and non
riparian bird communities, we also surveyed eight-riparian control sites in
continuous forest (hereafter forest control; CF), all of which had also been previously

logged, reflecting the dominant remnant forest typewldad Southeast Asia.

Bird sampling

At each riparian site, birds were sampled via ten point counts set-a208@
intervals (Euclidian distance) along a 2 km transect following the course of the river.
The stations were situated up to 10 m up the baek to minimise interference from
the sound of running water. During each count, a single experienced observer (SLM)
recorded all bird species heard or seen within a 50 m radius of the point for 15 minutes
including fly-overs. Average river width rangedtiween 5 and 13 m, meaning that the
detection radius encompassed both terrestrial vegetation and the river. However, the
river itself never accounted for more than 5% of the total point count area. Counts

were conducted between 05:50 and 11:00 in cleath@gaand were repeated on three
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separate occasions at each site between 2014 and 2016. Fgranam sites, the ten

point counts were spatially configured at comparable distances along access trails.
Sites were sampled at mean intervals of 72 daysdegtwisits (Table &1). Three
species of swiftAerodramus maximug. salanganandA. fuciphaguscould not be
reliably separated and are considerede®dramuspp The bird sampling data from

the three surveys were poolegtross the ten stations atch site. Taxonomic

nomenclature follows Eataoet al (2017).

Environmental predictors of bird community structure

For each site abowground carbon density (mean values across the ten point
counts sites) were derived from remotely sensed data, anésiseproxy for overall
forest quality, since lower carbon densities were evident in areas that experienced the
most degradation via logging (Jucker al, 2018). Similarly, we also calculated
altitude and topographic ruggedness for each site as an awdragieies extracted
within a 50 m radius of each of our ten point stations. Algreeind carbon density
was extracted from LiDARlerived datasets3Q x 30 m) which were gathered in
November 2014 using Leica ALS561l sensor Juckeret al 2018) Altitude (30 x 30
m) was estimated from the Shuttle Radar Topography Mission (SRTM;
http://www2.jpl.nasa.gov). Likewise, topographic ruggedness was derived using the
SRTM, according to Wilsomt al (2007). Average values for each raster layer were
calculated wiin the buffer radius of each station using the R 3.R3Cpre
Development Team, 2015 ackages Oraster 6, 6spéob, o6rg
Omaptoolsdéd (Hijmans & van Etten,etal 002; F

2016; Analytics Revolution, 2014; ®nd & LevinKoh, 2013)
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For each riparian reserve sampled, we estimated reserve width at each station
from the LIDAR canopy height layer (5 m resolution). The width of the river channel
was included in this remote measurement as vegetation often obdwreetbanks.

River channel width was recorded in the field, between the high water marks of the
two banks, using a laser rangefinder (Leica Rangemaster CRF 1000). Subsequently,
this value was subtracted from the reserve width estimate to determinéudidaatd
surface within each reserve. Mean bank reserve width is typically referenced within

environmental policy documents, so we use this metric throughout the paper.

As a measure of landscapeale forest availability, we also calculated
percentagedrest cover within a 1000 m radius of each point count station, capturing
the availability of forest in the landscape without overlapping forest associated with
other sample sites. All environmental predictors were average values across the ten

point countstations per site.

Statistical analyses

Species accumulation curves wemnstructed for each site and habitat type,
and inspected for being close to asymptote to confirm that sampling was adequate
(Fig. S2.1). Rarefied curves, based on 100 iteratiorssqjwe  pr oduced usi ng
package in R (Dixon, 2003). We used the number of bird encounters, rather than
absolute numbers, to generate curves, as early morning roost flights of Sunda yellow
vented bulbul Pycnonotus analjsoccasionally resulted in 80 individuals recorded
from a single point. In this case, large numbers of a single species recorded within one
visit were treated as a single encounter.
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We used a generalised |inear model | ing
the partitioning of spees abundance and richness by habitat type. Spatial
autocorrelation was assessed using a Mor
richness across all riparian sites to test for unforeseen associations between nearby
sites. The pac kuseddo périormITukeyotestp betwaea pairwise
habitat combinations (RFC vs. CF, RFC vs. OPR, etc.), and the procedure repeated for
two subsets of our community: forestpendent species (defined by consensus of five
expert ornithologists in Southeast Adick Brickle, Frank Rhiendt, Dave Bakewell,

Craig Robson and Simon Mitchell), and species of conservation concern (status of

nearthreatened through to critically endangered, IUCN, 2017).

To visually demonstrate the associations between both carbonydandit
reserve width, and community structure we plotted the relationships graphically.
Community integrity was measured using the Bray Curtis dissimilarity index on an
abundance matrix (sensu Barlksite et al2014). We used mean differences in
species cmposition between riparian reserves (RR) and each of the riparian forest

controls (RFC) to reflect reductions in community integrity.

Ordinations were used to explore bird species composition in relation to habitat
type and our environmental predictorairivise Bray Curtiglissimilarity coefficients
were calculated between species abundances pooled from across the three visits at
each site andchonmetric multidimensional scaling (NMDS) ordinations generated
using PG-ORD 6.07 (McCune & Mefford 2011), torganise sites by similarity in
species composition. The reliability of the ordinations was determinedroparing
NMDS solutions produced from 250 runs of real data, with those produced from
randomised specieste matrices using a Monte Carlo test. Thairations were then
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repeated to ensure that they reflected representative signals in community data and
were not being disproportionately impacted by either rare (by removing species
recorded only once within the dataset) or highly abundant species (asesgot
transformation of all abundances) following Struebigal (2013).Nonparametric

per mutations tests ( ADONI S, in Oveganod)
differences between habitat typa&e also investigated which species were most
associaté with particular habitat types using the indicator species analysis INDVAL

in PGORD (Dufrene & Legandre, 1997).

GLMs were used to determinehether species richness was driven by our
potential environmental predictorsiver channel width, riparian rese width,
landscapescale forest cover and abegeound carbon densityat our 20 riparian sites.

We selected Gaussian family models, as this best reflected the probability distribution
of species richnesall predictor variables were tested for collimga As ruggedness
andaltitude werecorrelated (r > 0.18yuggedness was retainecthe riparian reserve
models, because the range of values was greater than for altitude, and altitude was

retained in the other models for the same reason.

To examinethe influence of the environmental predictors on species
composition, we constructed generalised linear mixed effects models (GLMMSs) for
our two NMDS axes for all habitat types. Habitat type was included as a random
variable. Oil palm river communities weexcluded from these analyses as species
composition was very different from that in other habitat types and this signal obscured
any other potential patterns of interest. Parameters medetaveraged across all
model s within @Al C-delmodefling process Wwas sepeateddod e |

forestdependent species and species of conservation concern separately.
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Results
Species abundance and richness

Across the 28 sites, we detected 8784 individual birds (6104 encounters), of
202 species, including 133orestdependent species (3838 encounters, 4939
individuals) and 62 (821 encounters, 1094 individuals) species of conservation
concern. Our species accumulation curves approached an asymptote for both site and
habitat type, confirming that we had sampled "vifauna well enough to assess

differences in richness and community structure between thign.1).

Birds were more abundant in riparian reserves than riparian forest controls and
oil palm rivers, but similar to those in noiparian forest contrsl(Fig. 22a). Riparian
reserves supported similar levels of bird species richness to riparian forest controls,

and double that recorded in oil palm riveffsg( 22b).

Forestdependent species accounted for 65% of all individuals across the
whole communig, and were significantly more prevalent in both smgarian and
riparian forest controls than in riparian reserves or oil palm riéB8o in CF; 74%
in RFC; 54% in RR; 20% in OPHEig. 22c). Forestdependent species richness was
highest in both forestontrol types and significantly lower in oil palm riversid.

2.2d).

Species of conservation concern comprised 13% of all individuals across the
landscape, and formed a larger component of the bird community in riparian (18%)
and norriparian forest catmols (16%), compared to those in riparian reserves (11%)

and oil palm rivers (2%). There was no significant difference in the number of species
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of conservation concern found in riparian reserves and riparian forest control sites in

terms of either abundae or richnessHg. 2.2 f, g).
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concern. General linear model derived linear hypothesis Tukey tests revealed
significant differences in riches®<0.05) between all habitat types except for those

cases marked nesignificant (n.s).

Species richness was not influenced by srg
= -0.04,P=0.80 of GLM residuals for model including habitat type, abgr@und

carbon density and reserve width).
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Bird community composition

Our NMDS ordination of community composition performed better than those
based on randomised data (Monte Carlo test: observed stregssifulated
stress=28.7P=0.004;Fig. 23a), and showed four clear habitat groupings. The most
divergent were the oil palm rivers, which supported an almost entirely different bird
community to other sites. Communities in riparian reserves were mdlar sorthose
in riparian and nodmiparian controls, but still distinct from both habitat types in terms
of species composition. Since the oil palm rivers had such a strong influence on the
landscapevide ordination, we removed them in our subsequent sealyo better
discriminate between the remaining habitat types. Our subsequent NMDS represented
89% of the variation in bird community structure (stress=14.8). None of the models
were improved significantly after removal of singletons and squaoe

trandormation of species abundance; as indicated by an increase in stress (16.35).

Species composition was significantly different across all four habitat types
(ADONIS: RP=0.11,P=0.01). The same pattern was evident when restricted to just
forestdependent sries and species of conservation concetig. (23; forest
dependent species:?f0.13 P=0.01; species of conservation concerrf=0r14,

P=0.01).

Community integrity in riparian sites showed similar patterns to our
ordinations, in that riparian reservesn intermediate to riparian forest controls and

oil palmrivers(Fig. 2.2c, e, h).

Indicator species analysis revealed &Bnificant associations between
particular bird species and habitat types, including four species associated with non
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riparian forest controls, seven of oil palm rivers, and one each for riparian reserves

and the riparian forest controls (Tab2.3.

Environmental predictors of riparian reserve communities

Our GLMMs demonstrated that riparian reserve width was an important
predictorof bird species richness and avian community composition (Rabjé&ig.
24). Reserve width and abogeound carbon density affected bird richness in a
consistent manner. None of the other environmental metrics we tested had

demonstrable effect in ofinal models.
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b, c). Richness values are expressed as percentages of the median richness from the eight
riparian forest control (RFC) sites. Observed species richness wasgalicantly positively
associated with abowground carbon density (d, e, f). Horizontal red shading demonstrates
the first and third quartile in the distribution of species richness across all RFC contol sites,
with median shown as the black dottecklinGrey shading around trend lines denotes 95%
confidence intervalOne riparian reserve (RR17) was excluded from the models because of

missing environmental data for the site.

Riparian reserve width, aboxggound carbon density and forest cover welre al
significant positive predictors of observed species richness for the full community
(Table2.1). This pattern was the same for fordependent species, though did not
apply to species of conservation concern. Across all riparian habitats - gioawed
carbon was a significant positive predictor of species richness for both-forest
dependent taxa and species of conservation concern. However, our final model for
riparian habitats did not reveal any significant predictors across all species. Forest
cover wasan important predictor of community structure as reflected by the NMDS
axis 1 for species of conservation concern. The second axes of our NMDS analyses

exhibited nasignificant relationship with the environmental predictors.

Table 2.1. Outputs of generalised linear models (GLM) and generalised linear mixed effects
models (GLMM). Model averaged parameter estimates, standard error and confidence
intervals for important predictors of observed species richaedscommunity structurare

listed The &Al C<4 model set was used to estimat
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of sites included in each model. One riparian reserve (RR17) was excluded several

environmental predictors were missing for this site.

Predictor Parameter estimate SE Lower Upper 95

95% ClI % Cl

GLM: Richness in riparian reserves and oil palm rivers (RR, OPR, n=11)

All species

Intercept 63.8 11 61.2 66.4
Abovegroundcarbon density 6.1 2.2 0.9 11.3
Forest cover 8.3 2.3 29 13.8
Riparian reserve width 8.6 2.5 2.9 14.3

Forestdependent species

Intercept 36.7 13 33.6 39.8
Above-ground carbon density 6.6 2.6 0.5 127
Riparian reserve width 10.3 3.0 3.4 17.2
Forest cover 8.9 3.0 1.9 15.9

Species of conservation concern

Intercept 13.4 0.9 114 154

GLM: Richness in riparian habitats (RR, OPR, RFC, n = 19)
All species

Intercept 59.6 2.5 54.3 64.9

Forestdependent species
Intercept 36.1 2.0 31.9 40.3

Above-ground carbon density 156.0 5.3 5.0 27.0

Species of conservationancern
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Intercept 13.3 0.8 11.6 15.0

Aboveground carbon density 5.2 2.6 1.8 10.0

GLMM: Community structure (NMDS axis 1) in all forest or riparian reserve (RR,

RFC, CF, n = 26)

All species

Intercept 0.0 0.0 -0.1 0.0
Aboveground carbon density -0.2 0.1 -0.3 -0.1
Forest cover -0.4 0.1 -0.5 -0.3

Forestdependent species

Intercept 0.1 0.4 -0.7 0.9

Species of Conservation Concern

Intercept -0.0 0.1 -0.2 0.1

Forest cover -1.1 0.2 -1.6 -0.7

Community subsets for all species, fordsfendent species and species of
conservation concern differed in the reserve width at which richness was equal to that
found in riparian forest control§ig. 24). Trend lines intersected mean richness levels

for riparian controls at ca. 40 m when all sgsocivere examined. However, for forest
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dependent taxa and species of conservation concern, riparian reserves did not reach
equivalent richness levels to that found at control sites. The extent of this pattern with
aboveground carbon density also variedweén community subsetSi@. 24d, e, f).
Notably, reserve richness reached equivalent levels to control sites at around 65 tC ha
1 for all species, but at around 100 tGlhdor forest dependent and species of

conservation concern subsets.

Discussion

We found that riparian reserves in oil palm, supported comparable levels of
bird diversity to sites in continuous forest (both CF and RFC), especially when
reserves are wide and comprise high carbon forest. However, these reserves contained
fewer forestdepandent taxa and species of conservation concern, which likely require
larger tracts of continuous forest for letgym population viability. These results
suggest that the mandated reserve width in many tropical countries should be
increased. In tandem, fest quality in riparian reserves should be improved: in new
plantations by delineating reserves prior to clearance and preventing additional
logging within them; in existing heavily degraded reserves via vine cutting and
planting with native trees, plus bgplanting in areas where crops were planted to river
banks and no riparian reserves retained. Our appraisals of demmbhdent taxa and
species of conservation concern also demonstrate that not all species are well
represented in riparian reserves &nd likely that these taxa require larger tracts of

continuous forest for lorterm population viability.
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Despite a growing number of ecological studies on tropical riparian reserves,
there is still little information regarding which features have tleatgst benefit for
biodiversity (Lukeet al, 2018.). For birds in oil palm, we find that riparian reserve
width is an important predictor of overall number of species, with reserves at least 40
m wide (i.e., 80 m total width) supporting comparable nusibéispecies to riparian
forest controls. Nonetheless, to support equivalent numbers of-tpshdent taxa
and species of conservation concern, riparian reserves would need to be mueh larger
at least 100 m wide (200 m total width), based on extrapalaf observed trend lines
(Fig. 24b, c). We can only extrapolate, as large riparian reserves are scarce in our
study system and oil palm landscapes in general. It therefore remains to be seen
whether all forestlependent taxa and species of conservatimmcern present in
logged forest would actually use riparian reserves even if they were of substantial

width and close to continuous forest.

Uniquely for oil palm landscapes, our results demonstrate the influence of
forest quality (as measured by abayeund carbon density), as well as reserve width,
on the riparian reserve avifauriBhesefinding suggests that protecting reserves of
poor forest quality will offer few conservation gains without habitat restoration.
Similar findings have been reportewr cattle ranching areas in Amazonia, where
riparian reserve width and percentage canopy cover were both positively related to
bird and mammal richness (Lees & Peres, 2008; Zimetesd 2017). This result
implies that approaches to restore biodiversityagricultural areas may be less
successful than sparing areas for conversion in the first place, especially because small
forest patches, such as riparian reserves, are susceptible to further degradation via edge

effects(Lauranceet al 2019. Disentanging this relationship is difficult, however, as
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both larger fragments and reserves tend to be of higher forest quality than smaller ones

(e.g. Lees and Peres 2008).

Many previous studies have only compared riparian reserves with the
communities of continus norriparian forest controls (e.g. Gray al, 2014). We
show that, while overall richness remains comparable teripanan control sites in
continuous forest, bird community composition in riparian reserves is intermediate
between that of riparianontrols (RFC) and oil palm rivers (OPHjig. 2.2, 2.3).
While there were many species shared between riparian reserves and riparian forest
habitat, reserves also had some generalist specieSg#opelia chinensigspotted
dove] Geopelia striatajzelra dove]Copsychus saularigoriental magpie robin] and
Pycnonotus analisunda [yellowvented bulbul]) that were rare or absent in both
riparian and nosmiparian forests controls (i.e. CF and RFC). These mdinglling
species are known to be abundamboth industrial oil palm plantations (Edwarts
al. 2010) and mixed smallholder cultivation (Azledal 2011). Riparian reserves also
lacked several forestependent taxa and species of conservation concern, in
accordance with previous studies, whiobind small forest fragments to support few
specialist species (Lauraneeal 2018). Across all riparian reserves, we recorded over
70% of the community found in neniparian forest and over 80%if. S2.1) of the
community found in riparian forest coatrareas. However, the highly different
community compositionKig. 23) and lower sitdevel species richnessif). 22)
suggests that such forest species are found in greatly reduced numbers in riparian

reserves.

We found that bird communities around jgallm rivers without a reserve were
highly depauperate, consistent with species richness observed in previous oil palm
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studies (Edwardst al 2010; Azharet al 2011). Thus, the presence of riveer se
appears to have little effect on bird diversitythie absence of significant amounts of
natural vegetation. This stark difference was clear even for sites with degraded
reserves, highlighting that narrow, low quality riparian reserves can still have a
significant positive effect on bird community struaalbeit a small one. Crucially,
narrow and degraded reserves still held more fatependent taxa and species of
conservation concern than oil palm on its own, although at much lower numbers than

in large riparian forest areas.

It is possible that spexs recorded in riparian habitats are not part of a viable
population and that the reserves are sinks (Gilroy & Edwards, 2017). For example,
Weldon & Haddad (2005) demonstrated that indigo buntiRgsgerina cyangan
small fragments continued to nespetches with greater forest edge despite increased
mortality. Likewise, small fragmented areas of habitat are far more susceptible to
further perturbations and edge effects than large continuous forests (&wars
2007), which can result in extinctioascades long after fragmentation has taken place
(Kitzes and Hartle, 2015). Alternatively, riparian reserves could act as movement
corridors between larger, higher quality, areas of forest. In the contdahaiise
change, facilitating species dispersathis way could be vital in maintaining viable
populations in otherwise isolated remnant habitat fragments (Cetpah 2013),

particularly for interior forest bird species (Gillies & St. Clair, 2008).

Riparian forest in both riparian controls and ripa reserves held distinct bird
communities to other sites. For instarBatorides striatugndAlcedo menintingvere
only recorded in riparian habitats, whilEnicurus ruficapillus a species of
conservation concern (netireatened), was identified as indicator of riparian
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forest controls (Table B2). Microclimate, vegetation structure and prey abundance
have been found to differ between riparian and-mparian habitats in Hong Kong,

and these changes correlated with differences in bird spedie®sis and abundance
(Chanet al 2008). This emphasises the value of including a riparian forest as a
comparator, rather than just raparian continuous forest. It also demonstrates that
spatial turnover in species composition between riparian aneripaman sites is
greater than that within just one habitat type, indicating that riparian areas have an

additional effect on regional species richness (Sdtad 2005).

Management recommendations

Our results warrant several recommendations for the wmepronanagement
of riparian reserves in the tropics. These are not mutually exclusive, but each would
have different outcomes for bird communities if adopted. First, increasing minimum
reserve widths to at least 40 m on each bank would improve bird dyverdévels
typical of riparian areas in large forest blocks. In tandem with the vine cutting and
replanting of native tree species, this could also benefit fdegstndent species, since
reserve width showed a stronger relationship with forest specka®ess than it did

for overall community richness.

Second, the greatest gains in species richness for the smallest loss of cultivated
area could be achieved by replanting vegetation in reserves narrower than 30 m to
meet existing legislative guidelines. i$lis because the relationship between reserve
width and species richness is Alorear, with the greatest gains in richness occurring

at small widths. However, this would only maximise species richness at the level of
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individual rivers, whereas effects tamdscapescale richness and the benefit to forest

dependent species would be less significant.

Finally, the biodiversity protection of any future riparian reserves could be
greatly improved by increasing the quality of reserve habitat. This is neicjistved
by restoring degraded habitat in existing plantations, but also by ensuring that
contractors follow environmental regulations while forests are being converted. In
countries such as Malaysia, these restrictions already exist for conventionaglogg
operations (Forest Enactment for Sabah, 1968). However, narrow riparian reserves are
difficult to define and map prior to clearance and may endure opportunistic removal
of valuable timber as a result. Once land has beatesgnated after logging for
plantation, this can result in riparian reserves of substandard forest quality. By
improving the enforcement of riparian reserve policy prior to and during conversion
operations, riparian areas of higher forest quality could be maintained. This is likely
to not only benefit threatened biodiversity, but could also have knock on benefits to

other wildlife, hydrological regimes, and water quality downstream.
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Table S2.1. Sampling @tes and mean intervals for each site.

Habitat Site Visit 1 Visit 2 Visit 3

CF A 09/05/2014 07/07/2014 04/08/2015
CF B 15/05/2014 05/06/2014 03/03/2015
CF C 29/04/2014 30/06/2014 16/05/2015
CF D 07/05/2014 10/06/2014 10/03/2015
CF E 17/05/2014 12/062014 25/06/2015
CF F 23/05/2014 06/07/2014 23/06/2015
CF LF1 05/03/2015 24/07/2015 25/07/2015
CF LFE 15/07/2015 16/08/2015 25/08/2015
RCF RO 26/05/2014 10/02/2015 19/02/2015
RCF R120 28/05/2014 17/02/2015 26/02/2015
RCF R15 21/05/2014 13/02/2015 24/@2/2015
RCF R30(OLD) 06/06/2014 18/02/2015 27/02/2015
RCF R5/30 27/05/2014 11/02/2015 20/02/2015
RCF R60 19/05/2014 14/02/2015 23/02/2015
RCF RLF 01/05/2014 12/02/2015 22/02/2015
RCF VIR 30/07/2015 11/07/2015 06/08/2015
RR RR10 29/10/2016 14/11/2016 15/11/2016
RR RR12 14/07/2015 28/07/2015 03/08/2015
RR RR14 27/06/2015 30/06/2015 27/07/2015
RR RR16 28/06/2015 10/07/2015 07/08/2015
RR RR17 21/11/2016 23/11/2016 24/11/2016
RR RR19 20/11/2016 05/12/2016 05/12/2016
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Table S2.2. Indicator species for each of four different habitat typleisteen indicator bird
species showing significant associations (p<0.05) with different habitat types (continuous
forest, CF; logged forest riparian, LFR; riparian reserves, RR; oil ppériain controls, OPR),
according to the INDVAL algorithm (Dufrene & Legrandre, 1997). Relationships with non
metric multidimensional scaling axes (Axis 1=Al, Axis 2=A2) for each species are shown as

R? and Tau correlation coefficients

Al A2 A2

. . 5
Species Habitat IV Mean SD AlR Tau R2 Tau

Malacopteron magnirostre  CF 61.4 29.1 1043 0.242 -048 0.32 -0.46

Pycnonotus simplex CF 547 29.4 9.65 0.015 -0.03 0.31 -0.43
Copsychus pyrropygus CF 50 20.6 1246 0.774 0.69 0.0 -0.04
Phaenicophaeus diardi CF 43.1 215 11.66 0.028 -0.15 0.3 -0.44
Enicurus ruficapillus LFR 61.6 25.1 12.08 0.212 -0.46 0 0.06
Pelargopsis capensis RR 40 20.7 12.12 0.017 0.22 0.1 0.22
Geopelia striata OPR 100 16.3 12.43 0.503 0.36 0 0.08
Cinnyris ornatus OPR 88.9 189 13.02 0.279 0.21 0 0.14
Lonchura fuscans OPR 70.6 27.8 1299 0.358 0.47 0 -0.14
Egretta garzetta OPR 41.7 18.8 12.23 0.303 0.37 0.02 0.14
Actitis hypoleucos OPR 455 16.2 12.28 0.252 0.28 0.02 0.16

Chrysocolaptes validus OPR 46.9 16.7 11.82 0.28 0.3 0.01 0.15
Centropus bengalensis OPR 40.8 189 12.12 0.21 0.26 0.01 0.076
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Abstract

In the context of rapiénvironmentathangeit is importto understand how
stateshifts in ecosystemsnanifestvia changes to ecological communities at the
species and functional levesssessing these patterns may be particularly usaful
predicting abrupt thesholdsr 6t i ppi ng poi nt sdfteriwmichecol o
ecosystems are mokellneralale to collapse. Here, we assess the responses of 171
tropical birds species to environmental changes associated with forest degragation
applying occupancy modellingo field ornithological data, together withalbitat
structure information froninyperspectral LIDAR Across a lanecover gradient of
intact forest to oil palm plantations,ewdemonstratéhat the majority of species
respond tohabitat degradation in a nelinear fashion Theseabrupt responses in
species occupancycale up to abrupt changés the composition ofrait groups
associated with ecosystem functiossich as pollination, seed dispersal and
insectivory We show thatdisturbance responses at ttrait-group level do not
necessarily followhresholdlevelsof all componenspeciessince many species have
idiosyncratic responseBblonethelessseveralrait groups exhibit markedly differing
threshold levels from onanother, for example th&ugivores and nectarivores
respondedmore stronglyuntil canopy heightreached 10f 18 m, whereasoth
terrestrial and sallyinnsectivoresontinued to respond strongintil canopy height
reach ~24 mThis suggests that, just &ait-based approachésve proven useful in
generalising overall effects inlaear framework, they offer a potentially useful way
of generalising noitinear response thresholdsd that traditional analyses have
masked important specigpecific and traigroup responses. These responses

demonstrate that passing particular thessicbuld result in disproportionate losses of
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biodiversity in humasmodified tropical landscape®ur findingssuggest that the use

of nonlinear response models offer a framework to redats=negative errors in
detecting species responses, oemdicator species used for particular trait groups
and understanding firgcale habitat assocations, especially for highly specialised

species.

Introduction

Global environmental changarecausing mass species extinc¢@eballos
et al, 2015) and increayg the vulnerability of ecosystems to collapse (Schetfa,
2001; Cardinalest al, 2012). In terrestrial ecosystentbe leading cause of these
processes is direct anthropogenic modification of vegetation thlanghsechange,
including habitat cowversion degradation and fragmentation (El&11; Newboldet
al., 2015). An extensive literature has established links betsieés in ecological
communites andlandusechange (Gerstneat al, 2014), forest degradation (Gibson
et al, 2011) and hatat configuration (Haddadt al, 2015), withmanyspecies being
reduced in abundance as a consequence of these activities (RBalbBn but adw
increasing significantly (Deviktoet al, 200§. Given the enormous global impacts
that habitatalteratons can have on biodiversity and the functions and services that
biodiversityprovides, further scrutiny of how landover change processes influence

species is paramount to conservation.

Functional ecology frameworks allow predictions ableosy wholegroups of
speciesshift by measuring associatiormetweenspecies ecological traits and their
responses t@nvironmentalchange.For example, poorer dispersal capability and
larger body size predict range contraction in butterfidat{ila et al, 2011, andlife-

history strategies associated with greater specialisation predict gseas#ivity to
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landusechangefor dungbeetles(Barragin et al, 2011) and birds lewboldet al,

2013, as well as increaseaxktinction risk in birds (Sekerciogkt al, 2007, terrestrial
mammals (Davidsoat al, 2009),andbats (Jonest al, 2003) Traits have also been
shown to mediate the effects of particular drivers of decline, such tihseed by

the novel theChytridiomycosispathogen in amphibiar®lurray et al, 2010), or by
climate change in amphibians, reptiles (Pearetal, 2014) and birds (Pacifiet al,

2017). Traitbased approaches are also useful in predicting patterns of ecosystem
function (Lavorel & Garnier, 2002). Howeveto date, trabased apmaches have
focussed predominantly on simple linear associations betwaieand responsg.g
Williams et al,, 2010; but see Sasadkial, 2011 or upon changes in overall functional
diversity, which is assessed based on the overall diversity andseefadon of
multiple traits within a communityMagioli et al, 2014. To fully understand the
responses of different trait groups, assessments need to take account of both the
variation of responses between member species of particular trait groupfeand

potential for those responses to be-tioear.

Relationships between changes in environment safequentesponses of
communities and ecosystenagse frequentlynonlinear Groffman et al, 2006;
Andersenet al, 2009). The associatednflection points may constitute critical
thresholds beyond which more abrupt, often irrevocable, chaagescur (Scheffer
etal,2001)Such ¢6éstate shiftsd can occur at
levels. For example, sudden transitions between trogmadst and savannah
ecosystems, are associated with small changes in precipitation (efirata2011);
abrupt changes in communilgvel responses to habitat loss for balisiylaertet al,

2016) reptiles (Lindenmayeegt al, 2005), amphibians (Rilegt al, 2005), mammals
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(Silvaet al, 2005) and birds (Martensehal, 2012); and some bird temperate species
exhibit thresholds in their response to habitat [d&dford & Bennet 2004; Bettt

al. 2007). However, these studies focus either on a fealeld species responses, or
in patterns of overall richness. As yato assessments have been made that
demonstrate the relative contribution of each species response to produelimgaon

patterns at the level of the whole community.

Identifying such hresholds in ecological processes and ecosystem responses
could have profound implications féine ways theenvironmentis managedin the
context of the global biosphere, exceeding dangerous thresholds may in fact present
an existential threat to humanvitisation (Rockstromet al, 2009). Furthermore,
ecosystems and functions may become difficult or impossible to restore once certain
thresholds are crossed (e.g. Carpemteral, 1999). Applying information from
thresholds in diversity responses to lazagse change has useful applications for
conservation planning, as demonstrated for Atlantic forest (BdsksLeite et al,

2014) However, examiningpecies number@lone misses important information on
ecological processes that tend to manifest at idwerarchical levels, building from
individuals, to species, to communities, to ecosystem processes (DeAngelis 2018).
The extent of, and way in which, thresholds in ecological responses scale between
these different levels is poorly understood. Undedsta@nnonrlinear responses at the
levels of species, guilds and communities is therefore a vital underpinning of our
ability to recognise how species can be maintained at the levels of landscapes to global

ecosystems.

There are a number of impediments thoe assessing how species response
thresholds scale to functional groups and community richness. Compared to traditional
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assessments that simply seek to demonstrate the existence and direction of species
responses to environmental change, identifyingstiwkls in these responses requires

far larger datasets of a high resolution for each species as well as relevant
environmental metrics. Statistical approaches to address this have been proposed
(Baker & King, 2010), but remain contentious (Cuffney & Qia@13). Occupancy
modelling approaches may help overcome data limitations concerning rarer species by
controlling for imperfect detection. However, occupancy approaches have been used
in very few threshold studies to date (e.g. Bettsal, 2010). Traditioal remote
sensing techniques can expedite the gathering of large datasets on lassdaéape
environmental gradients, but in the past have generally been limited to fairly
rudimentary twedimensional landscapgcale measurements. Landscape metrics have
been used in the majority of community threshold studies thus far, resulting in a clear
emphasis upon responses to landscape configuration and habitat loss within the

literature (Meloet al., 2018).

Despite the focus on landscapeale factors, abrupt dewdis in species
richness have also been documented with small increases in habitat disturbance
intensity for dung beetles (Franetal, 2017), and in response to changes in nutrient
levels and turbidity for aquatic invertebrates (e.g. Evaftmte et al, 2008),
suggesting similar netinear responses to firecale habitat characteristics and
structural properties also exist. To better examine tipping pointslamtion tothe
structural properties of tropical forests, utilising data from rersetesed Ligh
Detection and Ranging (LIDAR) offers a promising way forward. Hygpactral

LIDAR provides the ability to map the firgcale structure of vegetation in three
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dimensions and so offers the potential to analyse patterns of faunal distribution and

associabn which were previously unachievable.

Here, wecouple occupancy modelling across multiple species with data
derived fromhigh resolution LIDAR toexaminethresholds in the effects of 3D
structure and landscape metr&ssociated with tropical forest dagation Where
previous studies have focused on single species (Garalechdn2017), we assess
thresholds in response at the level of species;draiips and entire communities
simultaneously. Using a large dataset=(1404 pointounts) of bird bservations as
an established indicator taxon (Gardeeal, 2008), we are able to trace how abrupt
responses of individual taxa contribute to thresholds among trait groups, ensembles
and the community at larg&Ve explore whether each species respoisdetter
predicted with or without a threshold included in the modké responses of species
with shared traits to environmental gradients are often similar, agtoaip members
respond similarly to a single underlying mechanism, such as the aligilalbia
particular niche (e.g. Williamst al, 2010). This suggesthat species with shared
traits will not only demonstrate similar responses to environmental changethat

where these responsa® nonlinear, they also exhibgimilar thresholdevels.

Materials and methods
Study system

Between 2010 and 2017,ewsampled bird communitiega repeated point
countsat 356localities across a gradient of habitat degradation in the dipterocarp
forests of Sabah, Borngfig. 3.1). Old growth forest wa sampledt 47 point count
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localities across threlandscapes abepilok Forest Reservd9 localitieg, Danum
Valley (20) andMaliau Basin 8). The majority ofpoint count localitieg309) were
located around th8tability of Altered Forest Ecosystem (BB) project landscape
Of these 38 were in continuous forest the Ulu Segamd-orest Reservavhich was
logged twicesince the 1970s, but now protected and recovering. The remdiség
localitieswere in the neighbouringSAFE landscapean forest that hd been logged
several times since the 1970s and saiMagged ahead of conversion to plantatian
further 115 localities comprisedforest remnants withinwo large oil palm estates
surrounding the SAFE project arddis provided respreseaiive samplingacross the
complete range of environmental variables we assessed.&a@plverea minimum
of 180 mapart, and groupedtmtransects of &6 point count locationgseeChapter

2; Mitchell et al, 2018; Fig2.1).

77



g - ; ; . 0 25 50 75 100
o fe Kilometers

Carbon Density

High
-

Low

W N 1 2,

|SAFE Landscape | 757
o &2
H e

£ i) - b

s o i

N Ve S e

i

Maliau Basin

Figure 3.1. Map of Sabah showing four study landscapesest cover is shown in a
green. The darkest pixels represent the highest carbon densities (maximum: 303.98),
and the palest areas associated with the lowest carbon forest (minimptan@tion

areas also are masked in white. Carbon density is derived from ésakr(2018).

The SAFE landscape and surrounding area (inset) shedetailed configuration of

points.Red dots indicate sampling locations.

Bird sampling

Each point cowunt locality was sampled three to five times by a single
experienced observer (SLM or DPE) who recorded all bird species seen or heard
within a 50 m radius of a stationary position for 15 minutes, including\brs.
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Counts were conducted between 05:50 ah®Q on morningswithout rain or high
winds The 50m radius arounthe points comprised a rangehaibitat types, including

both entirely and partly forested habitat, oil palm plantations, rivers channels, bare
ground and early regenerating tropicaldc Counts were recorded and a random sub

sample of recordings later-olecked to ensure species were not overlooked.

LiDAR-based forest structure and configuration predictors

Across all sites we generated five metrics from reigesensed data to
guantfy forest structure and configuration. Four measures werizedfrom LIDAR
point clouds gathereid November 2014 using Leica ALS50I1 sensor Juckeret al
2018, and reflected mean values within a 50 m radius of saotpling locality We
guantifiedmean canopy height as well as the standard deviation in canopy height (as
a measure of structural heterogeneity). To avoid multicollinearity with canopy height,
we included plant area index per nestanopy height, giving an effective measure of
vegetatiom density. We also quantified skewness of the vertical distribution of
vegetation density. Finally, as a measure of landssegle habitat availability, we
included the proportion of forest cover within 100 m radius of each point count,
extracted from thdorest cover layeproduced by Gaveaet al, (2014),using the
classification of multiple land cover data sources. There was no strong correlation
between these five variable¥ariancelnflation Factorsin relation to canopy height
were all belowfour (canopyheterogeneityl.32 plant arealensity 1.23 skew 1.22,

forest coverl.11).
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Occupancy modelling

To model avian responses to habitat degradation, we constructed multispecies
hierarchical occupancy models. Community models are comprised oplesingle
species occupanayetection models that hierarchically partition the ecological and
sampling processes underpinning the data to differentiate true absence from non
detection (Dorazio & Royle, 2005; Deeee al, 2017). Singlespecies models wer
linked via an additionahierarchicalcomponentthat modelled communitievel
regression coefficienfsom a common distribution with estimable hygerameters.
Consequently, species responses are partially informed by the community average
which providesmore robust parameter estimates for rare spéusareinfrequently
detected during sampling (Pacifet al, 2014) This mears that species have similar,
but not identical, environmental responses across the community. To reduce model
uncertainty,we excluded 35 species that were detected at fewer than three sites, as
changes in occupancy and detection cannot be reliably uncoupled when detection data
are this sparse,thus resulting in a total community of 171 species (Tab&lS
Supporting informaon). Whilst this results in the exclusion of the rarest species,
conmunity occupancy models nessarily involve a trade off between representing as
many species as possible and exitiggpecies for which there issufficient data to
make robust inferaxes.A further assumption is that variation in abundances do not

effect species detection probabilities (Royle & Dorazio, 2008).

Our multispecies model controlled for the effects of dettime-of-day. We
applied the R funct i d)nostarslardisé @ubfive(predico r e
variables and two detection variables (using+#metnsquares) prior to analysis. This

was undertaken to ensure that the influence of different variables upon a species
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occupancy could be properly comparedc@renceprobabilities were modelled for
eachspecies at eactpoint count sitg via a logit link function:
06QQp |5 Tp RAATERECEQ AAT IERRWAOI CAIGAEQU
DVEAxT1T AAT OEIQUIE ORI AO
Our multispeciesnodelwas then fitted to an observation matiiy;, . This
reflects the number of occasions on which each spewias detected at each giten
each visitk of the total number of visitK(). By specifying our okerved data as the

sum of K Bernoulli trials with detection probability —; we estimatd true

occurrences ; as follows:
Orp* " A Odgr 05

To account for greater detectability associated with high@naactivity
around dawn, we modelled standardised time as influencing detection probability.
Similarly, as our study took place across multiple seasons, we included standardised
date as a parameter. This also allowed us to model occupancy without directly
accounting for potential immigration and emigration of birds to/from sites. Detection

probability was modelled for each speciewith a logit link function:
0€ QR _i TXx DQEQTY AAQA

Using a Bayesian frameworke specified three Markov chains per parameter,
consisting of 120,000 iterations, with a bunrof 30,000 ierations and thin rate of 10.
We assigred diffuse uniformpriors for hypetparaneter means and invergamma
priors for hypefparameter variances (Dorazéh al 2006) in order to provide an

uninformative start pointhat made no assumption or use afpriori occupancy
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estimatesOur models werdtted using JAGS v4.3.Q0Plummer, 2017andcalled in
Rwi t h fPluinraeg 2)18),ubing thewrap-aroundfi j a g K&lnen2015. We
confirmed convergenceumerically by inspecting Bayesid&hvalues and lack oft

statistics for each species.

We compared species occupancy probabilities to each of our five
environmental variables. Effect sizes of each variable upon each species were assessed
in the occupancy model. For communigvel effect sizes we measuredeth
communitylevel hyperparameter for each metric, which is an averaged effect size
informed by all species, weighted according to the number of times they were detected

(i.e.abundant species contribute more than rare species).

Testing for thresholds irspecies response to forest structure and configuration

We identified thresholdsin occupancy response to the environmental
covariates using he R package 0s e g nvwhiohideotifles theMu g g e o
point of maximum likelihood of a break in otherwiseelr relationships. To test for
breakpoints between each species occupancy response and each of our five predictor
variables, we used 100 random draws of estimated occupancy probability for each
species across all 356 sites. For every species regresed each random drawof
all 356 sitesagainst each of our five independent variakldsor each random draw,
we used segmented logistic regression (Muggeo, 2003) to test for a single break point
(threshold)e where @ e @ ¢ ‘Ow -+ . The intercept , slope of left
linef and difference between the slopes were estimated through an iterative

process of fitting following the equation:
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For each drawn, we also obtained confidence intervals around the maximum
likelihood estimate for each thresheld via linear approximation of the ratio of two
random variables via the delta method (Muggeo 2003; Betk, 2003) and derived
Akaike Information Criterion (AIC) values to measure the relative quality of each
model. We repeated both these processes for 100 sakhmlégach species This
provided us with mean thresholds, mean confidence intervals, and mean AIC of 100
samples foeach species:
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For each samplen we also computed a linear regression, which calculated
AIC. To determine whether our segmented model representedpaoviement, we
compared mean AIC d¥l samples between our linear and segmented models. Any
species where AIC was not reduced by >4 was considered to be better represented by
a model without a break point. Species whichrthtl show thresholds were excluded
from further analyses regarding the average level of threshblds (S3.6), but
retained within analyses assessing cumulative-graitip response@d-ig. 3.2 - 3.5).
We assumed only a single brepkint for each species in order to allow for coherent
sunmarising of threshold patterns to group level. To ascertain cumulative group
response thresholds and confidence intervals (and trait group avessgekRter), we
performed a single segmented linear regression on all salpiesll species within
ead trait groupt. Since the initial value has the potential to influence the value of

maximum likelihood of a breagoint (Muggeo, 2003), we defined the initial value of
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* as the mean of each environmental metric. We compared this tcporakests

with « takenvia random draws from a umfm distribution of full environmental
range which made no discernible difference. Bayesian piecewise regression (Hutter
200B) could, in theory, be performed within the occupancy model itself. However,
nesting a further iterative fitting process to aratty computational intensive model

was not feasible.

Species trait groups

To assess the responses andlnwear thresholds of different trait groups we
employed two approaches. First, we aggregated both the effects and thresholds of all
species which giwed norlinear responses and estimated the median and quatrtile
distributions for each group (Fig.3%). Separately, we added the responses of all
species in each trait group (including those with linear responses) and calculated
breakpoints inoverall goup responses (Fi§.2). We used three categories of species
groups relating tdeeding guilds as well as associations with habitat and vegetation
strata. Each species was defined as a member of only one particular group within each
category, ensuring miamum differentiation of group. We examined the thresholds
associated with 18 ecologically relevant trait groups. Three groups comprised
inventories of association with vertical strata following Chapiaal, (2017), but
were edited with reference to débyo et al, (2018) to make groups naverlapping
and reflect only primary associations. Habitat associabomprisedhe same species
lists defined for Borneo by Styriret al, (2007), whilst feeding guilds were those used

by Sheldonret al (2010)(Table $8.3; Supporting Information). These authors used
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additional trait groups which we also assessed, but we do not report averages or

thresholds for groups with fewer than four member species.

Deriving group-levelrichness from occupancy models

For eab site, we calculated the estimated richness of each trait group as the
sum of the median occupancy probability frdd00 random draws of estimated
occupancy probability for each species in the group. To assess whether the average
thresholds of member spes within each group, and thresholds for cumulative group
richness were associated, we performed correlation tests in R. Thresholds in group
richness were calculated using the R pac
assess their relationship to capdpeight and forest cover. This followed the same

methods as for individual species

Results
Effect sizes obccupancy responses forest cover and structure

Communityaverage effects of environmental variables were largest for forest
cover (0.379; C.10.2170.5439, followed by canopy height (0.293; C.1 0.107477),
vegetation density (0.174; C.l. 006292 and skew (0.158, C.I. 0.08%1260).
Canopy heterogeneity showed no significant average effect across the whole
community (0.068; C.1.-0.013-0.147). Of the 171 species included within our
occupancy model, we found significant positive effects of forest covethen
occupancy of 36 speciese 21% of the communitynore prevalent in foregtand

significant negative effects for 16 species (88sprevalent in forestFig S3.2).
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Occupancy of 44 speciesg®) responded positively to canopy height, while 14 (8%)
responded negatively (Fig33). Greater vegetation density led to increased
occupancy of 20 species (12%), but reduced occupancy for t@mesp(1%; Fig.
S3.3), while 14 species were positively affected by canopy vegetation skewed towards
greater height, while none responded negatively (RBgl)S Three species2¢o)
exhibited positive effects of canopy heterogeneity, whilst none showed atineg
effect (Fig 8.5). Although effect sizes varied greatly between species, we did not
detect clear differences between trait groups according to-sgateiation, feeding

guilds or habitatassociation (Fig. 36).

Group richness effects and threslus

The effects of canopy height and forest cover on occupdedyed richness
varied between guilds, trait groupsidmabitat groups (Fig.2; Fig3.3). Canopy height
and forest cover had consistently positive effects upon richness for atjrivajp,
except in the case @dge speciedor which richness was negatively associated with

both.

Table 3.1. Threshold levels in trait group richne3sireshold given for edqdifferent strata
association groupseéding guilds and habitassociation groups in relation to canopy height
(within 50 m radius) and forest cover (within 200 m radius) with median (Med) and 95% lower
(Lwr CIl) and Upper (Upr CI) confidence intervatpAIC values show the reduction in AIC

from linear models to segmented models.

Mean Canopy Height Proportionforestcover
in 50 m radius in 100m radius
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Group Med Lwr Upr CAIC | Med Lwr Upr ogAIC
Cl Cl Cl Cl
Canopy 9.75 7.05 12.46 12.26| 0.84 0.72 0.95 4.66
o
| Understorey 25.61 21.70 29.52 21.03| 0.62 0.53 0.71 49.23
n
Ground 2533 19.94 30.74 9.13| 0.81 0.69 0.92 8.45
Arboreal frugivore 18.83 1581 21.86 37.10f 0.74 0.66 0.82 42.18
Arboreal gleaning 22.71 19.23 26.20 22.52| 0.78 0.63 0.94 5.51
insectivore
Arboreal gleaning 2941 2164 3719 4.10| 0.78 0.73 0.84 55.90
Insect ffrugivore
Sallying insectivore 25.32 2246 28.19 40.50| 0.78 0.68 0.89 16.17
(%)
S
'g Terrestrial 2533 21.69 28.98 24.20| 0.79 0.65 0.93 6.86
o| insectivore
=
§ Terrestrial 4275 33.37 52.14 6.18| 0.78 0.62 0.94 5.15
LL | insectivore. /
frugivore
Nectarivore / 10.08 8.209 11.96 20.85| 0.79 0.66 0.91 10.58
insectivore/
frugivore
Insectivore / 3545 29.39 4151 17.67| 0.74 068 0.81 56.05
pescivore
Raptor 9.94 9125 10.76 94.50| 0.09 0.07 0.11 2432
gForestspecialist 2261 1652 28.71 4.81| 0.78 0.70 0.87 26.85
3
'g Edgetolerant forest 2552 19.70 31.34 751| 077 0.69 0.85 30.49
(9]
§ Edge species 20.09 18.24 21.94 87.30| 0.81 0.63 0.99 1.16
S
% Open species 31.78 26.40 37.16 16.69| 0.89 0.79 0.99 2.11
T
Generalist species 36.15 28.69 43.61 10.85| 0.79 0.72 0.87 27.58

For anopy height and forest cover, trait groups demonstrated markedly
differentresponsé¢hresholds in richness (Tal8el). For example, thresholds in group
richness differed between stradasociation groups in relation to both candpight
and forest cove(Fig. 3.2). Canopyspecies had the lowest threshelith canopy

height (median 9.7%, C.l 7.05m-12.46m), followed byGroundspecies (25.38,
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C.1 19.94mi 30.74m) andUnderstoreyspecies (25.6in, C.l 21.70m-29.52m). The
change in the magnitude obsmonse (i.e. the change in the steepness of the lines), was
also markedly differentCanopyspecies went from a rate for increase of ~1 additional
species per metre (spp./m) below the threshold to ~0.24 additional sgydve the
threshold,Understoreyspecies ~0.25 spp./fmelow the threshold to ~0.03 spp./m
above the threshold arieroundspecies went from ~0.25 spp.balow the threshold

to ~0.09 spp./mabove (Fig.3.2). Richness thresholds of different guilds alsoied

in relation to canopy heighf{g. 3.3). However, group richness thresholds in relation
to forest cover were consistently around78% of forest covefor feeding guild

(with the exception of raptors; Tal8el). Groups of species associated with different
habitat types exhibited sawhat differing thresholds in response to canopy height,
but either did not differ, or did not exhibit thresholds, in relation to forest cover (Table

3.1).
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Canopy

0

Understorey

Predicted group richness

Ground

20 @ 60

Mean canopy height

Proportion forest cover

Figure 3.2. Species richness predicted by thersegted models for strata associatidrw.ee
different groupings of speciese reportediepending on strata associations and related to both
mean canopy height and proportion of forest cover. Median occupancy values of each species

are used. Thresholdssgiayedarecalculated from median values, with confidence intervals

(shadedkalculatedby the segmented packaigeR. All segnenedrelationships argAIC>4

improvement from linear models.
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Arboreal Frugivore Arboreal gleaning insectivore Arboreal gleaning insect. / frug.

El El @ []

Sallying insectivore

Terrestrial insectivore / frugivore

Predicted group richness

Mean canopy height

Figure 3.3. Species group richness predicted by the best segmented models for nine avian
feeding guildsRichness reportdd relaionto mean canopy height. Median occupancy values

of each species are used. Threshadscalculated from median values, with confidence
intervals (shading)calculatedby the segmented package. All segted relationships are

Al C>4 i mprovement from |linear model s
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Figure 3.4. Segmented models for different species of the arboreal frugivore feeding
guild. Occupancy probability responsée mean canopy heightogether with
predicted richness resulting from all eight speciesticallines denote speci€¥%
Bayesiancredibleintervals. Median occupancy values of each species are used for

predicted richness. Thresholds displayed calculated from median valiths, w
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confidence interval¢shading)calculatedby the segmented package. All segmented

relationships arepAlC>4 reductionfrom linear models.
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Figure 3.5. Segmented model for different species within the arboreal gleaning
insectivores / frugivores guild®©ccupancy reponses shownrelationto proportion

of forest, together with predicted richness resulting from all twenty species.

93



Verticallines denote species 95% Bayesian confidence intervals. Median occupancy
values of each species are used for predicted richness. Thresholds displayed calculated
from medan values, with confidence intervdlshading)calculated by the segmented

packagedSegmentedelationships argAlC>4 reductionfrom linear models.

Species thresholds

Occupancy changes in relation to environmental covariates were better
explained by segmented models than linear oAssociations between species
occupancy (derived from our model) and forest cowere better explained by
segmented models with a single breakpoint than by linear models for 139 gpecies
for 139 of 171 species the segmented moglelded areduction of ®pAIC=4
compared to thénear model for the same dataset). The same wairdé6 species
for canopy height, 129 species for vegetation denst§ species responses to skew,
and 151 species for canopy heterogeneity (TaBl8)SAverage reductions in model
AIC were 54.6 for forest cover, 86.4 for canopy height, 33.1 in derisity in skew

and 56.6 in canopy heterogeneity.

Between groups, the averag@esholdlevelsin the responses afiember
species (i.e., thresholds in each species response to a given environmental variable,
taken as the median across all group memberieg)edid not differ significantly
between the various strata groups, feeding guilds or habitat groups. Separating
member species of trait groups into further-gubups depending on whether their
overall response was positive or negative, or whether thewexd increasing or
decreasing strength of response, did not highlight any significant variation between

trait-groups or sugroups (Fig. S.6; TableS3.5).
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Thresholds of richness in relation to canopy height differed significantly
between different traigroups(Fig. 3.3), but were notcorrelated with the average
thresholds of the species within thogeups (p=0.69)Nor were group richness
thresholds for forest cover associated with the median values for member species

thresholds (p=035.

Discussion

Our study demonstrates both variation and similarity in thresholds of species
responses to changes in forest cover and three dimensional strdetaiteges known
to shift following tropical forest degradatioWhile the concepts of tipping points
(Folkeet al., 2004) and nottinear responses (Meron, 2015) to environmental change
are fairly well established in thecologicalliterature, most observational studies
address these on broad scales, such as in the functioning of entire ecosgsiems (
Nobre & Bouma, 2009) or changes of overall species richness or community
integrity (e.g. BanksLeite et al, 2014).Our data on palaeotropical birds reveal a
number of tippingpoints which appear to be common across multiple trait groups, but
also highlight idiosynoratic threshold levels foother species groups. We examined
the responses @limostevery species in the bird community individually to discern
where unexpected responses of particular taxa might otherwise be overlooked by
grouping species together. Piays assessmentisat havetracked individual species
thresholds to their contribution to communigyel effects either focussed on very
simple communities (Dielemaat al, 2015), selected groups of species (Bettal,
2010), or used species abundari€eiarezRobio & Lookingbill, 2016) or naive

occupancy (Bergmaet al, 2004)as their response measur@ur study reveals how
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thresholds in the responses of trait groups manifest, by examining how the differences
in thresholds between up 48 different member species contribute overall group
thresholdsn richness This multtlevel examination allows us to address the efficacy

of applying the concept of thresholds to species trait groups.

Pervasive norinear responses to habitat change in the tropidird community

We found relationships between most species occupancy and environmental
variables were better described by models that includedimeer thresholds. Whilst
previous studies found individual species respond in alinear manner to two
dimensional landscape scale chandgeg. Bettset al, 2010, we assessed the
thresholds of responses to structural vegetation metrics, captured in three dimension
using hyperspectral LIDAR. Thresholds at the species level were most common in
responses taanopy height (Table.1). A few species also showed response
thresholds to explicitly three dimensional forest structure characteristics of skew and
vegetation densityFor example, Blu¢hroated Beeater Merops viridisincreased in
occupancy probalil with increased skew (vegetation density skewed towards the
higher vegetation strata). This was of a greater magnitude once skew increased above
a threshold of 0.9. Bluthroated Beeeaters specifically hunt for insects from perches
on tall trees (del Byo et al, 2019), and prefer areas of mixed forest or open habitat
where vegetation is concentrated to higher canopy strata, since this maximises the area
of open storey where they predominantly forage. Conversely, other species (e.g.
Creamvented Bulbul,Pycnonotus simplgxvere only recorded in areas where skew
was below a threshold of 0. SlawerBrdimeldles pec i e

storeys along forest trails, especially in more opea a&r&® ( d etlal, 2009y, o
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which suggests that thspeciestolerates a maximum level of upwards vegetation
skew. The use of LIDAR data allows us to reveal several relationships like these across

a whole community for the first time.

Patterns in traitgroup responses to forest disturbance

We found differirg threshold levels in the 18 different trait groups we assessed,
both as member speciaserages (Fig. $6), and when assessed as whgrieup (Fig.
3.3; Fig 3.4). For example, principally nectarivorous species exhibited lower
thresholds in their respons® canopy height than solely insectivorous guilds, both in
terms ofmember species averages (Fig.6p and in the responses of group richness
derived from cumuldve predicted occupancy (Fi8.3). Elsewhere on Borne&leary
et al (2007) demonstratecerrestrial insectivoreso be more strongly negatively
affectedby logging activitiesthan nectarivores and frugivores finding associated
with reduced canopy height. We are able to elaborate on this assertion more
specifically by demonstrating that imases in canopy height from only 5 mto 10 m
result in an increase of-2 species detected (i.e. 0.4 additional species per metre
height). Once the canopy reaches 10 m in height, species richness gains are quite
minor: for example, an average of one neetapus bird for the next 50n of

additional gain in canopy heigftd.02 additional spp/m) (Fi@.3).

Contrary to this pattern, terrestrial insectivores increased at rate of 0.11
additional spp./m between 5 m and 25 m in canopy height (a much highshraldre
than nectarivores) after which only an average rate of 0.04 additional spp./m between

25m and 60m was observed (Fi@®.3). Terrestrial insectivores have previously been
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found to be largely absent from heavily logged forests (which are characteyised
reduced canopy height), apparently due to associated changes in microclimate and
leatlitter (Stratford & Stouffer, 2012By contrast, many principally nectarivorous or
frugivorous species are more abundant in logged forests (@ealy2010; Edweds

et al, 2009). Further to these basic ecological patterns, we can reveal specific,
contrasting cubff points in canopy height below which terrestrial insectivores and

nectarivores decline at a more rapid rate.

Thresholds in the responses of feedinddguo forest cover were remarkably
consistent, with eight out of nine feeding guilds showing abrupt changes in response
to forest cover at between 73% and 79%. Whilst this is higher than most previous
thresholds in the relationship between forest cover @/erall community richness
(Melo et al., 2009), our higher threshold does not necessarily mean that feeding guilds
rapidly declined in species numbers once forest cover drops below ~75%. In fact,
increases in forest cover above 75% were associatedrelter increases in species
richness than below this level. Since a number of forest specialist species across
severalfeeding guilds are known to exhibit strong preferences for forest interior
(Laurance, 2012), we suspect that the added contributidresé tspecies, which are
absent in degraded or seopen habitat (Pelet al, 2005), drive this pattern.
Inspecting the responses fofest specialisand edge tolerant foredtpecies within
particular feedings guilds demonstrated this was the case. FopkxaCrested Jay
(Platylophus galericulatys is defined as &orest specialisand Reethroated Barbet
(Psilopogon mystacophanoas aredgetolerant foresspecies (Styringt al, 2007)
but bothare included within thérboreal foliagegleaninginsectvore/frugivoreguild.

Crested Jay occupancy increased slowly below 75% forest cover to 20% occupancy,
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but after this threshold, increased more rapidly to 55% occupancy with 100% forest
cover. Similarly, Redhroated Barbet increased from 20% occupancly Wit% forest
cover to 50% occupancy witlh0% forest cover (Fig.)5 Similar patterns were found

for each feeding guild where richness increased above a threshold 8D76.

The uncertainty around occupancy responses of individual species means that
thresholds generated from such interpolated data ought to be regarded with a degree
of caution. However, when species are accumulated together, such as in trait groups,

occupancy responses are supported by a greater number of both model samples and

species,ssuch t hat i nferences regarding abru

probability (which havendt been nul |l i fi

are more robust.

Idiosyncratic species responses

Trait groups are useful in generalising speciesaesps to environmental
variables. However, relying solely upon trait groups may obscure patterns of
individual speciesresponsg (Laurance, 2012). Similarly, we found trait groups
provide a useful way of understanding the general patterns of communkydwiess,
but member species within groups should not necessarily be assumed to have similar
thresholds to one another. We found that in species trait groups, both the overall effects
and thresholds in responses for individual species were sometimd=loskample,
arboreal frugivores showed no increase in richness until a canopy height of ~18
metres. However, our capacity to break down this pattern to the individual species

level revealed that two species (Little Green Pigdaaron olax Green Broadltj
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Calyptomena viridig were unlikely to be present tiinthe forestcanopywas tall,
exceethg 30 m (Fig.3.4). The utility of our approagtiherefore, is that not only is it
possible to identify the thresholds associated with the loss or declineticlaar

guilds or functional groups, but also which species responses are most responsible for

driving these changes.

Detecting species responses in narrow ranges of environmental change

A number of species demonstrated what would be significant relaijgsns
with skew over part of the gradient capturledt did notexhibit significantresponses
overall. For example, Blubeaded PittaHydrornis baudi) responded strongly to
changes in skew between values of 0.6 and 2.5, but shawlationship overall (5.
S3.4). This demonstrates that, where species respond through only part of the overall
environmental range, it is possible for type Il errors to occur, due to the non
significance of an effect overall. Abrupt increases in response magnitude in our study
were often associated with entirely flat response curves where the confidence bounds
for occupancy crossl zero (which includes the possibility a species is absent),
followed by an increase once certain levels of an environmental metric was reached.
It seems likely that in these cases, species are often absent in particular habitats until
niche requirements are met (e.g. Micheiedl, 2015; PiceRocaet al, 2018). Once a
habitat meets a species minimum requiremems the area is coloniseturther
improvements in suitability are likely to result in an increase of abundance (Fuller,
2012), reflected by increased occupancy probability in our model. Based on visual
inspection of occupancy plots, this was the case for 34 species in relation to canopy

heigh and 57 species for forest cover.
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Implications for biodiversity assessment, forest management and conservation

planning

Our approach offers an increased capacity for understanding the underlying
mechanisms of thresholds in community responses to enwinatal change. We show
that, while particular trait groups may respond in broadly similar wasesall
individual speciegxhibit idiosyncratic thresholds. For conservation this is of value
since the most fundamental unit of inter@splanning and monitring has tended to
be species (Riddle & Hafner, 1999). Indicator species are wickelgt agproxies of
overall community health or ecosystem integrity, as they are believed or demonstrated
to have similar responses to the overall ecological communitgi¢sed al,, 2016).
The bestndicators should allow continuous assessment by responding to a wide range
of intensity t oeta$ (1998), ;s mat lsotto Ol @ plateae dnte
certain thresholdsare reachedGibbs et al, 1999; Carginan & Ward, 2002)
However, ifselectedndicatorspecies have markedly differethresholdscompared
to the overall community, themnappropriate managementpractices could be

implemented.

Understanding howpeciesesponses vary within environmental rangtsre
a significant advantage for management. Identifying where species, trait groups, or
communities respond at the greatest magnitude within different ranges of the same
environmental gradient, allows the prioritisation of both conservation and ecdlogica
restoration efforts based on specific management &esponsehiresholds provide
a definite management target, as well as the potential to predict the economic

efficiency of interventions at different points on an environmental gradient. One clear
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exanple of where this approach has already been successfully applied to provide
management guidance is in Beiteeall(2013l), At an
used a thresholdin phylogenetic integrity to spatially prioritise ceeftective

restoratiorscenarios via a payment for ecosystem service framework.

Identifying thresholds for particular trait groups is also highly relevant to
ecological management, since certain species guilds are linked to particular ecosystem
functions (Heviaet al, 2017). Athreshold approach allows the exploration of-non
linear changes in ecosystem functions (e.g. pollination, insectivorey, seed dispersal)
to be understood in the context of the species groups which provide them. The
identification of thresholds for trait gops could facilitate the identification of crucial
points for management intervention to avoid abrupt ecosystem change or restore
ecosystems most effectively. Our framework allows ecosystem function to be
characterisednot only in comparison to the thredtls of particular associated trait
groups, but with reference to particular member species. Not all species within trait
groups contribute equally to linked ecosystem functions (Meiaal., 2015), meaning
thresholds of some species may be of more irtéses environmental manager than

others.

Utilising a combination of occupancy modelling and LIDAR data to undertake
threshold assessments falmostall members ofan ecologicalcommunity offes
numerous advantages for statistical rigour, ecosystem gearent, biodiversity
conservation and species protection. Whilst there may still be room to improve the
methodological approaches for collecting and assesisasgdata, the utility of such
an overall framework is cleaFurther application of this modely approach could
helpreduce type Il statistical errors, predict the efficiency of conservation investment,
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identify better suited indicator species, and offer specific insighbut otherwise

overlooked habitat associations, particularly for specigfisties.
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Supplementary information

Table S3.1. Vegetation strata associations, feeding guilds and habitat associations of the birds
of lowland SabahStrata associations follow Chapmetral., (2018) del Hoyet al, (2018).

Feeding guilds and habitat assocations follow Lambert (1992), Styring (2004) and Sheldon

(2010). Feeding guild and habitat asaton codes are detailed in Tabld.5&

English name Latin name Strata Guild Habitat
Arctic Warbler Phylloscopus borealis Understorey AFGI ETF
Ashy Tailorbird Orthotomus ruficeps Understorey AFGI ES
Asian Brown Flycatcher Muscicapa dauurica Understorey Sl ES
Asian Fairy Bluebird Irena puella Canopy AF ES
Asian Glossy Starling Aplonis paayensis Canopy AFGI G
Asian Paradise Flycatcher Terpsiphone paradisi Canopy Sl ETF
Redeyed Bulbul Pycnonotus brunneus Understorey AFGIF ETF
Banded Bay Cuckoo Cacomantis sonneratii Understorey AFGI ETF
Banded Broadbill Eurylaimus javanicus Canopy NA ETF
Banded Pitta Pitta guajana Ground TI FS
Banded Woodpecker Picus mineaceus Canopy AFGI FS
Barred Eagle Owl Bubo sumatranus Canopy NA ETF
Bar-winged Flycatcheshrike Hemipus picatus Canopy Sl ETF
Black Eagle Ictinaetus malayensis Ground R oS
Black Hornbill Anthracoceros malayanus Canopy NA ETF
Black Magpie Platysmurus leucopterus Understorey Sl FS
Black-andred Broadbill Cymbirhynchus macrorhyncho Canopy NA oS
Black-andyellow Broadbill Eurylaimus ochromalus Canopy NA ETF
Black-bellied Malkoha Phaenicophaeus diardi Understorey AFGI ETF
Black-capped Babbler Pellorneum capistratum Ground TI ETF
Black-headed Bulbul Pycnonotus atriceps Understorey AFGIF ES
Black-headed Pitta Pitta ussheri Ground TI ETF
Black-naped Monarch Hypothymis azurea Canopy AFGI ETF
Black-throated Babbler Stachyris nigricollis Understorey Sl ETF
Black-throated Wrerbabbler Turdinus atrigularis Ground TI FS
Black-winged Flycatcheshrike Hemipus hirundinaceus Canopy Sl ETF
Banded Kingfisher Lacedo pulchella Ground MIP FS
Blue-banded Kingfisher Alcedo euryzona Understorey MIP FS
Blue-banded Pitta Pitta arcuata Ground TI FS
Blue-crowned Hanging Parrot Loriculus galgulus Canopy NIF ETF
Blue-eared Barbet Megalaima australis Canopy AF G
Blue-eared Kingfisher Alcedo menirihg Understorey MIP ETF
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Blue-headed Pitta
Blue-rumped Parrot
Blue-tailed Beeeater
Bold-striped TitBabbler
Bornean Blud-lycatcher
Bornean Bristlehead
Bornean Grounduckoo
Bornean WrerBabbler
Brahminy Kite

Bronzed Drongo

Brown Barbet

Brown Fulvetta
Brown-throated Sunbird
Buff-necked Woodpecker
Buff-rumped Woodpecker
Buff-vented Bulbul
Bushy-crested Hornbill
Cattle Egret

Changeable Hawkagle
Checkerthroated Woodpecker

Chestnut Munia

Chestnutbacked Scimitar Babbler

Chestnutbreasted Malkoha
Chestnutcapped Thrush
Chestnutnaped Forktail
Chestnutnecklaced Partridge
Chestnurumped Babbler
Chestnuwinged Babbler
Cinammonrumped Trogon
Collared Kingfisher

Hill Myna

Cream-vented Bulbul
Crested Fireback

Crested Goshawk

Crested Jay

Crested Partridge

Crested Serpergagle
Crimson Sunbird
Crimsonwinged Woodpecker
Dark-necked Tailorbird
Dark-sided Flycather
Dark-throated Oriole
Diards Trogon

Dusky Broadbill

Dusky Munia

Pitta baudii

Psittinus cyanurus
Merops philippinus
Macronous bornensis
Cyornis superbus
Pityriasis gymnocephala
Carpococcyx radiatus
Ptilocichla leucogrammica
Haliastur indus

Dicrurus aeneus
Calorhamphus fuliginosus
Alcippe brunneicauda
Anthreptes malacensis
Meiglyptes tukki
Meiglyptes tristis

lole olivacea

Anorrhinus galeritus
Bubulcus ibis

Nisaetus cirrhatus

Picus mentalis
Lonchura atricapilla
Pomatorhinus montanus
Phaenicophaeusurvirostris
Zoothera interpres
Enicurus ruficapillus
Arborophila charltonii
Stachyris maculat
Stachyris erythroptera
Harpactes orrhophaeus
Todiramphus chloris
Gracula religiosa
Pycnonotus simplex
Lophura ignita

Accipiter trivirgatus
Platylophus galericulatus
Rollulus rouloul
Spilornis cheela
Aethopyga siparaja
Picus puniceus
Orthotomus atrogularis
Muscicapa sibirica
Oriolus xanthonotus
Harpactes diardii
Corydon sumatranus

Lonchura fuscans

Ground
Canopy
Canopy
Understorey
Understorey
Canopy
Ground
Ground
Ground
Canopy
Canopy
Canopy
Understorey
Canopy
Canopy
Understorey
Canopy
Ground
Canopy
Canopy
Ground
Canopy
Canopy
Ground
Ground
Ground
Canopy
Understorey
Understorey
Ground
Understorey
Understorey
Ground
Canopy
Understorey
Ground
Canopy
Understorey
Canopy
Understorey
Understorey
Understorey
Understorey
Canopy

Ground

TI
AF
Sl
AFGI
Sl
AFGI
TI

TI

NA
AFGIF
AFGIF
NIF
NIF
NIF
NIF
NA

Tl

AFGI
NA
NA
AFGI
TI
MIP
TIF
AFGI
AFGI
NA
MIP
AF
AFGIF
TIF

AFGIF
TIF

NIF
NA
AFGI
Sl
AFGI
NA
Sl

SI

FS
FS
oS
ES
FS
FS
FS
FS
oS
ETF
ETF
FS
oS
oS
oS
oS
FS
oS

FS
oS
FS
ETF
FS
FS
FS
ETF
ETF
FS
oS

ES
FS
ETF
FS
FS

ETF
ES
ES
ETF
FS
ETF
ETF
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Emeald Dove

Ferruginous Babbler

Fiery Minivet

Finschs Bulbul
Fluffy-backed Titbabbler
Giant Pitta
Goldenwhiskered Barbet
Great Argus

Great Slaty Woodpecker
Greater Coucal

Greater Green Leafbird
Greater Racquehiled Drongo
Green Broadbill

Green Imperial Pigeon
Greenlora

Grey-andbuff Woodpecker
Grey-bellied Bulbul
Grey-capped Pygmy Woodpecker
Grey-cheéded Bulbul
Grey-chested Jungt€lycatcher
Grey-headed Babbler
Grey-headed Canarftycatcher
Grey-rumped Treeswift
Hairy-backed Bulbul
Helmeted Hornbill

Hooded Pitta

Horsfields Babbler

Indian Cuckoo

Jerdon's Baza

Large Frogmouth

Large Green Pigeon

Large Woodshrike
Largebilled Blue Flycatcher
Lesser Coucal

Lesser Cuckooshrike
Lesser FiskEagle

Lesser Green Ladbird

Little Bronze Cuckoo

Little Egret

Little Green Pigeon

Little Spiderhunter
Long-billed Spiderhunter
Long-tailed Parakeet
Malayian Eareehightjar

Malaysian Blue Flycatcher

Chalcophaps indica
Trichastoma bicolor
Pericrocotus igneus
Alophoixus finschii
Macronous ptilosus
Pitta caerulea
Megalaima chrysopogon
Argusianus argus
Mulleripicus pulverulentus
Centrpus sinensis
Chloropsis sonnerati
Dicrurus paradiseus
Calyptomena viridis
Ducula aenea

Aegithina viridissima
Hemicircus concretus
Pycnonotus cyaniventris
Dendrocopos canicapillus
Alophoixus bres
Rhinomyias umbratilis
Stachyris poliocephala
Culicicapa ceylonensis
Hemiprocne longipennis
Tricholestes criniger
Rhinoplax vigil

Pitta sordida
Malacocincla sepiaria
Cuculus micropterus
Aviceda jerdoni
Batrachostomus auritus
Treron capellei
Tephrodornis gularis
Cyornis caerulatus
Centropus bengalensis
Coracina fimbriata
Ichthyophaga humilis
Chloropsis cyanopogon
Chrysococcyx minutillus
Egretta garzetta

Treron olax
Arachnothera longirostra
Arachnothera robusta
Psittacula longicauda
Eurostopodus temminckii

Cyornis turcosus

Ground
Understorey
Canopy
Understorey
Understorey
Ground
Canopy
Ground
Canopy
Ground
Canopy
Canopy
Canopy
Canopy
Canopy
Canopy
Understorey
Canopy
Understorey
Understorey
Understorey
Canopy
Canopy
Understorey
Understorey
Ground
Ground
Canopy
Understorey
Canopy
Canopy
Canopy
Understorey
Ground
Canopy
Ground
Canopy
Canopy
Ground
Canopy
Understorey
Canopy
Canopy
Understorey

Understorey

NA
AFGI
AFGI
AFGIF
AFGI
TI

NA
TIF
AFGI
TI

NIF
NA

AF

AF
AFGI
AFGI
AFGIF
AFGI
AFGIF
NA
AFGI
Sl

NA
AFGIF
NA

TI

TI

NA

AFGI
AF
AFGI
Sl

TI
AFGI

NIF
AFGI
NA
AF
NIF
NA
AF
Sl

SI

ETF
FS
ETF
ES
ETF
FS
ETF
FS
FS
oS
ETF
ETF
FS
FS
ETF
ETF
ETF
ETF
FS
FS
FS
ES
oS
FS
ETF
ETF
ETF
oS
ES
FS
ETF
ETF
FS
(O
ETF
(O
ETF
ETF
(0N
ETF

ETF
ETF
ES

ETF
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Malaysian Hawkcuckoo
Mangrove Blue Flycatcher
Maroon Woodpecker
Maroonbreasted Philentoma
Moustached Babbler
Moustached Hawicuckoo
Narcissus Flycatcher
Olive-backed Pipit
Olive-backed Sunbird
Olive-backed Woodpecker
Olive-winged Bulbul
Orangebacked Woodpecker
Orangebellied Flowerpecker
Orangebreasted Trogon
Oriental Dollarbird
Oriental Dwarfkingfisher
Oriental Honey Buzzard
Oriental MagpieRobin
Oriental Pied Hornbill
Pale Blue Flycatcher

Pied Fantail

Plain Sunbird

Plaintive Cuckoo
Puff-backed Bulbul
Purplenaped Sunbird
Purplethroated Sunbird
Raffles's Malkoha
Redbearded Beeater
Rednaped Trogon
Redthroated Barbet
Redthroated Sunbird
Rhinoceros Hornbill
Ruby-cheeked Sunbird
Rufous Piculet

Rufous Woodpcker
Rufousbellied HawkEagle
Rufouschested Flycatcher
Rufouscrowned Babbler
Rufousfronted Babbler
Rufoustailed Shama
Rufoustailed Tailorbird
Rufouswinged Philentoma
Scaly-crowned Babbler
Scarlet Minivet

Scarlet rumped Trogon

Hierococcyx fugax
Cyornis rufigastra
Blythipicus rubiginosus
Philentoma pyrhoptera
Malacopteron magnirostre
Hierococcyx vagans
Ficedula narcissina
Anthus hodgsoni
Nectarinia jugularis
Dinopium rafflesii
Pycnonotus plumosus
Reinwardtipicus validus
Dicaeumtrigonostigma
Harpactes oreskios
Eurystomus orientalis
Ceyx erithaca

Pernis ptilorhyncus
Copsychus saularis
Anthracoceros albirostris
Cyornis unicolor
Rhipidura javanica
Anthrepte simplex
Cacomantis merulinus

Pycnonotus eutilotus

Hypogramma hypogrammicur

Nectarinia speata

Phaenicophaeus chlorophaeu:

Nyctyornis amictus
Harpactes kasumba
Megalaima mystacophanos
Anthreptes rhodolaemus
Buceros rhinoceros
Anthreptes singalensis
Sasia abnormis

Celeus brachyurus
Lophotriorchis kienerii
Ficedula dumetoria
Malacopteron magnum
Stachyris rufifrons
Trichixos pyrropygus
Orthotomus sericeus
Philentoma velata
Malacopteroncinereum
Pericrocotus flammeus

Harpactes duvaucelii

Understorey
Understorey
Canopy
Understorey
Understorey
Understorey
Understorey
Ground
Understorey
Canopy
Understorey
Canopy
Canopy
Understorey
Canopy
Understorey
Canopy
Ground
Canopy
Understorey
Understorey
Understorey
Understorey
Understorey
Understorey
Understorey
Understorey
Canopy
Understorey
Canopy
Understorey
Canopy
Understorey
Understorey
Canopy
Ground
Understorey
Understorey
Canopy
Ground
Understorey
Understorey
Understorey
Canopy

Understorey

AFGI
Sl
NA
Sl
AFGI
AFGI
Sl

TI
NIF
NA
AFGIF
NA
NIF
Sl

Sl
NA

AFGI
NA

Sl

Sl

NIF
AFGI
AFGIF
NIF
NIF
AFGI
Sl

NA
AFGIF
NIF
NA
NIF
AFGI
AFGI

Sl
AFGI
AFGI
AFGI
AFGI
Sl
AFGI
AFGI
NA

ETF
ETF
ETF
FS
ETF
FS
ETF
ES
oS
FS
ES
FS

FS
ES
FS
ES
oS
oS
FS
ES
ETF

FS
ETF
ETF
ETF
FS
FS
ETF
ES
ETF
ES
ETF
ETF
ETF
FS
FS
ETF
FS
ES
FS
FS
ETF
FS
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Scarletbreasted Flowerpecker
Shorttailed Babbler
Shorttoed Coucal

Siberian Blue Robin
Slenderbilled Crow
Sooty-capped Babbler
Spectacled Bulbul

Spotted Dove

Spotted Fantail

Squaretailed DrongeCuckoo
Storm's Stork

Streaked Bulbul
Streakybreasted Spiderhunter
Striped Wrerbabbler
Thick-billed Green Pigeon
Thick-billed Spiderhunter
Tree Sparrow

Velvet-fronted Nuthatch
Verditer Flycatcher

Violet Cuckoo

Wallace's HawkEagle
Whiskered Treeswift
White-bellied Erpornis
White-bellied Munia
White-bellied Woogecker
White-breasted Waterhen
White-chested Babbler
White-crowned Forktail
White-crowned Hornbill
White-crowned Shama
Wreathed Hornbill
Yellow-bellied Bulbul
Yellow-bellied Gerygone
Yellow-bellied Prinia
Yellow-breasted Flowerpecker
Yellow-crowned Barbet
Yellow-eared Spiderhunter
Yellow-rumped Flowerpecker

Yellow-vented Bulbul

Prionochilus thoracicus
Malacocincla malacensis
Centropus rectunguis
Luscinia cyane

Corvus enca
Malacopteron affine
Pycnonotus erythropthalmos
Stigmatopelia chinensis
Rhipidura perlata
Surniculus lugubris
Ciconia stormi

Ixos malaccensis
Arachnothera affinis
Kenopia striata

Treron curvirostra
Arachnothera crassirostris
Passer montanus

Sitta frontalis

Eumyias thalassinus
Chrysococcyx xanthorhynchus
Nisaetus nanus
Hemiprocne comata
Erpornis zantholeuca
Lonchura leucogastra
Dryocopus javensis
Amaurornis phoenicurus
Trichastoma rostratum
Enicurus leschenaulti
Aceros comtus

Copsychus stricklandii
Aceros undulatus
Alophoixus phaeocephalus
Gerygone sulphurea
Prinia flaviventris
Prionochilus maculatus
Megalaima henricii
Arachnothera chrysogenys
Prionochilus xanthopygius

Pycnonotus goiavier

Canopy
Ground
Ground
Ground
Ground
Understorey
Understorey
Ground
Understorey
Canopy
Ground
Understorey
Understorey
Ground
Canopy
Canopy
Ground
Canopy
Canopy
Caropy
Canopy
Canopy
Understorey
Ground
Canopy
Ground
Ground
Ground
Canopy
Understorey
Canopy
Understorey
Canopy
Understorey
Canopy
Canopy
Canopy
Canopy

Understorey

NIF

TI
AFGI
TI
AFGIF
AFGI
AFGIF
NA

Sl
AFGIF
NA
AFGIF
NIF

TI

AF
NIF
NA

NA

Sl
AFGI

Sl
AFGI
TIF
AFGI
MIP
TI

TI

NA
AFGI
NA
AFGIF
Sl
AFGI
AFGIF
AF
NIF
NIF
AFGIF

ETF
ETF
FS
FS
oS
ETF
ETF
oS
FS
ETF
FS
ETF
FS
FS
ETF
ETF
oS
FS
ETF
ETF
ETF
oS
FS
oS
ETF
oS
ES
FS
FS
ETF
ETF
FS
ETF
(O
ETF
ETF
FS

G
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Table S3.2. Details of feeding guild and habitat association codes instbe study.

Trait groupsollow Styring (2004) and Sheldon (2010).

AF
AFGI
AFGIF

Sl
Tl
TIF
NIF
MIP

FS
ETF
0S

NA

Arboreal frugivore
Arboreal foliagegleaning insectivore
Arboreal foliagegleaning insectivore / frugivore

Sallying Insectivore

Terrestrial Insectivore

Terrestrial Insectivore / Frugivore
Nectivore / Insectivore / Frugivore
Miscellaneous Insectivore / Pecivore
Raptor

Forest specialist

Edgetolerant forest

Open habitat species

Generalist

Information Not Available / Not assessed
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Table S3.3. Median thresholds points with confidence intervals in relation to mean canopy

height and canopy hereogendtgnopy heterogenity istardard deviation of canopy height

Both metrics calculated from mean LIiDAR valuedgthin a 50 m radiusLower 95%

confidence interval;, Lw CI, Upper 95% confidence interval; UpNCb d e |

reducti on

the linear model out performed the segmented one. G+ denotes whether thresholds were

n

Al C

bet ween

near

Al C denot €

mo d e |

and

associated with a strengthing (increasing gradient G+ #)Tarn weakening (more negative

G+ = False) response after the threshold point

Species Canopy Height Canopy Heterogeneity
Med Lw Up @Al « G Med Lw Up Al ¢ G
(¢]] Cl + Cl Cl +
Arctic Warbler 28 22 34.3 40.7 F 3 3.6 2.2 69.1 F
Ashy Tailorbird 215 14.2 28.5 626 F 25 6.5 -1.2 2 F
Asian Fairy Bluebird 33.9 14.4 43.3 1019 T 3 52 1.1 486 T
Asian Glossy Starling 33.9 17.9 44.9 398 T 5.7 7.8 2.8 289 F
Asian Paradise Flycatcher 32.3 16 43.8 93 T 3.3 4.9 1.9 138 F
Banded Bay Cuckoo 28.9 20.7 37.9 132.1 F 3 4 1.9 529 F
Banded Broadbill 33.9 24.6 41.2 355 F 2.9 4.2 1.7 316 F
Banded Kingfisher 32.3 -40.5 106 784 T 3.5 14.7 -7.2 6.3 F
Banded Pitta 29.4 6.1 455 1128 T 3.2 6.3 0.9 8 F
Banded Woodpecker 10 5.7 15.3 53.7 F 3.9 8.6 -0.4 6.4 F
Bar-winged Flycatcheshrike 26.4 18.4 34 227 F 3 3.8 2.1 551 F
Black Hornbill 32.1 0.6 59.5 3106 T 3.6 8.2 -0.2 01 F
Black Magpie 323 19.4 42.7 584 F 29 5.3 0.9 278 F
Black-andyellow Broadbill 22.3 5.3 31.9 143 T 3.4 6.1 1.1 436 T
Black-bellied Malkoha 10.3 59 15.6 73 T 5.7 10.4 -0.1 2 F
Black-capped Babbler 32.2 12.6 55.7 1958 T 3.2 5 1.8 6 F
Black-headed Bulbul 29 12.4 44.2 396 T 3.4 6.8 0.6 525 T
Black-headed Pitta 26 12 40.3 3529 F 3 3.9 2 62.2 F
Black-naped Monarch 33.9 10.8 60.8 3737 T 4.3 6.3 2 06 F
Black-winged Flycatcheshrike 31.2 -3.2 59.8 2081 T 3.3 5.1 1.7 22 F
Blue-banded Kingfisher 28.8 9.6 41.4 396 F 3 5.5 1 4.4 F
Blue-banded Pitta 24.7 13.5 32.2 333 F 3 4.1 1.9 616 F
Blue-crowned Hangingarrot 25.4 8.8 45.6 38 T 3 4.4 1.8 269 F
Blue-eared Barbet 33.8 20 441 207 T 29 4.1 1.7 209 F
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Blue-eared Kingfisher
Blue-headed Pitta
Blue-throated Beeater
Bold-striped Titbabbler
Bornean Blue Flycatcher
Bornean Bristlehead
Bornean Grounduckoo
Bornean Wrerbabbler
Bronzed Drongo

Brown Barbet

Brown Flycatcher

Brown Fulvetta
Brown-throated Sunbird
Buff-rumped Woodpecker
Buff-vented Bulbul
Bushy-crested Hornbill
Checkerthroated Woodpecker
Chestnut Munia
Chestnutbacked Scimitababbler
Chestnutbreasted Malkoha
Chestnutnaped Forktail
Chestnutnecklaced Partridge
Chestnurumped Babbler
Chestnuwinged Babbler
Collared Kingfisher
Creamvented Bulbul
Crested Fireback

Crested Goshawk

Crested Jay

Crested Serperdagle
Crimson Sunbird
Crimsonwinged Woodpecker
Dark-necked Tailorbird
Dark-sided Flycatcher
Dark-throated Oriole
Diards Trogon

Drongo Cuckoo

Dusky Broadbill

Dusky Munia

Emerald Dove
Ferruginous Babbler

Fiery Minivet

Finschs Bulbul
Fluffy-backed Titbabbler
Goldenbellied Gerygone

31.2
25.2
9.3
34.9
225
27.3
35
15.3
234
29
34.6
114
31.9
35.2
229
34
22.7
229
33.9
27.9
32.3
20.2
26.1
35.2
317
24.6
29.1
214
34
11.2
252
25.6
33.9
31.2
33.9
315
25.6
9.8
25.3
28.2
25.5
21.2
26.6
9.9
26.5

18.6
7.4

14.3
8.7
16.5
4.7
3.2
16.3
8.8
18.7
4.6
54
21.4
6.7
18.2
114
8.5
19
6.3
0.9
7.9
6.9
8.2
16
4.8
17.2
0.7
26
6.9
17.6
12
18.6
131
21.6
19
20.3
4.7
155
20.1
151
101
18.8
8.1
8.5

42.8
39.4
14.6
67.9
315
36.9

62
35.4
30.7
415
57.8
31.2
51.4
535
323
47.2
31.9
335
45.9
42.2
56.5

26
418
70.9
457
41.6
404
443

40
20.7

32
375
42.9
425
427
42.9
32.7
14.7
345
35.6
338
278
343
19.1
40.6

148.8
13.8
145
723
62.6
61
58
157.6
88.5
67.8
38.7
109.7
205.2
78.1
58.4
14
17.4
16.6
130.6
32.8
54.6
53.4
231
346
55.9
154.6
48.1
-3.3
34.7
155.4
22.3
0.5
41.7
206.4
4.7
14.3
64.3
197.9
52.6
44.8
58.2
49.7
95.2
12.8
34

- 1 4 m nmn 4 m m nmn m©om mTmmnon n1tT+H4H 1111 AH 4 4 4 4 1114 14 4 44 1 4 4 1m 4 4 m 44 4 moTmo+4 oMo

3.3

4.3
4.4
3.4
3.1
3.2
3.4
3.4
3.1

3.2
3.2

3.2

3.1
2.7
2.8
3.3
3.4
3.2
3.2
4.4

3.8
3.2
3.3

3.3

3.2

2.9

3.4

3.2
3.1
3.2
2.8
3.2
3.1

7.1
6.2
6.1
5.9
6.1
4.6
7.3

5.6
6.7

5.6
5.6
4.2
5.2
5.2
4.5
4.7
3.9
6.6
111
4.6
5.4
6.7
4.4
6.3

7.1
3.9

4.4
5.4
6.1
4.1
4.2
4.2
4.7
3.7
4.5
4.3
4.2
3.7
4.2
4.4

0
0.4

25
13
1.8
-03
0.9
13
0.5
13

15
1.9
1.4
0.7
1.7
0.9
1.8
0.5

2.1
1.4
1.7
1.7
1.4
1.6

1.8
2.2
1.8
0.9
1.2
1.8
1.6

2.1
2.2

1.9
2.2

2.3
2.1

6.5
-0.6
14.9
3.1
29
76.5
50.5
343
173
19.1

55

106
5.2
10
176
21.6
77.3
38
36.5
81.1
14.3
63.8
77.5

35

10.3
244
111
131

37.3
304

41.1

26.2

16

71.4

30.2

33.9

81
295
45.6
90
122
111

56.8

40.6

24.9

T nm 4 nmn n 4 M Tm ©m m™m 7T mmnm mwm mwm mnm mnm o mwm mnm 4 4 m mTm o mwmo mwm 4 MM 4 4 4 4 m M T M Mm 4 M 4 4 T MM m T 44 T
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Gold-whiskered Barbet
Great Argus

Great Slaty Woodpecker
Greater Coucal

Greater Green Leafbird
Greater Rekettailed Drongo
Green Broadbill

Green Imperial Pigeon
Green lora

Grey Wagtall

Grey-andbuff Woodpecker
Grey-bellied Bulbul
Grey-cheeked Bulbul
Grey-chested Jungtflycatcher
Greyheaded Babbler
Greyheaded Canarftycatcher
Greyrumped Treeswift
Hairy-backed Bulbul
Helmeted Hornbill

Hill Myna

Hooded Pitta

Horsfields Babbler

Large Green Pigeon

Large Woodshrike

Lesser Coucal

Lesser Green Leafhird

Little Egret

Little Green Pigeon

Little Spiderhunter
Long-billed Spiderhunter
Long-tailed Parakeet
Malaysian Blue Flycaher
Maroon Woodpecker
Maroonbreasted Philentoma
Moustached Babbler
Olive-backed Woodpecker
Olive-winged Bulbul
Orangebacked Woodpecker
Orangebellied Flowerpecker
Oriental Dwarf Kingfisher
Oriental Honey Buzzard
Oriental Magpie Robin

Pied Fantail

Plain Sunbird

Plaintive Cuckoo

31.5
27.3
24.6

34
25.3
28.7

34
33.9
25.4
25.6
10.2
25.3
25.3
34.7
31.7
25.6
32.5
25.4

25
25.3
34.1
21.7
25.3
35.5

21

34
28.8
35.6
26.5
315

28
34.4

14
33.9
25.3
103
25.4

25
34.2
31.8
29.3
28.5
31.1
25.4
34.2

8.2
5.3
13.8
17.7
7.4
155
21.2
20
19
18.3
6.1
14.5

23.8
10.3
12.2
9.6
7.3
4.3
10
251
7.3
4.6
19
6.4
155
21.2
16.6
145
8.2
21.8
25.8
5.3
10
154
4.4
16.2
9.2
20.5
115
-0.2
13.2
10.9
20.4
27.2

53.5
50.8
33.3
52.2
36.6
39.9
46.9
44.6
32.2
37.2
17.8
35.2

36
50.6
48.4
34.4
47.4
41.4
415
35.2
41.4
33.2
39.1
66.2
30.8
44.3

36

68
37.7
43.6

35
41.7
31.6
56.5
35.4
19.9

33
34.3
47.4
45.7
51.3
42.3
45.4
31.9
40.9

2395
95.3
96.3

199.4
61.9
11.5
57.7
345
88.7
12.2
61.2
67.7
11.3
35.6
44.6
29.8

213.1
26.9

621.6
11.9
62.5
10.5

207.8

232.1
44.6
18.7
815

332.3

129.1

8.6
63.3
14.4

151.6
97.5
18.8

244.4

131.7

2.2
7.7
37.5
16.9
1.9

311.4

34.6
8.7

T m nmn nmn n 4 4 nm n1T+4 1T+ 1T mnmnnn-+H4H 14 nmnmnmnnAH 4 nmn nnmom A A4 4 1 M1 A4 4 4 11 omm o m 4 4 4 mo+H4 o+ 4+

4.4

3.5

3.2

4.4

3.6

3.2

2.9

7.6
7.6
6.3
4.4
6.6
4.1
4.4
4.2
4.6

4.8
4.2
5.9
4.3
7.1
3.8
55
4.1
54
54
4.2
8.1
5.9
6.8
55
7.2
3.9
6.2
4.1
6.6
3.8
3.8
4.8
116
4.1
5.3
4.5
4.3
4.6
6.5
10.3
4.7
5.6
3.7
3.9

0.1
-0.6
1.1
1.8
0.9
1.6
15
1.7
1.8

1.8
2.2

-0.7
1.9
1.6
2.1
1.1
1.2
1.8
0.5
1.4
1.9
1.9
2.8
2.1
1.9
1.9
1.7
2.1
2.1
1.6

-1.3

1.8
1.9
1.8
1.7
2.2
-1.5
1.6
1.8
2.2

2.5
1.6
220

5.1
123
38.4

8.7

15.1
130

29.7
209
143
3.4

76
19.1
77.8

6.1
16.1

48
35
36.7
12
241

1.1
179

71.2

79.5

2.5

56.1

16.5

62.1

35.6
193
3.1

62.1
294
116

56.1

14.7

13.1

4.2

34.4

13.7

52.2

22.9
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Puff-backed Bulbul
Purplenaped Sunbird
Pygmy Whiteeye
Raffless Malkoha
Redbearded Beeater
Redbilled Malkoha
Redeyed Bulbul
Rednaped Trogon
Redthroated Barbet
Redthroated Sunbird
Rhinoceros Hornbill
Ruby-cheeked Sunbird
Rufous Piculet

Rufous Woodpecker
Rufouschested Flycatcher
Rufouscrowned Babbler
RufousfrontedBabbler
Rufoustailed Shama
Rufoustailed Tailorbird
Rufouswinged Philentoma
Scaly-crowned Ebbler
Scarlet Minivet
Scarletrumped Trogon
Shorttailed Babbler
Shorttoed Coucal
Slenderbilled Crow
Sooty-capped Babbler
Spectacled Bulbul
Spectacled Spiderhunter
Spotted Dove

Spotted Fantail
Stork-billed Kingfisher
Streaked Bulbul
Streakybreasted Sgierhunter
Striped Wrerbabbler
Thick-billed Greenpigeon
Tree Sparrow

Van Hassalts Sunbird
Velvet fronted Nuthatch
Verditer Flycatcher
Violet Cuckoo
Wallacess HawdEagle
Whiskered Treeswift
White-bellied Erpornis
White-bellied Woodpecker

25.3
15.6
33.1
33.2
28.8
22.9
24
34.1
34.1
32.7
26.6
33.9
9.4
10.6
32
33.9
254
31.2
34.3
23.1
22.7
20.9
28.4
318
252
29.1
28
22.8
33.9
9.5
28.8
26.3
28.2
10
34
29.4
29.3
315
28.5
26.4
25.4
27.9
25.4
32.6
27.3

15.2
3.8
-15.1
12.9
5.2
4.8
12.4
20.5
26.5
16.3
20.6
22.7
6.4

11.9
19.2
5.6
4.3
20.7
5.9
16.8
2.2
13.8
16.4
9.5
3.6
24
55
24.9
2.7
18.7
18.4
21
6.2
22.3
16.8
6.8
14
5.6
19.4
17.9
20.3
17.6
21.4
6.5

32.6
34.7
78.3
46.7

45
36.4
30.5
437
411
43.9
35.6
422
13.7
18.8
54.2
43.6
425
46.2
44.3
35.6
30.3
443
408
451
334
485
32.5
34.8
402
18.8
412
34.9
34.6
16.6
449
431
46.6
427
463
33.2
33.5
36.6
33.3
43.4
48.4

34.2
18.2
144.9
30.3
53.5
50.2
24.2
3.3
4.5
17.9
20
254
18.4
37.2
128.8
4.5
41.8
266.8
22.1
101.8
57
379.1
22.3
14.9
17.7
321
65.4
96
40.4
193
38
87.8
72.8
62.7
10
63.8
240.5
40
30.6
21.1
78.4
49.7
66.2
133
63.9
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3.1

3.4

2.9
3.1
4.4
3.1

5.7
6.6
11.9

9.6
7.6
4.1

3.9
4.4
3.8
4.3

9.2
4.1
5.9
6.5
5.6
5.8
4.7
4.8
5.6
5.6
8.5
7.9
3.7
5.7
3.7
3.9
3.9
3.7
3.9
5.4
4.5
5.9

4.6
3.7
4.5

5.5
5.9
7.3

0.6
-0.4

-15
-0.8
1.8
1.9

2.2
1.7
2.3
1.4
-0.7

0.1
0.1
2.1
1.1
1.8
1.2
0.6
2.1
1.3
-0.8
2.2

19
2.2
1.8
1.9
2.1

15
1.3
0.5
1.3
1.6
2.3
1.6
1.8
0.7

-0.3

9.9
2.2
49.5
40.2
13.3
3.7
57.8
33.7
28.9
17.9
51.8
379
99.1
20.9
-3.3
18.1
2.9
16.9
19.8
198
66.8
58.9
4.1
12
2.3
53.2
46.4
292
40.9
116
30.6
25.6
68.8
162
8.9
-3.3
69.4
68.9
21.9
65.6
72.5
59.2
27.9
2.8
35.9
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White-chested Babbler
White-crowned Forktail
White-crowned Shama
Wreathed Hornbill
Yellow-bellied Bulbul
Yellow-bellied Prinia
Yellow-breasted Flowerpecker
Yellow-crowned Barbet
Yellow-eared Spiderhunter
Yellow-rumped Floverpecker
Yellow-vented Bulbul
Yellow-vented Flowerpecker

Zebra Dove

28.1
25.3
21.9

34
25.6
315
33.9

26
15.9
32.3
25.5

34
31.6

22
18.7
8.1
18.1
13
10.4
13.3
10.8
6.6
21.2
16
21.6
141

36.1
33.6
31.8
60.5

40
45.7
46.7
38.1
28.7
39.8
32.7

41
47.4

48.1
44.9
38.5
701.5
26.3
53.6
145.6
1.6
89.5
36.9
35.3
53.7
10.8

- m m m Tm m 4 T Tm 4 T T T

2.9

35

2.9
3.3
3.2
3.3

3.2

3.8
4.2

5.7
4.7
4.3
4.8
6.6
51
55
3.7
3.8
4.7

1.7
2.1
2.1
1.2
15
1.9
0.9
1.7
0.7
2.2
2.1
2.2

47.9
37.4
105
2.7
36.3
13.2
117
3.4
252
13.3
72.1
50
14

mT M M Mm Tm M 4 M T M m m M
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Table S3.4. Median thresholds points with confidence intervals in relation to density height

and skewBoth metrics calculated from mean LIiDAR values within a 50 m radius. Lower 95%

confidence interval;, Lw CI, Upper 95% confidenote r v a | ;

reducti on

the linear model out performed the segmented one. G+ denotes whether thresholds were

n

Al

C

bet ween

near

Up

Cl

Mo d el

mo d e |

and

associated with a strengthing (increasing gnatdG+ = True), or weakening (more negative

G+ = False) response after the threshold point.

Species Density Skew
ved o o e O Med g o Ao o

Arctic Warbler -0.1 0 -02 206 T 4 5.8 2 108 F
Ashy Tailorbird 0 02 -02 674 F 6 8.2 4 115 F
Asian Fairy Bluebird 0 03 -03 68.3 F 2 5 0.5 126 T
Asian Glossy Starling 0 04 -03 47 F 3.6 8 03 13 T
Asian Paradise Flycatcher 0 02 -02 284 T 4 6.5 1 91 F
Banded Bay Cuckoo 0.1 02 -04 50 T 1.8 2.9 0.7 266 F
Banded Broadbill 0 04 04 659 T 52 91 0.8 11 F
Banded Kingfisher 0 15 -14 12 T 45 182 -8.6 05 F
Banded Pitta 0 04 -04 35 T 4.4 8.4 0.2 71 F
Banded Woodpecker 0 05 -05 679 F 6.7 9.8 3.7 13.2 F
Bar-winged Flycatcheshrike 0.1 03 -03 147 T 1.8 2.8 0.8 72 F
Black Hornbill 0 04 04 345 T 4.9 84 0.2 39 F
Black Magpie 0 05 04 493 T 4.8 96 06 125 F
Black-andyellow Broadbill 0 03 -04 28 T 36 7.8 0.2 6.8 F
Black-bellied Malkoha 0 02 03 477 F 2.1 5 03 68 T
Black-capped Babbler 0 03 -03 937 T 46 7.1 2.3 6.6 F
Black-headed Bulbul 01 05 -03 26 T 3.3 71 05 23 T
Black-headed Pitta 01 01 -0.2 418 T 1.8 25 1.1 394 F
Black-naped Monarch 0 03 -03 1518 T 51 7.7 2.1 23 F
Black-winged Flycatcheshrike 0 03 -03 713 T 45 81 1.1 42 F
Blue-banded Kingfisher 0 05 -04 63 T 4 76 01 98 F
Blue-banded Pitta 02 06 -03 1.7 F 6 9.3 0.6 01 F
Blue-crowned Hangingarrot 0.1 02 -05 306 T 1.8 37 0.5 52 F
Blue-eared Barbet 0 03 04 662 T 4.5 7 15 165 F
Blue-eared Kingfisher 0 04 -03 358 F 5 9 -0.1 36 F
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Blue-headed Pitta
Blue-throated Beeater
Bold-striped Titbabbler
Bornean Blue Flycatcher
Bornean Bristlehead
Bornean Grounduckoo
Bornean Wrerbabbler
Bronzed Drongo

Brown Barbet

Brown Flycatcher

Brown Fulvetta
Brown-throated Sunbird
Buff-rumped Woodpecker
Buff-vented Bulbul
Bushy-crested Hornbill
Checkerthroated Woodpecker
Chestnut Munia
Chestnutbacked Scimitababbler
Chestnutbreasted Malkoha
Chestnuinaped Forktail
Chestnutnecklaced Partridge
Chestnurumped Babbler
Chestnuwinged Babbler
Collared Kingfisher
Creamvented Bulblu
Crested Fireback

Crested Goshawk

Crested Jay

Crested Serperdagle
Crimson Sunbird
Crimsonwinged Woodpecker
Dark-necked Tailorbird
Dark-sided Flycatcher
Dark-throated Oriole
Diards Trogon

Drongo Cuckoo

Dusky Broadbill

Dusky Munia

Emerald Dove
Ferruginous Babbler

Fiery Minivet

Finschs Bulbul
Fluffy-backed Titbabbler
Goldenbellied Gerygone
Gold-whiskered Barbet

0.3
0.4
0.2
0.3
0.3
0.6
0.4
0.2
0.4
0.3
0.3
0.4
0.2
0.3
0.6
0.6
0.4
0.2
0.4
0.7

0.3
0.4
0.3
0.4
0.5
0.7
0.3
0.3
0.5
0.3
0.3
0.4
0.3
0.3

0.3
0.1
0.1
0.4

0.3
0.2
0.3

-0.3
-0.3
-0.2
-0.3
-0.3
-0.5
-0.3
-0.3
-0.4
-0.5
-0.2
-0.3
-0.4
-0.3
-0.6

0.2
-0.3
-0.2
-0.4
-0.6
-0.3
-0.4
-0.3
-0.3
-0.3
-0.2
-0.4
-0.5
-0.2
-0.2
-0.4
-0.3
-0.3
-0.5
-0.3
-0.2
-0.1
-0.4
-0.2
-0.3
-0.3
-0.2
-0.3
-0.4
-0.3

61.5
18.1
50.9
32.2
8.5
2.9
-0.8
11.6
78.2
4.4
2.6
91.2
28.2
-1.9
68.1
-1.4
1.4
60.4
43.1
31
13
12.6
313
63.5
-0.3
-0.5
25.3
40.6
-0.9
-2.7
18.4
373.7
21
26.4
69.4
0.8
NA
58.8
-2.4
2.7
-0.9
58.2
3.2
23.9
86.6

-4 4 m nmn n 4 1 4 n 1T 4 4 4 4 4 1 4 4 4 1" 14 4 4 nmn nmn 1T Tn 7T T4 44 4 4 Tmm T T T 4 T 4 T M

5.6
6.7
4.5
55
2.1
2.3
1.8
7.2
3.6
4.3
1.9
4.6
4.1
1.9
4.5
3.4
2.6
54
2.2
3.9
7.1
2.1
4.4
4.4
1.6
3.4
3.4
3.9
6.5
6.3
3.6
6.2
2.1

4.6
6.1
1.7

3.2
1.9
1.2

6.6
3.8
5.3

8.9
10.4
6.8
9.1
5.9
6.9
4.5
11.2
8.5
9.7
3.5
7.6
6.6
3.5
10.5
7.4
6.4
8
5.9
111
9.8
4.8
8.1
6.9
35
5.7
8.9
6.7
85
8.9
6.5
9.9
5.1

7.6
9.1
2.7

5.7
3.6
2.8

9.6
6.6
8.7

1
2.4
2.4
0.7
0.4

1.4

-0.5
2.9

-0.1
1.1
0.5

15
0.2
-1.1
-0.6
-0.8
1.6

-2.8
3.8
0.2
11
11

-0.3
0.2

-1.6
11
0.9
2.7
0.4
0.9
0.5
0.7
0.9

0.5
1.6
0.4
0.4
0.4
1.2
2.8
0.6
0.9

19.9
169.1
-0.1
2.3
7.8
0.2
75.8
114
6.4
-1.9
54.5
7.1
1.4
50

4.9
1.7
28.4
32.6
5.2
22.9
19.1
-1.3
12.5
75.7
18.2
2.2
7.8
92.8
-0.2
2.4
-2.2
24.2
5.7
26.1
6.1
71.2
159
5.7
20
195
24.6

-0.7
3.5
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Great Argus

Great Slaty Woodpecker
Greater Coucal

Greater Green Leafbird
Greater Racketailed Drongo
Green Broadbill

Green Imperial Piggo
Green lora

Grey Wagtall

Grey-andbuff Woodpecker
Grey-bellied Bulbul
Grey-cheeked Bulbul
Grey-chested Jungtflycatcher
Greyheaded Babbler
Greyheaded Canarftycatcher
Greyrumped Treeswift
Hairy-backed Bulbul
Helmeted Hornbill

Hill Myna

Hooded Pitta

Horsfields Babbler

Large Green Pigeon

Large Woodshrike

Lesser Coucal

Lesser Green Ladbird

Little Egret

Little Green Pigeon

Little Spiderhunter
Long-billed Spiderhunter
Long-tailed Parakeet
Malaysian Blue Flycatcher
Maroon Woodpecker
Maroonbreasted Philentoma
Moustached Babbler
Olive-backed Woodpecker
Olive-winged Bulbul
Orangebacked Woodpecker
Orangebellied Flowerpecker
Oriental Dwarf Kingfisher
Oriental Honey Buzzard
Oriental Magpie Robin

Pied Fantail

Plain Sunbird

Plaintive Cuckoo

Puff-backed Bulbul

-0.1
-0.1
-0.1
-0.1

0.1
-0.1
-0.1
-0.1

-0.1

-0.1

-0.1

0.1

0.1

-0.1

-0.1

-0.1

-0.1

-0.1
0.1
-0.1
0.2
-0.1

-0.1

-0.1
-0.1

0.3
0.2
0.2
0.4
0.3
0.3
0.2
0.1
0.2
0.3

0.2
0.2
0.7
0.2
0.2
0.2
0.2
0.3
0.2
0.3
0.4
0.3
0.5
0.3

0.2
0.2
0.5

0.2
0.3
0.4
0.2
0.3

0.6
0.2
0.3
0.6
0.3
0.2
0.2
0.2
0.3

-0.4
-0.3
-0.3
0.4
-0.3
0.4
0.4
-0.3
-0.5
-0.3
-0.2
-0.3
0.4
-0.7
-0.3
-0.2
-0.3
-0.3
-0.3
-0.5
-0.4
-0.3
-0.3
-0.3
-0.3
-0.3
-0.3
-0.3
-0.4
-0.3
-0.5
-0.2
-0.3
-0.4
-0.2
-0.2
-0.3
-0.4
-0.4
-0.5
-0.4
-0.2
-0.5
-0.4
-0.3

54.1
0.6
52.6
46.1
53.6
18.5
38.7
NA

0.6
-1.2
3.9
51.8
18.1
28.1
8.3
62.2
42.4
321
1.2
62.1
17.8
-0.5
16.6
-1.2
9.3
24.3
21.4
46.3
4.4
43
29.9
2.6
31.9
10.4

0.9
-0.1
11.8

0.3
23.9
24.2
60.9
33.1
29.3

8.4

4~ 4 4 4 7m 44 4 471 A 44 A4 47 A4 44 71TA 47" TA" A4 7T TH A4 4 A4 4 47T A4 A7 A4 4 7T A4 T -

5.5
6.8
4.4
3.8
4.5
4.2
4.2
3.8
7.3
1.7
11
2.1

4.3
1.7
4.4

5.8
1.9
6.4
1.8
4.4
3.6
1.4
1.7
4.4
1.9
4.2
1.8
3.8
1.9
3.2
1.8
1.7
5.7
3.8
4.4
4.3
3.3
3.6
5.2
1.8

4.8

8.5
125
6.7
7.7
7.5
7.3
6.8
7.1
10.2
3.2
2.1
55
6.6
11.2
2.7
7.4
6.3
35

3.6
10.2
3.8
7.9
7.1
3.1
2.5
7.2
2.8
9.1
2.8
7.4
3.1
8.4
3.3
3.3
9.2

8.5
7.4
9.2
6.7
7.5
4.1
6.9
9.2

0.8
0.1

0.1
0.7
1.2
14
0.3
3.1
0.3
0.4
0.5

-1.3
07

0.7
0.6
0.7
0.2
0.1
0.9

0.1
0.5
15
0.9
0.1
0.7

0.4
-0.7
0.7
0.1
0.7
0.3
1.9
0.6
-2.8
0.5
1.9
0.6
1.6
0.1

142
5.2
-1.9
23.7
3.3
6.5
25
-2.8
57.8
251
5.2

14.6
14
10.9
10.4
36.9
-0.5
6.8
12
335
-2.5
93.5
24.8
18.8
-1.7
26.5
46.7
18.4

61
-1.9
2.1
33.3
22.5
-0.6
0.4
15
1.1
4.4
12.8
7.4
7.2
10.2
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Purplenaped Sunbird
Pygmy Whiteeye
Raffless Malkoha
Redbearded Beeater
Redbilled Malkoha
Redeyed Bulbul
Rednaped Trogon
Redthroated Barbet
Redthroated Sunbird
Rhinoceros Hornbill
Ruby-cheeked Sunbird
Rufous Piculet

Rufous Woodpecker
Rufouschested Flycatcher
Rufouscrowned Babbler
Rufousfronted Babbler
Rufoustailed Shama
Rufoustailed Tailorbird
Rufouswinged Philentoma
Scaly-crowned Babbler
Scarlet Minivet
Scarletrumped Trogon
Shorttailed Babbler
Shorttoed Coucal
Slenderbilled Crow
Sooty-capped Babbler
Spectacled Bulbul
Spectacled Spiderhunter
Spotted Dove

Spotted Fantail
Stork-billed Kingfisher
Streaked Bulbul

Streakybreasted Spiderhunter

Striped Wrerbabbler
Thick-billed Greenpigeon
Tree Sparrow

Van Hassalts Sunbird
Velvet fronted Nuthatch
Verditer Flycatcher
Violet Cuckoo
Wallacess HawdEagle
Whiskered Treeswift
White-bellied Erpornis
White-bellied Woodpecker
White-chested Babbler

-0.1
-0.1
-0.1

-0.1

-0.1

0.2

0.1
0.8
0.6
0.4
0.3
0.3
0.2
0.2
0.3
0.1
0.4
0.4
0.2
0.4
0.2
0.2
0.3
0.1
0.2
0.2
0.2
0.4
0.7

0.4
0.2
0.2
0.2
0.1

0.4
0.2
0.2
0.4
0.4
0.2
0.2
0.2
0.6
0.4
0.1
0.5
0.3

-0.3
-0.9
-0.4
-0.7
-0.5
-0.2
-0.5
-0.5
-0.2
-0.5
-0.5
-0.3
-0.4
-0.3
-0.4
-0.4
-0.3
-0.2
-0.3
-0.3
-0.2
-0.2
-0.4
-0.3
-0.6
-0.3
-0.3
-0.3
-0.2
-0.2
-0.4
-0.3
-0.3
0.5
-0.2
-0.4
-0.4
-0.4
-0.3
-0.3
-0.4
-0.6
-0.2
0.5
-0.4

73
9.9
72.8
8.8
38.6
-2.6
20.9
61.4
37.8
24.4
51.9
0.4
37.3
64.3
17.5
38.2
41.9
22.6
-1.8
16.8
30.9
40.8
0.5
54.1
23.6
56.5
-1.4
67.3
17.9
58.1
66.7
16.5
-0.1
13.6
67.7
52
14.9
43.4
9.3
-1.2
21
10.9
22.9
22.9
45

4 4 4 " 4 7m A4 4 4 7mT7T AT A4T7 47T A4 4 47 4T AT AT T T A AT A4 A4 4T A A4 4 7 A4 4 7™M

1.9
2.2

4.5
6.2
3.9

4.4
3.9

11
6.6
55
4.2
3.1

5.1

6.7
1.9
5.4
4.1

4.4
3.8
2.2
4.5
1.7
4.6
4.5
1.7
1.7

5.8
2.5
4.7
1.9
3.4
6.7
3.7
6.7
4.4
4.5
1.8

4
10.3

11.2
11.2
7.2
7.4
6.2

6.2
8.1
2.1
9.9
9.8
7.4
8.2
3.4
7.5
7.6
10.1

7.9
7.8
8.5
12.2
5.6
6.3
6.5
2.6
7.1
6.4
2.8
3.7
6.8
8.6
8.4
9.3
3.8
5.6
11.3
6.1
10
6.7
10
3.3

0.5
-5.5

-3.3
-1.6
0.5
0.5
1.9
1.7

0.6
0.2
3.2
-0.3
1.9
-0.1
0.7
1.4
0.3
3.1
0.7
1.3
11
0.2
-2.2
1.2
-0.5
2.2
0.9
2.1
3.1
0.6
0.1
1.2
1.7
-0.4
0.3
0.8
0.6

0.1
3.5
1.7
-0.8
0.7

4.1
6.1
14.8
8.6
18.5
1.7
2.3
12.2
8.5
3.2
11.5
12.5
21

0.3
33.8
28.2

7.4

48
121
37.3
18.3
-3.5

2.6
14.3
16.1
934
24.8
36.5
23.9
22.7
15.6
67.6

3.4
10.1
22.4

9.4
15
7.3
10.6
4.9
-3.3

17.8
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White-crowned Forktail
White-crowned Shama
Wreathed Hornbill
Yellow-bellied Bulbul
Yellow-bellied Prinia
Yellow-breasted Flowerpecker
Yellow-crowned Barbet
Yellow-eared Spiderhunter
Yellow-rumped Flowerpecker
Yellow-vented Bulbul
Yellow-vented Flowerpecker

Zebra Dove

-0.1

0.2

-0.1

0.1

-0.1

-0.1
-0.1

0.3
0.1
0.2
0.7
0.1

0.4
0.3
0.3
0.1
0.1
0.2

-0.3
-0.3
-0.2
-0.5
-0.2
-0.3
-0.3
-0.3
-0.3
-0.3
-0.4
-0.4

39.5
2.8
58.5
2.7
54.7
12.9
72.3
-0.8
414.9
171
76.3
11

4 4 4 A4 4 m 7 A A A4 A4 -

6.3
1.1
4.5
6.5
5.4
1.2
5.1
3.1
6.4
1.2
3.8

4

9.8
2.2
6.7
121
7.7
25
8.9

10.2
2.6
5.9
7.4

2.5
0.3
2.4
-0.2
2.4
0.5
0.4
0.4
2.1
0.7

0.9

-0.7
20.6
1.8
0.1
22.3
13.9

99.8
-1.7
11.3
17.5

-3
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Table S3.5. Median thresholds points with confidence intervals in relation to density height

and skew/Forest calculated from mean values of Gavehal (2014)., forest cover layer

within a 50 m radius. Lower 95% dittence interval; Lw CI, Upper 95% confidence interval;

Up ClI. Model @AI C denotes the reduction in Al
Negative @AIC signifies that the | inear mode
whether thresholds we associated with a strengthing (increasing gradient G+ = True), or

weakening (more negative G+ = False) response after the threshold point.

Forest Cover

Species
ved &' o e ©

Arctic Warbler 08 13 02 1317 T
Ashy Tailorbird 08 11 04 36 F
Asian Fairy Bluebird 06 1.2 0 3 F
Asian Glossy Starling 01 05 -0.2 37 F
Asian Paradise Flycatcher 0.1 06 -0.2 6 T
Banded Bay Cuckoo 08 12 01 22 T
Banded Broadbill 06 14 04 213 T
Banded Kingfisher 0.8 3 -14 128 T
Banded Pitta 02 11 -01 35 T
Banded Woodpecker 03 09 -0.2 10 F
Bar-winged Flycatcheshrike 06 13 -01 1433 T
Black Hornbill 0.1 1 -01 -1 F
Black Magpie 06 16 -04 284 T
Black-andyellow Broadbill 01 11 -0.2 6.2 F
Black-bellied Malkoha 08 11 03 0 F
Black-capped Babbler 08 13 02 108 T
Black-headed Bulbul 01 05 -02 64 T
Black-headed Pitta 01 03 -01 03 F
Black-naped Monarch 02 11 -01 13 T
Black-winged Flycatcheshrike 08 16 -01 76 T
Blue-banded Kingfisher 06 13 -0.2 195 T
Blue-banded Pitta 06 15 -02 467 T
Blue-crowned Hangingarrot 08 12 03 88 T
Blue-eared Barbet 08 13 01 253 T
Blue-eared Kingfisher 0.1 0.7 -02 NA F
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Blue-headed Pitta
Blue-throated Beeater
Bold-striped Titbabbler
Bornean Blue Flycatcher
Bornean Bristlehead
Bornean Grounduckoo
Bornean Wrerbabbler
Bronzed Drongo

Brown Barbet

Brown Flycatcher

Brown Fulvetta
Brown-throated Sunbird
Buff-rumped Woodpecker
Buff-vented Bulbul
Bushy-crested Hornbill
Checkerthroated Woodpecker
Chestnut Munia
Chestnutbacked Scimitababbler
Chestnutbreasted Malkoha
Chestnuinaped Forktail
Chestnutneckhced Partridge
Chestnurumped Babbler
Chestnuwinged Babbler
Collared Kingfisher
Creamvented Bulbul
Crested Fireback

Crested Goshawk

Crested Jay

Crested Serperdagle
Crimson Sunbird
Crimsonwinged Woodpecker
Dark-necked Tailorbird
Dark-sided Flycatcher
Dark-throated Oriole
Diards Trogon

Drongo Cuckoo

Dusky Broadbill

Dusky Munia

Emerald Dove
Ferruginous Babbler

Fiery Minivet

Finschs Bulbul
Fluffy-backed Titbabbler
Goldenbellied Gerygone
Gold-whiskered Barbet

0.5
0.8
0.8
0.6
0.5
0.1
0.1
0.1
0.4
0.8
0.1
0.6
0.8
0.1
06
0.1
0.6
0.8
0.1
0.6
0.1
0.2
0.8
0.8
0.1
0.1
0.1
0.8
0.1
0.8
0.7
0.5
0.1
0.7
0.8
0.6
0.1
0.8
0.5
0.1
0.1
0.8
0.8
0.8
0.1

1.2
1.2
1.2
1.2
11
0.7
0.4
0.4

1.6
0.2
1.2
1.4
0.4
1.4

1.2
1.3

1.4
0.7
11
1.4
13
0.5
0.7
0.7
1.2
0.3
1.2
1.4
1.2
0.8
15
1.3
1.3
0.2
1.2
11

0.4
1.2
1.2
1.3

-0.2
0.2
0.4

-0.1

-0.1

-0.3

-0.2

-0.2

-0.1

-0.1
-0.1

0.2
-0.2
-0.2
-0.2
-0.2

0.4
-0.2
-0.5
-0.3
-0.1

0.2

-0.4
-0.3
-0.3

0.3
-0.1

0.2
-0.1
-0.3
-0.1
-0.2
-0.1
-0.2
-0.1

0.4
-0.1
-0.1
-0.3

0.4

0.4

-0.1

-0.9

5.9
8.7
11.7
12.2
472.4
138.9
11.2
234
103.7
5.8
29.3
175.8
12.9
18.5
10.6
35
106
8.7
7.1
6.6
11
18.8
543.5
398.5
24
15.8
373.2
51.3
33
4.2
12.8
41
11.9
-1.7
362.4
24.4
17.8
8.3
22.8
18
23.4
28.8
15
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Great Argus

Great Slaty Woodpecker
Greater Coucal

Greater Green Leafbird
Greater Racketailed Drongo
Green Broadbill

Green Imperial Pigeon
Green lora

Grey Wagtall

Grey-andbuff Woodpecker
Grey-bellied Bulbul
Grey-cheeked Bulbul
Grey-chested Jungtflycatcher
Greyheaded Babbler
Greyheaded Canaritycatcher
Greyrumped Treeswift
Hairy-backed Bulbul
Helmeted Hornbill

Hill Myna

Hooded Pitta

Horsfields Babbler

Large Green Pigeon

Large Woodshrike

Lesser Coucal

Lesser Green Leatfhird

Little Egret

Little Green Pigeon

Little Spiderhuner
Long-billed Spiderhunter
Long-tailed Parakeet
Malaysian Blue Flycatcher
Maroon Woodpecker
Maroonbreasted Philentoma
Moustached Babbler
Olive-backed Woodpecker
Olive-winged Bulbul
Orangebacked Woodpecker
Orangebellied Flowerpecker
Oriental Dwarf Kingfisher
Oriental Honey Buzzard
Oriental Magpie Robin

Pied Fantail

Plain Sunbird

Plaintive Cuckoo

Puff-backed Bulbul

0.8
0.1
0.8
0.5
0.5
0.8
0.8
0.1
0.8
0.1
0.6
0.6
0.8
0.6
0.1
0.1
0.1
0.1
0.3
0.8
0.8
0.1
0.8
0.1
0.1
0.6
0.8
0.5
0.6
0.8
0.6

0.8
0.1
0.1
0.1
0.8
0.6
0.6
0.7
0.2
0.8
0.8
0.3

11
0.6
1.3
1.2
13
1.4
13
1.2
1.4
0.3
1.2
11
1.4
1.6
11
0.4
0.5
0.3
1.2
11
1.2
0.6
13
0.6
0.3
13
13
11
13
13
13
0.2
0.2
1.2
0.3
0.6
1.3
14
1.3
1.3
1.2
0.9
1.2
1.3
1.2

0.3
-0.3
0.3
-0.2
-0.2
0.2
0.1
-0.3
0.2
-0.1
-0.2
-0.1
0.2
-0.5
-0.2
-0.1
-0.1
-0.1
-0.2
0.4
0.4
-0.3
0.2
-0.2
-0.1
-0.1
0.2
-0.1
-0.2
0.1

-0.1
-0.1

0.2
-0.2
-0.1
-0.4
-0.1
-0.1
-0.3
-0.1

0.4
0.2
-0.2

0.3
209.2
175
6.7
24.3
16.1
20.9
101.2
58.2
310
78
2.5
39.6
111
22.9
-0.7
9.1
17.3
0.9
4.9
10.9
528.9
8.4
161.3
36
20.8
9.1
2.8
12.2
31.3
295
175.8
131
20.4
606.6
23.5
102.1
29.5
20.9
15
22
-0.3
28.5
30
2.7
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Purplenaped Sunbird
Pygmy Whiteeye
Raffless Malkoha
Redbearded Beeater
Redbilled Malkoha
Redeyed Bulbul
Rednaped Trogon
Redthroated Barbet
Redthroated Sunbird
Rhinoceros Hornbill
Ruby-cheeked Sunbird
Rufous Piculet

Rufous Woodpecker
Rufouschested Flycatcher
Rufous-crowned Babbler
Rufousfronted Babbler
Rufoustailed Shama
Rufoustailed Tailorbird
Rufouswinged Philentoma
Scaly-crowned Babbler
Scarlet Minivet
Scarletrumped Trogon
Shorttailed Babbler
Shorttoed Coucal
Slenderbilled Crow
Sooty-capped Babbler
Spectacled Bulbul
Spectacled Spiderhunter
Spotted Dove

Spotted Fantail
Stork-billed Kingfisher
Streaked Bulbul

Streakybreasted Spiderhunter

Striped Wrenbabbler
Thick-billed Greenpigeon
Tree Sparrow

Van Hassalts Sunbird
Velvet fronted Nuthatch
Verditer Flycatcher
Violet Cuckoo
Wallacess HawdEagle
Whiskered Treeswift
White-bellied Erpornis
White-bellied Woodpecker
White-chested Babbler

0.8
0.1
0.8
0.1
0.3
0.6
0.8
0.8
0.1
0.6
0.8
0.1
0.6
0.1
0.8
0.1
0.6
0.1
0.1
0.3

0.1
0.8
0.6
0.1
0.8
0.1
0.8

0.6
0.8
0.7
0.1
0.8
0.1
0.1
0.5
0.8
0.6
0.1
0.6
0.1
0.8
0.4
0.8

1.2
1.8
1.2
1.8
13
1.2
13
1.2
11
13
13
0.5
11
0.6
1.3
11
11
0.3
11
1.2
0.2
0.6
13
11
1.4
1.2
0.4
15
0.2
1.2
1.2
1.3
0.3
14
0.5
11
1.4
1.2
1.4
1.2
1.6
0.5
1.2
1.3
1.4

0.4
-0.8
0.4
-0.9
-0.4
-0.3
0.2
0.3
-0.1
0.1
0.1
-0.3
0.1
-0.1
0.1
-0.3

-0.1
-0.1
-0.3
-0.1

0.1
-0.5
0.4
-0.2

-0.1
-0.1
0.5

-0.1
0.3

-0.2
-0.3

0.3
-0.1
-0.4
-0.5
-0.3

-0.3
0.2

2.7
-0.1
5.1
6.5
-0.6
1535
42.7
19.6
9.5
44.6
19.4
11

27.7
-2.6
4.3
-2.3
220.9
54
18.2

NA
34.7
4.9
67.4
16.3
373.5
40.5
252
19.5
16.8
18.1
112.2
27

NA
47.1
5.2
93.6
-2.6
73.3

10.2
7.1
41.3
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White-crowned Forktail
White-crowned Shama
Wreathed Hornbill
Yellow-bellied Bulbul
Yellow-bellied Prinia
Yellow-breasted Flowerpecker
Yellow-crowned Barbet
Yellow-eared Spiderhunter
Yellow-rumped Flowerpecker
Yellow-vented Bulbul
Yellow-vented Flowerpecker

Zebra Dove

0.5
0.1
0.8
0.8
0.1
0.6
0.1
0.1
0.1
0.6
0.8
0.8

1.3
0.5
11
2.3
0.7
13
0.6
0.5

1.2
1.2
13

-0.3
-0.3

0.4
-1.2

-0.1
-0.1
-0.1
-0.6
-0.1

0.4

0.3

24
114
5.5
102.7
-1
13.4
47.7
327.7
3.9
58.3
11.7
26.9
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Arciic Warblar

| ——— Haoded Pt
Ashy Tailorbird o e

Asian Fairy Bluebird = ] L;;’fgf;‘fn?‘ng: -
Asian Glossy Starling = Lavge Woodsniike —
Asian Paradise Flycatcher = ! = Lossor Coucal =
Bay Cuckon = P L e — Lesser Green Leatbirg =
Bandod Broadbil = Litte: Eqret =
Banded Kingfisher = I Litle Green Pigean =
Lot Litts Spiderhunter =
Banded Woodpacker = —] Lang-biled Splderhunter =
Bar-winged Flyoatcher-shrike = Long~tailad Parakeel =
Black Hombill = t Malaysian Blue Flycaicher =
Black Magpie = mon Woodpecker =
Black-and-vellow Broadbil = I Maroon-brazsted Philentoma =
Black-balicd Malkoha = — | Woustached Babbler =
Black-capped Babbler = | . r— | Olive-backed Woodpacker =
Black-headed Bulbul = 1 Qiivewinged Bulbul =
Black-headed Pilla = F ‘Woodpocker =
W Black-naped Monarah = 1 —— Orange-belliad rwuwa.gmr -
@  Sack-winges Flycatoher-shrike — F—— ‘Oriental Dwarf Kingfisher =
— Blug—sanded Kinglisher = U Qrigntal Honey Buzzard =
%) Blue-banded Piita = Criental Magpie Robin =
o Blue-srowned Hanging-parrot = 1 p—— Pled Fantall =
Blue-eared Barbet = —_— Plzin Sunbird =
o Blue-sarad Kingfher = 1 Plaintive Cuckoo =
1%} Blua-headed Pilla = 1 Pufi-backed Bulbul =
Blue-thraled Bee-eater = Purple-naped Sunbird =
Bold-striped Tit-babber = 1 S — Pygmy White-eye =
Bornean Blus Flycalcher = Raflloss Malkoha =
rnean Bristiehead = 1 Red-bearded Bea-eater =
Bormean Ground-cuckon = Feeet-olled Malkoha =
Bormean Wren-bablier = ] Rag-ayed Bulbul =
Bronzed Dronga = Red-naped Tragan =
Barbet = 1 Red-lhroated Barbel =
Brown Flycalcher = T . — Red-ihraated Sunbird =
rown Fulvetta = Rhinoceros Homaill =
Brown-throaled Sunbird = 1 RUW"—";‘*';:d EU”DE‘ -
Bufi-rumped Woodpecker = —— o e —
Bl venied Sulbul = ! s Pt =
Bushy- crosind Hombll = o crownect Babber =
Cnecker-trated Wondpecker = 1 o
ottt e = fous~rontac! Babblor =
Ghostnul-backsd Scimiar-babblor = 1 o ailed Sheme 2
et napas Fortal = 1 Rufous—winged Philanioma =
estrut-nacklacas Partridge =
Chesinut-rumped Baboler = 1 Scaly-crowned Baobler =
hesinut-winged Batbler = ——— -, “’““"““‘ ﬁ"“““" -
Collared Kingfiaher = carlol-rumped Trogon =
Cream-venled Bulbul = ! Short-laiked Babbler =
sied Fireback = 1 Short-t0ed Coucal =
Crested Goshawk = Slender-billed Crow =
Crasted Jay N —— Sootycappod Babbior —
e e = 1 ‘Spectacied Bulbul =
fimson Sunbird = Speciacied Bulb.
Crimsan-winged Wagdpacker = I Spectacied Spidernunter =
Dark-necked Tallorbind = Sported Dove —
Dark-sided Flycaichsr = Spatte Fantal =
Rare trostos Orcle = I Stork-aiod Kinghithor M — |
Diards Trogon = 1 Siresked Bulbul =
Drane Cuckee = i Srasyrasstas Spcaruriar =
Dusky Mo = I . Stred Viren-babbler =
meraid Dove = } Thick-tilled Green~pigaon =
Ferruginous Babbler = ree Sparow =
Fiery Minivol = 1 van Hagsalts Sunbird =
b B = —_— 1 Velvet fronted Nuthatch =
luffy-backed Ti-babbler = -
Gold-whiskered Barbel = i e e
Galden-belied Gerygane = |———
Great Atgus = | ————————i Walacoss Hauk-Eadls =
Great Siaty Woodpacker = iskared Treoswifl =
Crester Goacnl = 1| —e— inte-beied Erpornis =
Grealer Green Lealbind = White-bellied Woodpecker =
Greater Racksi-tailed Drongo = 1 \White-chested Babblar =
Green Broadhill = 1 | — White-croaned Forktal =
Graen Imperial Pigeon = | e ]
o = : White-crownes Shama =
Grey Wagtail = wreathed Hombil =
Grey-and-buff Woodpacker = Vellow-belliad Bulbul =
Grey-bellied Bulbul = — Yellow-belliad Prinia =
Groy-chogked Bulbul = - I
Grovchestod Ll Tycaichur = : f——— Vellowcrownes Baroet = F
Grer"gaﬂaﬂeéanawﬂmmy - Yellow-eared Spiderhunter =
Grey-rumped Teeawit = } ellow-rumped Flawerpecker =
Hairy-backed Bulbul = —— Vellow-vented Bulbal =
Heimeizd Hombill = I Yellow-vented Floweroecker =
Hil Miyna = Zebra Dove =
1 1 | 1 1 1 ' '

Figure S 3.1. Occupancymodelled speciekevel effects of mean canopy height within 50 m
radius.Median values with 95% Bayesian credible intervals are displayed for each species.
Significant positive associations are denoteded, significant negative assocations in blue.
95% Bayesian credible intervals for whole commuaierage effect (model effect

hyperparameters) denoted by pink band.
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Arctie Warbier

Ashy Tailorbir

Agian Fairy Bluebird

Asian Glossy Starling

Asian Paradise Flycatchar

Bancied Bay Cuckao

Banded Brasdbil

Banded Kingfisher
Banded

I Hooded Pitta

Little Graen Pigaan
[ Litlle Spiderhunter

Pitia
Bantas Woodpacker F— Long-biled Spiderhuntar i
Bar-winged Flycalcher-shiike ong-tailed Farakeet
Iack Harnbill b Palaysian Biue Fiycatcher I
Black Magpic arcon Woorpeckar

! Maroon-breasted Philentoma
Mouslached Badbier

! Olive-backed Woodpeckar
Olfve-winged Bulbul

L Orange-backed Woodpecker
Crange-belied Flowsrnackar

I Oriental Dwarf Kingisher
" ‘Oriantal Honey Buzzand
Qriental Magpie Rabin

Pied Faniail

Plain Surbird

[ Plantive Guckon
Pull-tacked Bulbul

[ Purple-naped Sunbird
yamy White -eye
I Raffloss Malkoha
Red-beared Bae—aatar
) Red-bilied Malkoha

Black-and- yellow Broadoll
Black-bellied Malkcna
Black-cappod Babbior

Black-neated Bulaul
Black-headed Pitta
Black-naped Monarch

Black-winged Flycatcher-shrike

lu-andod Kingfishar
Blue-banoed Pif
Blue-crawned Hanging-parrot
Blus-eared Barbol
Blue-sared Kingfisher
Blue-headed Fitta
Blue-throated Bee-eater
Bold-striped T-babbier
Bormean Blue Flycalcher
Bornean Bristienead
Eormean Ground-cuckao
Boimean Wren-babbéer

Species

Red-naped Trogon
d Drongo | —— Red-throatod Barbel
Brovm Barbet [

Red-throated Surbird
{ Rhinooeras Hornbill
Ruby-cheeked Sunbird
I Rufous Piculet
wfaus Waodpecker
) Rufous—chested Flycatcher
Rufous-c-auned Bashler
k Rufous-fronted Badbler
Rufous-lailad Sham:

Bushy-crested Hornbil
Chacker—throated Woodpeckar
Chestul Munia

Chesnut-backed Scimitar-babbier = \ Rufous-tailed Tailorbird !
Ghestnut-napes Forkeail = I Rufous-winged Philentorma

Chestnut-necklaced Parlridge = Scaly-crowned Babbler |
Chestnut-rumped Babbler = 1 Scarlel Minivel

Chestnut-swinged Babbler = Scarlsi-rumped Trogon

Shart-tailed Babbler

Grested Fireback = ! Snort-tosd Coucsl
Crested Goshawk = Siener-biled Grow |
Crested Jay = ! Sacty-capped Babbler
Cresled Serpenl-eagle = [ Spectacled Bulbul |

Crimsan Sunbird =
Crimson-winged Wandpecker = [
Dark-necked Tailorbird =
Dark-sided Flycaicher = '

Spectacled Spiderhunter
Spoted Dove

Dark-throated Oriale = - |
Diards Trogon = } -
Dronge Cuckoo = Streaky-breasied Spiderhunter = |
Dusky Broachill = + Siripad Wren-babblar = |
Dusky Munia = o - -
(Dusky Muria = ] Thik-oiled Gresn-pigaon =
Fornsginous Babbler = ree Sparow !
y Minivat = ! Van Hassalts Sunbird =
Finschs Bulbul = ’ Velvet Frantec! Muthatch = |
Flufy-backed Ti-babbier = Versiter Fiycatcher — I
Gold-whiskerad Barbat = I Violet Guekon =
Goiden-bellied Gerygone = Wallacess Hawk-Eagle = |

reat Argus = }
Great Slaty Woodpecker =

Hill iyna =

Greater Coucal = + L -
Graster Graen Latbird = Vihita-belied Woodpacker = |
Greater Racket-talled Drongo = | White-chested Babbiar = ‘
Groen Broadbill = ‘White-crowned Forkiail =
Grean Imperial Figeon = | White-crowned Shama = ;
Greenlora = Wireathed Hombil =
Grey Wagtail = g Yellow-belled Bulbul = I
Grey-and-buff Waodpecker = I o
e o = Yelaw-beled Prinia = |
Grey-cheeked Bulbul = | Yallow-breastad Flowerpecker =
Grey-chested Jungle—flycatcher = Yellow-crowned Barbel = [
Grey-headsd Babbler = | Yellgw-eared Spiderhunter =
Gray—naarged :anm:wTycameﬁr - i Yallow-rumpsd Flowsrpecksr = |
Grey-rumped Treeswit = Yellaw-vented Bulbul =
Hairy—backed Bulbul = I Yellow-vented Flowerpecker = I
Halmeted Horbil = et Do = ‘
1

Figure S 3.2. Occupancymodeled speciedevel effects of canopy heterogeneity with 50 m
radius.Median values with 95% Bayesian credible intervals are displayed for each species.
Significant positive associations are denoted in red. 95% Bayesian credible intervals for whole

communityaverage effect (model effect hyperparameters) denoted by pink band.
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Arclic Warbler = =—— Hooded Pitia = 1 i
Asty Talloroird = Harsfisids Babbiar = e
Mstan Fairy Blueoird = 1 Large Green Pigeon — 1
Asian Glossy Staring =
Asian Paradise Fiycatoher = 1 1
Banded Bay Cuckoo = i
Bandud Broackil = — U
Banded Kingfisher = 1
Sandet Pt = !
Banded Woodpecker = 1 1
Bar-winged Flycalcher-shrika = Long-lailed Parakoet =
Biack Hombill = 1 Malaysian Blue Flysatsher = | [———
Biack Magpie = Maroon Woodpecker =
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Figure S 3.3. Occupancymodelled speciekevel effects of mean vegetation density within 50

m radius.Median values with 95% Bayesi credible intervals are displayed for each species.
Significantly positive associations are denoted in red, significant negative assocations in blue.
95% Bayesian credible intervals for whole community average effect (model effect

hyperparameters) dendtéy pink band.
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Figure S 3.4. Occupancymodelled speciekevel effects of mean vegetation skew
within 50 m radiusMedian values with 95% Bayesian credible intervals are displayed
for each species.ighificantly positive associations are denoted in red. 95% Bayesian
credible intervals for whole community average effect (model effect hyperparameters)

denoted by pink band.
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Figure S 3.5. Occupancymodelled speciekevel effects of forest cover within 100 m radius.
Median values with 95% Bayesian credible intervals are displayed for each species.
Significantly positive associations are denoted in red, significant negative assocations in blue.
95% Bawsian credible intervals for whole community average effect (model effect

hyperparameters) denoted by pink band.
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Figure S 3.6. Boxplots showing the distribution of threshold levels for different atrat

asso@tons, feeding guilds and habitat assocati(pade blue, pale green ardhirk blue

respectively) listed for each environmental metric: a) mean canopy height in 50 m radius; b)
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canopy heterogeneity in 50 m radius; c) mean vegetation density im&flus; d) mean skew

in 50 m radius; e) mean forest cover in 50 m radiesl dots indicate species with significa

positive effects. Blue dots are species witjnificantnegativeeffects. Grey dots indicate no

significant effect. The size afots correpond to the abundance of each species across the

global datasetLarger subpanels for each metric (left side) denote all species for which
segmented models had reductiomgid | C > 4 . Upper right panel s de
where thresholds were sxiated with decreasing gradient of reponse. Lower right panels

denote the subset of species where thresholds were associated with increasing gradient of

reponse.
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Table S 3.6. Results of KruskiaWalllis tests for differences in group average effects and
threshold levels between trait grouffSg. S6). Results are given for each environmental

metric included in the overall occupancy model.

Environmental metric / group statistic parameter p value

Canopy height effects strata 15 2 0.472
Canopy height effects guilds 1.47 5 0.916
Canopy height effects habitat groups 9.54 4 0.049
Canopy height +g thresholds strata groups 0.49 2 0.784
Canopy height +g thresholds guilds 4.84 5 0.435
Canopy height-g thresholds habitat groups 6.66 4 0.155
Canopy height-g thresholds strata groups 1.84 2 0.399
Canopy heightg thresholds guilds 3.52 5 0.62
Canopy heightg thresholds habitat groups 5.93 4 0.205
Canopy heterogen. effects strata 2.39 3 0.495
Canqy heterogen. effects guilds 1.54 4 0.819
Canopy heterogen. effects habitat groups 2.56 4 0.634
Canopy heterogen. +g thresholds strata groups 5.45 3 0.142
Canopy heterogen. +g thresholds guilds 2.33 4 0.675
Canopy heterogen. +g thresholds habitat gsou 0.96 4 0.916
Canopy heterogeng thresholds strata groups 2.02 3 0.568
Canopy heterogeng thresholds guilds 1.62 4 0.805
Canopy heterogeng thresholds habitat groups 3.24 4 0.518
Vegetation density effects strata 2.04 2 0.36
Vegetation densitgffects guilds 3.85 5 0.571
Vegetation density effects habitat groups 2.88 4 0.578
Vegetation density +g thresholds strata groups 1.45 2 0.485
Vegetation density +g thresholds guilds 3.43 5 0.634
Vegetation density +g thresholds habitat groups 211 4 0.716
Vegetation density-g thresholds strata groups 3.97 2 0.138
Vegetation densityg thresholds guilds 4.26 5 0.513
Vegetation densityg thresholds habitat groups 6.37 4 0.173
Vegetation skew effects strata 5.38 2 0.068
Vegetation skew effectugds 8.53 6 0.202
Vegetation skew effects habitat groups 5.53 4 0.237
Vegetation skew +g thresholds strata groups 2.87 2 0.238
Vegetation skew +g thresholds guilds 3.45 5 0.631
Vegetation skew +g thresholds habitat groups 1.11 4 0.893
Vegetation ske -g thresholds strata groups 2.21 2 0.331
Vegetation skewg thresholds guilds 5.89 5 0.317
Vegetation skewg thresholds habitat groups 5.2 4 0.268
Forest cover (100m r) effects strata 0.44 2 0.804
Forest cover (100m r) effects guilds 1.52 5 0.911

132



Forest cover (100m r) effects habitat groups
Forest cover (100mr) +g thresholds strata grou
Forest cover (100m r) +g thresholds guilds
Forest cover (100m r) +g thresholds habitat grot
Forest cove(100m r) -g thresholds strata groups
Forest cover (100m rp thresholds guilds

Forest cover (100m Fy thresholds habitat group:

4.34
0.81
4.73
2.95
0.31

4.7
3.63

A N A N b

0.362
0.669

0.45
0.567
0.855
0.453
0.458
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Abstract

Approaches tocharacteriseand monitor biodiversity based on tlseund
signals of ecosystenappear taffer great potentialwith acoustic indices refleatg
avian species richness in a variety of environments. Howéwedlate validation
studies of how well acoustic indices reflect observed patterns of biodivéesis
tended tause relatively low levels of spatial replication dra/efocussed on habitats
with similar underlying anthropological and geophysical socinaracteristics. For
aooustic indices to be broadly applicabtebiodiversity surveys and monitoringpeir
capacity to measure thecobgical facets of soundscapes must be robust to these
potential sources of bias. Véxaminedhe efficacy of five commonly used acoustic
indices to reflect patterns obbserved and estimatedian species richness acr@ss
land-cover gradientn Northeast Borneol'he gradient comprised intact forests to oil
palm plantations, thus providing highly variable anthrophonic and geophonic
soundscapeWe foundthat Acoustic Complexithhad the strongest relationship with
observedbird richness in old growth forest and logged forest, but #adustic
Evennes$ad the strongeghegative)association with observed richness in riparian
areasNo acousticridices were associated with observed richness in oil palm riparian
areasWe attempted to improve tlassociatios between acoustic indices and species
richness bydigitally reducingbackground noiseutside of thevocalfrequeng range
for birds controling for time-of-day,and removing a habitat with high anthropogenic
influence.Our Adjusted Bioacoustic Indexasbetter tharunaggregate@oint counts
at capturing changeis species richnessssociated with changing canopy hejgind
the associationbetwveen the Adjusted Bioacoustic Indeand canopy height was

comparableto thatwhen species richneswas estimatedvia occupancymodelling.
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Our findingsunderscore the potential utility of soundscape approaclemtacterise
biodiversitypatternan humanmodified tropical landscapes, but demonstrateftrat
acousticindicesto be more effectivéhe bias introduced by tiref-day, geophonic

noise, cicada choruses and human voiEesis to be better accounted for

Introduction

In the midst of the curreminvironmental crisisfockstronet al, 2009; Ripple
et al, 2017 conservation practitioners are seekmgre efficientand costeffective
ways of monitoring biodiversity (Bustamangt al, 2015. Recent advances have
included the application of new rebaosensing technologies (Pettoreliial, 2014),
such as the use of Light Detection And Ranging (LIDAR; @ual, 2017) and
Synthetic Aperture Radar (Villaret al, 2016) to identify species habitat associations
(Taft et al, 2003). Additional devefaments include, new statistical approaches to
derive robust estimates of species occupancy from sparse data for rare species (Royle
& Kery, 2007), novel methods environmental DNA procedure facilitating rapid impact
assessments (Valentiei al, 2006), andhe use of autonomous wildlife surveillance

methods, such as camera traps and soecorders larrisonet al,, 2012.

The increased availability and reduced afstoundrecordershas opened up
an entirely newfield of conservation research and practiSeundscape ecology is
concerned with the same basic principles and questions as landscape ecology,
including a focus on how acoustic signals in a particular location change with time,
habitatdisturbance, and patterns of biological and human ac{i@iggcet al., 2016).

One of the main focuses of soundscape assessmeits dscern patterns of
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biodiversity (Pijanowskiet al, 2006). This differs fronthe field of bioacoustics,
which tends to focus on the physiaad variationof biological sound prodtion

among organisms.

Birds are excellent surrogates for wider patterns of biodiversity (Lewandowski
et al, 2008; Gardneet al, 2008) and are also one of the most dominant terrestrial
taxonomic groups in terms of abundance, biomass and contributi@undscapes
(Gascet al, 2016). Due to these characteristics, they have been a focus of efforts to
characterise or estimagpecies richness and community structure from soundscape
recordings A large number of indices have been developed to statistabadigribe
the distribution of acoustic information in a given recording. Some of these acoustic
indices seek to determine variation in anthropogenic disturbanceghthrophong
Kastenet al, 2012), or acoustic dissimilaribbetween recordingsSueuret al., 2008),
whilst the majority are designed to reflect the richness and complexity of ecological
communities, such as total acoustic complexity, entropy or bioacoustic activity (e.g
Pierettiet al, 2011; Sueuet al, 2008; Depraeteret al, 2012). Aoustic indices have
been applied across a wide variety of habitats and environmental contexts, including
investigating patterns of species richness in temperate reefs (damls 2016),
detecting the response of tropisaildlife to haze caused by fatefires (Leeet al,

2016), assessing avian richness in tropical open woodland savannah (Alequzar &
Machado 2015), monitoring freshwater lakes for invadiiapia (Kottege et al,
2015), andquantifying patterns ofpeciediversityin tropical forest (Manmideset

al., 2017).

A central assumption behind the application of acoustic indices is that greater
acoustic diversity reflects more vocal spediesa given community (Gaget al,
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2001). It is also assumeldat acoustic diversity is positively correddtwith measures

of biodiversity and ecosystem functioning (Pijanowski al 2011). For birds,
validation studies have compared acoustic indices directly with two established
methods for assessing species richness: point count data and expert identifitatio
birds from recordings (Darrast al, 2018). Acoustic indices correlate with avian
richness in temperate (Depraeteteal, 2012; Eldridgeet al, 2018), sukropical

(Fuller et al, 2015) and tropical (Mammides al, 2017) environments. Proponents

of soundscape ecologgnd toadvocate the use of sounecorders aamore efficient

way of measuring bird diversity than expert ornithologists collecting survey data
(Eldrigeet al, 2018). However, to date, acoustic validation attempts have used fairly
small datasets in terms of their spatial replication. For instance, Mameitics
(2017) used 97 sampling points for the deployment of autonomous recorders, across
sevenlandusecategories, Eldridget al (2018) used 90 sampling points, and lzaguirre

et al. (2018) used 60 sampling points. Other studies have concentrated on comparing
two different habitat types, which are often highly distinct from one another, such as
gallery forest compared to cerrado vegetatioBrazil (Machadoet al., 2017). Thus,

while validations have provided useful insights into which metrics best correlate with
observed avian richness, it remains unclear whether such patterns remain consistent
over large spatial scales and complex environmental gradients. Similarly, thet@xtent
which such indices perform as reliable proxies &otualrichness across habitats
containing varying levels of other acoustic signals, such as those from amf@napo

and geephysical sources, is uncertain. For example, recent work from urbanrareas
the UK suggests that many acoustic indices do not perform well in landscapes with a
high contribution of anthrophonic signal (Fairbrass al, 2017). Therefore,

determining which indices are consistently robust remains a research priority, as does
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finding ways to optimise existing indices to avoid the biases introduced by potentially

confounding acoustic signals.

Here, we assess the performance of five commonly used acoustic indices in
reflecting variation in avian diversity across a lanovergradient n Sabah, Malaysian
Borneoi a region characterised by exceptional levels of biodiversity, and intense
forest degradation and deforestation. Our species data were generated from point
counts conducted simultaneous with sound recordings, as well as higlcigepr
estimates of richness derived from a Bayesian occupancy model that accounts for
differences in species detection. Accounting for variation in detection probability is
currently another hurdle in improving the effectiveness of acoustic methods, since
detection probabilities vary between species and are not accounted for within indices.
We test a number of approaches to improve the potential association between acoustic
indices and diversity data, and compare the ability of each of these indicesui@ capt
patterns of species richness across the landscape gradient. We also compare the
performance of acoustic indices in capturing changes in species richness associated
with canopy height across tropical forests, as derived from-eigblution LIDAR

data,to determine whether soundscape indices reflect habitat structure.

Methods

Bird sampling

Birds were sampled vid5-minute 50 m radiuspoint countsat 373 localities
in five habitat typesn Sabahwith threeor four visits to each site between 2014 and
2017 (1,259 point counts in total; Chapter .3)hese were carried out by a single
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experiencedbserver(SLM) between 05:50am and 11:00am on days without rain.
Temporal independendetween epeated point counts at a given si@s ensured as
repeat countstaites were always undertaken on different d&psatial independence

was ensured by all sitdseing locatedat least180 m from one anotherSound
recordingswvere taken simultaneousijongsidesachpoint count using a single field
recorder (Olympus L81/LS12) comprisingdual cardioid microphones positioned
perpendicular to one another. In riparian areas, where background geophonic sound
from running watemwas sometimessignificantly higher, the recorder was placed at
least 10 m from the fastest flovgrsections of watercourses and oriented away from

areagproducing the most noise.

Point count localitiegtotal n=373)covereda gradient of habitat degradation
and increasing human presence, fronfoggedold-growth dipterocarp forest to oil
paim plantaions (Fig.3.1, Chapter 3). Oldyrowth forestgn=50point count locations
were sampled at Danum Valley Conservation Area (n=20), Sepilok Forest Reserve
(n=20) and Maliau Basin Conservation Area {8y We surveyed riparian areas in
continuous logged fost (riparian forest; n=80), isolategbarian reservewithin oil
palm plantations(riparian reservesn=100), and riparian areas without natural
vegetation in oil palm estates (oil palm riparian; n=20nd aroundhe Stability of
Altered Forest Ecosysims(SAFE) landscapeAdditionally, wesampled nosriparian
areas within theontinuous logged forests withine SAFE areaandthe adjacentlu-

Segama Forefeservelogged forestn=123).

Each habitat typesupportednot only a different ecological commity
(Chapters 2 and 3put also a different acoustic context. Anthropogenic noise levels
varied for each of these habitats, being associated with distant machinery from
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adjacent loggingor agricultural operationandroad and trail maintenancee later
beingespecially prominent within oil palm. Glgrowth and selectively logged forests
comprised terrdirma lowland dipterocarps with low geophonic sound, while riparian
forests were situated on fa&twing streams with variable levels of peak disgfear

and high levels of background geophonic noise. Riparian resgeethose in the oil
palm estatesyonsisted of a few highoise fastflowing streams, but in general were
slowerflowing alluvial areas with few riffles or cascades resultingpwer levels of
geophonic nois¢éhan counterpart localities in the riparian foresithough oil palm
riparian sites were located along water courses, these were all very smdloglowg
streams with no significant sounds of running weallew geophonic inflence)
Riparian forest and oldrowth sites were located along streams or trails in transects
comprising 10 point counts, whilst point counts at logged forest sites followed the
SAFE fractal design (Ewemst al, 2015).This design uses constellations @fints
spaced at least 180 m apart in groups of 16, which were undertaken as intersecting

transects of 8 points on separate days.

Acoustic Indices

The first minute of each sound recording included the observer stating the date,
time and location, and themoving away from the recorder. This sequence was
thereforecut from all recordings prior to analysis. We assessed five commonly used
acoustic indices over the remaining-fidnute portion of each recordingicoustic
complexity (AC); Bioacoustic Index(BA); Acoustic Diversity (AD); Acoustic

EvennesqAE) and the Normalised Difference in Soundscape IndBDSI). The
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indices were quantified using the packages soundecology (Villanueva Rivera and

Pijanowski, 2013) and seewaf(Sueuret al, 2008) in R (R Cor&eam, 2014).

Acoustic complexitis designed to capture the intricaafybiophonic signals,

while ignoring the influence of many anthrophonic and geophonic noises. It is based

on the premise that biotic soundginsicallyencompass a large variety ofensities,

whereas sounds such as overflying airplanes or running water are associated with

constant intensity values (Pieretti & Morri, 201The Bioacoustic Index(BA)

describes mean spectral power between 2,000 kHz and 8,000 kHz, as this frequency

rarge covers mostinfrasonic ecological sound, but excludes many anthropogenic

noises which, in general, register below 2,000 kHz (Boeletaal, 2007).Acoustic

Diversityc al cul ates Shannoné6s diversity index

of each 1 Kz frequency band.Acoustic Evennessieasures evenness between ten
equal frequency bandsi022,050 kHz as the proportion of the signals in each band
above a-50 dBFS threshol d, where dBFS is
maximum amplitude withira given file (VillanuevaRiveraet al 2011). We also
computed théNormalised Difference in Soundscape In@sSI), whichis simply

the ratio of biotic to anthropogenic signal (Kasétral., 2012).

Acoustic Diversitys based on the Shanndviener indexJost, 2006) whereas

Acoustic Evenneswhich is based on the GiSimpson index (Gini, 1997These two

indices therefore characterise inverse soundscape properties to one another (Eldridge

2018). Therefore, after confirming this was also the caserimesults(Table4.1),
we opted to use onbjicoustic Evennessince it showd strongerassociatioa with

point count richnesghanAcoustic Diversity
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A pre-processing procedure was ran each of 299 recordings, following
the protocolused byArnold (2013) to maximise the clarity of recordings for human
hearing. Using the free audio editing software Audacity (12@B3 Audacity Team;
SourceForge.netyve first removed frequencies of >10,000kHz and <800kisimg
high- and lowpass filterdo remove exteme unwantednthrophonic sourgisuch as
traffic noise(e.g. Eldridgeet al 2018).We also added a small notch filterremove
a narrow range of frequenciéisat include the commonest cicada chorus (7,950
8,09 kH2). In order to remove backgroundise we selected a twaninute section of
one of our riparian recordings in which only river sounds (and no biological signals)
could be detected by human examinatidss i ng Audaci t yos propr.i
process, we sehis asab ac k g r o u naf idnuendedhe spgrific profile to
determine where spectral power exceettexbe of the background noise profite
each100 kHzfrequencybandin a recording(i.e not background signatbat were
assumed as biogacally relevan). Signals exceedinthose in the noise profile were
subsequentlget to GdB gain (no change in volumelhere spectral power fell below
thoseof the background noise profiteis was assumed to be background narsga
-12dB gain(volume reduction of 12 decibeljasapplied to suppress iEffectively,
this procedure selects a single portion of one recording containing high background
noise, but no apparent biological signal, and uses this to inform which signkdssare
relevant in the target recordings, eliminating Boiabove and below certain
frequencies, as well as in a small envelope at around 8,000l4zi ng t he &é¢ch
function in Audacitywe applied this preess in batch to 1,2®ut of 1299ecordings

(errors in processing occurring in 40 recordings).
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Our results indicated that no relationships existed between any of our acoustic
indices and species richness in oil palm (Fig.25 We therefore removed this data

from this habitat type from our analysis relating to estimate species richness.

Estimated specerichness

To comparehe acousticindiceswith avian diversitywe used an occupancy
modelling approach to estimate speaiesness at evergoint count locatiorbased
on theoccupancy probabilitiesf each specieand controlling for differing detection
probabilities between specig3ccupancy wasstimatedisinga Bayesian hierarchical
community model,whereby each species could be affected by five structural
vegetation metricand overall community meansnd detection probability was
influenced bytime-of-day and survey dateQhapter 3 Estimated richness was
calculated from the model as the sum ofrtieglianprobabilities of each species being
present at particularsite. Thirty two species recorded during our survey wengy
encountered othree @ less occasionand therefore wereexcluded from the model

and assumethat they didhot contribute to richness at any given site.

LiDAR forest metrics

To measureanopy height at each site we used data derived from LIDAR point
clouds. These data weegathered in November 2014 witH.aica ALS50I11 sensor
aboard a light aircraffAsneret al. 2018. Canopy height values were taken as the
mean within a 50 m radius of each point count location, mirroring our survey radius
(Chapter 3) We used canopy lgdit as it has been shown previously to strongly
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influence tropical bird communities (Cleagy al,, 2005), as well as reflecting other

forest quality metrics such as biomass and cademsity Juckeret al, 201§.

Statistical analyses

To testthe relaive performance oindicesbased oradjusted and unadjusted
recordingsn reflecting habitatiime-of-dayand observed richnesse ran a series of
GLMs usingthe appropriate link function for each indd&rived from the package
ofitdi st r p-Muleré& Dytang 2015gWe ditted Aeoustic complexitgnd
Bioacoustic Indexvith Gamma family models, whil&cousticDiversity, Acoustic
Evennesd\DS|, Adjusted Acoustic Complexitdjusted Acoustic Diversitadjusted
Acoustic Evennesand Adjusted NDSlwere fitted with Beta distribution models.
Values acquired for thadjusted Bioacoustic Inddgllowed a Gaussian distribution.
Beta distributions were not supported by base R and were standardisgdhes
package Oreghel per 6 ( AuTherelaive gerfdmanc€afr e Te
models using indices derived frommnadjusted versus adjustedcordingswas

compared via their relative AIC values.

To understand the relationship betweeoustic metricand observed species
numbers from the gint countsor species richness estimatiem the occupancy
modelling we fitteda series ofinear regressions. Wiaienrepeated this processr
each index via models restricted to individual habitatsalso assessed théects of
time-of-day upon each index urgg linear regressiondn order to comparenodel
improvementausing indices based adjustedversusunadjusted recordingsenre-

tested the acoustic indices from our adjustecbrdingsto examine whethethis
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altered the relationships with point courthmesstime-of-dayand habitat\We used

this process to identify the best performing indices to assess fuMfeused linear
regressions to demonstrate associations since this provided information on the pattern

of the relationships between observeeaes richness and each acoustic index, as well

as the level of correlation. To confirm levels of correlation we also computed
Pearsondés coefficient for t he associatic

richness and time of day.

Both acoustic indiceand richness of individual point counts dékely to be
affected by timeof-day, following the diurnal variation in activity for many species
However, the effects of time on eanteasureare not necessarily equal since point
counts rely on visual as wels audio detection. Therefore, we sought to uncouple the
relationship between acoustic indices and species richness from the effectsaif time
day. We did this by performing linear regressions of point count richness and acoustic
indices against timeé order toobtain the residuals of these relationships. This was
done forindices based oadjusted or unadjustedcordingsdepending on which best
reflected species richnesise( thegreatest value of Rin linear models across all
habitats; Table4.1). We then reran linear regressions between acoustic index
residuals and point count richness residuals, to confirm this increased the associations

between them.

Using additioml linear regressionsye determined the performance of our best
time-controlled irdices in reflecting estimated richness. We compared the
relationships okstimatedichness and timeontrolled acoustic indices with canopy

height to examine the capability of soundscape analysis to captumorébpatterns
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of biodiversity associated ith variation in the structure of forest. Altasistical

analysesvere undertakensing R (R Core Team, 2014).

Results
Assocations betweescoustic indices and point count richness

We found significant associations betwedaserved species numbergaint
couns and the acoustic indiceterived from simultaneous sound recordings (Table
4.1). Acoustic Complexityvas most stronghassociated withichness, followed by
Acoustic Evennes8Bioacoustic IndexandNDSL Acoustic Diversityexhibiteda very
weak but significant relationship withobservedrichness.Acoustic Complexityand
Bioacoustic Indexvere also negativelgssociateavith time-of-day (AC; R?= 0.047,
F= 56.97 p<0.001; B\ R?>=0.013 F= 15.98 p<0.001) with higher values during
recordings shorthafter dawn and lower values for those later in the mormiSI
showed a positivassociatiomwith time-of-day (R?=0.049 F=58.71, p<0.001), whilst
Acoustic Diversityand Acoustic Evennesgere not significantly associate@e also
found a number of sigficant relationships between acoustic indices and-tifréay

(Table4.1)
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Table 4.1. Linear regression model statistics of observed bird richness andftide/Results

listed foreach acoustic inde(adjusted or nomdjusted) with intercept, Fstatistic, p value,

R? residual standard error, and degrees of freedom for each. Indices assessed as are follows:
Acoustic ComplexityAC); Adjusted Acoustic ComplexippACa); Acoustic DiversityAD);

Adjusked Acoustic DiversitfADa); Acoustic Evennes@AC); Adjusted Acoustic Evenness
(ACa); Normalised Difference in Soundscape In(d®SI); Adjusted Normalised Difference

in Soundscape Ind¢NDSIa).

Residual Degrees

Linear Model Intercept F p value R2 standard of E‘;Z;fs.on
erra Freedom
AC ~ Richness 23.76 54.79 <0.001 0.046 517.7 1132 0.214
ACa ~ Richness 16.067 6.5957 <0.001 0.006 1116 1145 0.068
AD ~ Richness -0.009 7.374 <0.001 0.006 0.562 1132 -0.080
ADa ~ Richness -0.011 60.8 <0.001 0.05 0.264 1145 -0.241
AE ~ Richness 0.007 25.74 <0.001 0.021 0.27 1145 -0.080
AEa ~ Richness 0.01 111.2 <0.001  0.088 111.2 1145 0.312
BA ~ Richness 0.04 6.537 0.05 0.005 2.69 1145 0.121
BAa ~ Richness 0.083 8.742 0.05 0.006 5.134 1145 0.103
NDSI ~ Richness 0.006 14.17 <0.001 0.012 0.295 1145 0.117
NDSla ~ Richness 0.011 290.11 <0.001 0.024 0.388 1145 0.170
AC ~ Timeof-day -1.515 56.97 <0.001 0.047 517.2 1132 -0.219
ACa ~ Timeof-day -1.301 9.131 0.002 0.007 1115 1145 -0.085
AD ~ Time-of-day 0.0001 0.487 0.485 <0.001 0.563 1132 0.021
ADa ~ Timeof-day 0.0005 32.56 <0.001 0.027 0.268 1145 0.162
AE ~ Timeof-day -0.0002 3.508 0.061 0.003 359.4 1132 -0.056
AEa ~ Timeof-day -0.0004 42.41 <0.001 0.035 0.177 1145 -0.184
BA ~ Time-of-day -0.004 15.98 <0.001 0.013 2.679 1145 -0.084
BAa ~ Timeof-day -0.021 135.7 <0.001 0.106 4.872 1145 -0.325
NDSI ~ Timeof-day 0.0009 58.71 <0.001 0.049 0.289 1132 0.222
NDSla ~ Timeof-day 0.0006 15.77 <0.001 0.013 0.39 1145 0.120
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Figure 4.1. Relationships between acoustic indices and observed avian richness
Observed richnesderived from point counts overlandusegradient in Sabah, BorneBach

plot is based 01,259 recordinggrom multiple habitat typesThe line-of-bestfit is derived
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from a linear regression modé&haded aresaroundthetrend lines denote 95% confidence

intervals.

Effects of habitat type

Linear modelsevealedhat the associations between acoustic indices and bird
richness was strongly mediateg¢ babitat type (Tabled.2; Fig $4.1; Fig S4.2.
Differences between habitat types were particularly strongdoustic Complexity
Bioacoustic indexand Acoustic EvennessThe effect of habitat type was greater for
adjusted indices than untransformed ©(€able4.2; Fig. $4.1). We partitioned our
data between the fiveabitattypes in our study (Fig¥4.1) and found thabird diversity
could be predicted byne or more acoustindicesin every habitat type excefur oil

palm riparian reserves, where reationship was found.

Table 4.2. General linear models for each acoustic index in relation to richness, time
of-day, and habitat types covariatesercepts, standard errors and p values are listed for
each parameter. Model AIC and degrees of freedom (DF) are present for each model. For
negativeintercepts< signifies values closer to zedodices assessed as are follosoustic
Complexity(AC); Adjusted Acoustic ComplexifACa); Acoustic Diversity(AD); Adjusted
Acoustic Diversity(ADa); Acoustic EvennesgAC); Adjusted Acoustic EvennegACa);
Normalised Difference in Soundscape Ind&DSI); Adjusted Normalised Difference in

Soundscape InddkDSIla).

Model (family) Parameter Intercept pvalue DF AIC
AC observed richnes <-0.001 <0.001 1127 17258
(Gamma)

Time <0.001 <0.001

logged forest <-0.001 <0.001

riparian forest <-0.001 <0.001
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AD
(Beta)

AE
(Beta)

BA
(Gamma)

NDSI
(Beta)

ACa
(Beta)

ADa
(Beta)

riparian oil palm  <-0.001
riparian reserve  <-0.001

observed richnes <-0.001

Time <-0.001
logged forest 7.58E02
riparian forest 5.20E01
riparian oil palm -0.445
riparian reserve 0.251

observed richnes 4.069

Time -0.063
logged forest -67.043
riparian forest -458.597
riparian oil palm  216.904
riparian reserve  -227.573

observed richnes <-0.001

Time <0.001
logged forest 0.033
riparian forest 0.139
riparian oil palm -0.016
riparian reserve 0.036

observed richnes 0.007

Time 0.001
logged forest -0.012
riparian forest -0.153
riparian oil palm 0.050
riparian reserve -0.132

observed richnes 27.767

Time -0.643
logged forest 1048.209
riparian forest 1208.966
riparian oil palm  739.726
riparian reserve  1174.684

observed richnes -0.004

Time <-0.001
logged forest -0.167

<0.001
0.004

0.840

0.919
0.131
<0.001
<0.001
<0.001

0.071

0.667
0.024
<0.001
<0.001
<0.001

0.694

0.052
<0.001
<0.001

0.030
<0.001

<0.001

<0.001
0.642
<0.001
0.237
<0.001

<0.001

0.137
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001

1127

1127

1118

1127

1127

1127

1691

16166

4584

304

19000

-25
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riparian forest 0.084 <0.001
riparian oil palm -0.186 <0.001
riparian reserve 0.097 <0.001

AEa observed richnes:  -0.004 <0.001 1127 1074
(Beta)

Time <-0.001 <0.001

logged forest 0.102 <0.001

riparian forest -0.097 <0.001

riparian oil palm 0.117 <0.001

riparian reserve -0.081 <0.001
BAa observed richnes  -0.128 <0.001 1118 6507
(Gaussian)

Time -0.025 <0.001

logged forest -6.093 <0.001

riparian forest -6.749 <0.001

riparian oil palm -7.716 <0.001

riparian reserve -7.061 <0.001
NDSla observed richnes 0.012 <0.001 1127 969
(Beta)

Time <0.001 <0.001

logged forest 0.008 0.818

riparian forest -0.149 <0.001

riparian oil palm 0.073 0.195

riparian reserve -0.194 <0.001

Effects of noisereduction processing

Following our pre-processing adjustmentthe strength ofssociationwith
point count richness wageaker forAdjustedAcoustic Complexitybutincreased for
Adjusted Acoustic EvennesdAdjusted Bioacoustic Indeand Adjusted NDSIall
showedrelationships of increasing strendffable4.1). After adjustment,he effect
of time-of-daywas weakerdr Adjusted Acoustic Complexiagnd Adjusted NDSbut
stronger 6r Adjusted Acoustic Evenneasd Adjusted Bioacoustic IndgXable4.1;

Fig 4.1). We found no associations betwernlices based oeither adjusted or

165



unadjustedecordings withrichness or timef-dayin oil palm riparian areaand these

data were therefore excluded from analysis with estimate richness and canopy height.

Assocations between timmntrolled indices, estimated richness and canopy height

After adjustment for time and the exclusiohoil palm riparian data points,
we found no association between estimated richnes®\endstic Complexity time
residuals (R><0.001, F= 0.01632, p=0.8p8Adjusted Acoustic Evenness time
residuals showed a negative relationship with estimated richne®%;0(08259,
F=70.76, p<0.001 whereasAdjusted Bioacoustic Index time residualsowed a
strong positive relationshipRf= 0.1581, F=147.6, p<0.0R1Acoustic Complexity
time residualsvere negativelyassociateavith canopy height (R0.07872, F=67.16,
p<0.00]), Adjusted Acoustic Evenness time residisiiswed no association, while
Adjusted Bioacoustic Index time residualsowed significant positive association
(R?= 0.267, F=286.3, p<0.0p10bservedoint count richneswas associatedvith
estimated richess R?=0.08002, F=68.37, p<0.001but not with canopy heiglfFig.
4.2,R?>=0.000174, F=0.1368, p=0.71The strength of association between estimated
richness and canopy height was stronger than for any indices metfic3.3R
F=367.8 p<0.001), altbugh not markedly different from those revealedAojusted

Bioacoustic Index time residudlBig. 4.2).
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95% confidence intervals. Data points are different visits ,@29), with a maximum diour

visits to any given site (n=356 sites with height and estimated richness data).

Discussion

Our findings demaostrate that acoustic indices, given an appropriate study
design and analytical framewornleflect actual bird diversity patterasrossatropical
forest landscapesind so could be a viable method of characterising and monitoring
avian biodiversityHowever, we also find that in different habitat contexts, -fmeal
acoustic signals make highly significant contributions to the overall soundscape and
potentiallyinfluence the indicesAlthough previous studies have sought to assess the
validity of acoustidndices compared to a point count methodology, both in temperate
and tropical regions (Depraeteet al, 2012; Mammidest al, 2017), our study
includes fourfold more spatial replication than previous assessments and does so
across a broad range of halté and acoustic contexts. As a result, we are able to
provide novel insights into some of the likely reasons for deviations between indices
and point countsandcanmake recommendations for how to mitigate factors which

increase discrepancy between atauindices and patterns of biodiversity.

Acoustic indices across multiple tropical forest habitats in our study were
associated with observed richness. However, these associations were rather weak and
tended to be mediated by habitat type. Most sigauifily, none of the indices we tested
showed any significant association with observed species richness in oil palm riparian
areas. Additionally, oil palm riparian areas showed the highest mean levels of
Bioacoustic Indexand Acoustic Complexitypf any haliat type despite the lowest

levels of observed richness (Figl.§, Fig $1.2). We believe a combination of factors
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caused a breakdown in any associations betweemdices and richness in this
habitat. First, we suspect the influence of human voiced palm estates may have
obscured the differences in acoustic complexity driven by bird vocalisations. In urban
environments of the UK, human speech is known to exert a significant bias upon the
same indices quantified in our study (Fairbressal, 20179 and it appears likely that
agricultural landscapes, which rely on large numbers of workers (Singana, 2013), have
a similar acoustic profile in this regard. A second factor is that, as in urban areas, avian
communities in oil palm landscapes are depaupeaad comprise only a few avian
generalists that occur at almost all sampling points (Chace & Walsh, 2006; Edwards
et al, 2010). In practice, this means limited variation in both the observed number of
species and any acoustic indices and therefore arlstatistically probability of
finding significant associations between the two. This is supported by the fact that we
observed only 36 (s.d 2.54) species per count in oil palm, compared to up to 29 (s.d
4.70) species in oldrowth forest. For this reas, we removed oil palm riparian sites
from our regressioaf landscape wide datefore comparisons with estimate richness

and canopy height.

Acoustic Complexitywas associatedwith observed richness acroske
landscapevide dataset, but this pattern svaot apparent in riparian forests or oil palm
riparian habitats (Figd.1; Fig $4.2). Riparian forest sites tended to be on steep fast
running streams where the background noise of running water was significantly louder
than in all other habitats. We g#xt this may have undermined the capacity of this
index to detect differences in species richness. Since acoustic complexity is based
upon absolute differences in signal power within each frequency band over time it

should, in theory, account for constamickground noise (Pieretét al, 2011).
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However, if such noise is sufficiently loud as to drown the signals of bird
vocalisations, this would significantly dampen the variations in signal power over time
and, therefore, reduce the capacity of the indexeflect overall acoustic complexity.
Preprocessing our recordings to produce an adjusted index did not improve the
association levels with observed richness globally, but did inchAsgdjssted Acoustic
Complexityin riparian forest (with most backgrodimoise) relative to other habitat

types (Fig4.1).

Across thdandscapavide dataset, we found a weak but significant association
between bioacoustic index and observed richness. However, when broken down to
different habitat types, this pattern wadyosignificant in riparian forest (and not in
old growth, logged forest, riparian reserves or oil palm riparian). A possible
explanation for this pattern is the influence of cicada choruses. Cicadas are common
throughout Bornean rainforests and make a maontribution to the overall
soundscape (Gogala ®iede 1995. However, cicadastend to call at constant
frequencies (e.g Gogala & Trilar 2004) and within the frequencies 2 KHz to 8 KHz.
This frequency range is generally regarded as that within whichlbinds/ocalisation
fall (Goller & Riede, 2012) and therefore was used as the limiting bounds in the
development of the bioacoustic inddoglmanet al, 2007. The index calculates the
total spectral energy within this range and does not differentidteebre constant
frequency signals (such as cicada calls) and complex signals (such as most bird songs).
Therefore, a few generalist cicada species calling more frequently could potentially
still result in high index valuesSome endothermic species of tgdiforest cicada
have been found not to call until certain temperature is reached (Sahlabyri994)

and snce old growth forest have been shown to have a greater thermal buffering
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capacity than loggefbrests (Freyet al, 2016), it is possible thaélhe onset of certain
species calls is delayed, therefore resulting in a differing level of contribution to the

overall soundscape during the periods we analysed.

Acoustic Evennessdecreasedvith observed bird richness, while previous
studies have showroth positive (Eldrigeet al, 2018) and negative (Mammides
al., 2017) associationsAcoustic Evennesss an entropic index based on overall
evenness between 1 KHz frequency bandslafuevaRivera et al 201J. Its
interpretation is complex since potifly high values can be reported for signals with
opposing ecological characteristics. As noted by Eldridgal (2018), complex
signals with many amplitude modulations have low temporal entropy, but sustained
soundsof consistent frequency show verygh temporal entropy. Therefore, we
suspect that acoustic evenness may also have been influenced by the variation and
regularity in cicada calls. This means that more cicada species calling at frequencies
straddling multiple different bands would increasenness. However, some species
of cicada call at narrow, constant frequency bands (e.g Sanborn, 1997), if these were
to fall within a particular 1kHz bound assessed by the index, this would reduce

evenness.

Although some studies have sought to controtfcada choruses by excluding
them (Towseyet al, 2013), the uneven temporal distribution of such signals means
excluding themwould add new biases based the time of sampling. Previous studies
have also found that temporal differences in cicada chotusluced bias in entropic
indices, which resulted in higher index values in degraded than intact tropical forest
(Sueuret al, 2008).The loudinsect chorugharacteristic oBorneanrainforess has
al so been suspected of ,whershybome taxgsinglesséj a mr
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frequently during the loudest choruses of others (Reide, 1997). This could in theory
also affect the acoustic evenness index, since complex signals such as birdsong may
be inhibited by cicada calls. Therefpumderstanding he changes in cicada choruses
effect acoustic indices is therefore a major research priority for optimising their utility

in tropical forests.

Our results showed a weak positive association between NDSI and observed
richness across all habitats. Howevke perceived influence of anthropogenic sound
was highly heterogeneous when point counts were conducted. Whilst oil palm riparian
areas undoubtedly had a greater proportion of anthropogenic sounds, many logged
forest sites were still undergoing salvagegiog nearby to where our counts were
conducted. This resulted in distant chainsaw and vehicle sounds being relatively
common within our recordings. A high proportion of old growth sites were influence

by the sounds of vehicles, leblbwers and road consittion nearby.

Bioacoustic index values were greater in old growth forest, followed by logged
forests, then riparian reserves and riparian forest 4. This pattern (excluding for
oil palm) mirrored the aggregated habitat richness findings framrewious analysis
of the landscapedhapter2; Mitchell et al, 2018), as well as a large literature showing
that old growthforestssupport more bird species than logged forests (Edvedrals
2014) or isolated fragments (Edwastsal, 2010). Assoeitions between bioacoustic
index values and observed richness from individual point counts may have been weak
due to the observed richness being a poor reflection of actual avian richness patterns.
This is because the majority of species in tropical foaestrather uncommon, with

some not even calling every day (Robinsbal 2018).
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Incomplete sampling of some species due to a failure in detection contributes
to the discrepancy between acoustic indices and riclpatsns This is supported
by the ngative relationships found between several indices anddirday (Table
4.1). This idea is supported by two patterns we observed. First, associations between
bioacoustics index and estimate richness (controlled for detection probability), were
far higherthan those with observed richnesg(Bi3). Second the overall avian chorus
(and hence the probability of a given speciesalising) decreas with time after
dawn (Table 4.1). Similar patterns have been noted in several previous studies
(Wimmer et al, 2013). Sinceobserved richness from point couen bebased on
upward of 95% aural encounteanstropical forest§Robinsoret al., 2018), this metric
also decreasavith time after dawn. However, the effect of time upon acoustic indices
and observedichness is not the same, since point counts do not rely solely upon
vocalisations. This means that the differing effects of time upon the two metrics
introduces a source of bias. We found that associations between indices and observed
richness within outandscapdevel dataset improved when we used tinwntrolled
residuals for both. We therefore recommend this step for any sampling digsigns
base their acoustic indices upon samples from different times of day. However, for
extended or constant autonous recordings, there are alternatives to this approach,
such as using sampling designs which validate recordings based on one minute
samples, taken at random or via a stratified sampling approach depending on the

results for particular indices (Wimmetal., 2013).

Preprocessing our recordings to remove frequencies outside of our focal range
of 800- 10,000 kHz (the range within which tropical bird vocalisation fall), as well as

removing 12 dB of background noise using a manually set noise profiléecesu
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improved associations between indices and observed richness. We referred to these as
adjusted indices for simplicity, although the actual process involved editing the
recording themselves before-menning the same computations for calculating
acotstic metrics. Adjusted indices, showed stronger associations with observed
richness for evenneshlDSI and Bioacousticsindex(Table4.1; Fig. 41; Fig. 4.2).
Notably,Adjusted Bioacoustic Indexalues increased significantly in riparian habitats
(riparianforest where the sounds of running water were strongest and riparian reserves
where they were of variable intensity) relative to those without background noise. This
supports our hypothesis that high | evel

bird vocalisations in these habitats.

We also assessed the performance of the acoustic indiceassosiatedvith
observed richnesA¢oustic Complexityime residualsAdjusted Acoustic Evenness
time residualsAdjusted Bioacoustic Inddkne residualsagairst estimated richness
(Fig. 4.2). Observed richnegsme residualgPoint count residualghe total number
of species encountered during each point count), does not account for imperfect
detection (i.e. the majority of species are not heard or seen theiagminute period
of a single point count). Whilst observed richness is appropriate for validating the link
between the species heard by observer during points and resulting representation of
this via a given acoustic index, it is not necessarily lgefumeasuring true patterns
of avian richness across landscapes. In fact, we found no relationship between
observed richness from individual point counts and canopy height; an environmental
variable which has been found to strongly influence richned3ommean tropical
forests (Cleargt al, 2005). Bioacoustic Index time residualgerethe most strongly

associatednetric with estimated richness{R 0.15), and was more closely linked
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than observed richness and estimated richne$s=(R.08). This sugests that
Bioacoustic Index time residuatsuld therefore be used as a viable proxy measure of

biodiversity across tropical forest landscapes.

Although previous studies have demonstrated that acoustic indices are capable of
measuring changes in speciehiness changes associated with changes in landscape
configuration (Fulleret al, 2015), their ability to reflect patterns associated with
environmental or structural gradients across multiple habitats remains uncertain
(Farina & Pieretti, 2014). In facthe latter study is the only one to date which has
assessed the relationship between vegetation structure and acoustic indices and even
in this case, indices were broken metrics down into smaller categorical variables,
rather than using a continuous gead approach. The way in which associations
between vegetation metrics and acoustic indices is mediated by species richness is also
still poorly understood and may be contingent upon a number of other factors such as
bird community composition or vegetati structure (Boelmart al, 2007). For
acoustic indices to be of similar utility to existing methodologies they must be able to
reflect biological patterns at a comparable level to conventional methodologies.
Comparisons betwedioacoustic Index timessidualsand canopy height @ 0.26),
showed a similar level of association to that of estimated richness and canopy height
(R? = 0.31). This demonstrates tHibacoustic Index time residualperforms at a
similar level to establish advanced modellibgchniques reflected patterns of
biodiversity associated with an environmental gradient. Since much biodiversity
assessment and conservation research is concerned with identifying the effects of

environmental and humamediated changes to the landscape, fact that acoustic
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indices are able to capture the effects of such environmental gradients supports their

deployment more widely as a method of assessing biodiversity.

Soundscape indices can be used to reflect patterns of biodiversity across varied
landscapes with significantly different community assemblages and different levels of
species richness. By following these steps we were able to increase the associations
between acoustic indices and richness from very wedko{F0.02 for Acoustic
Evennesas the strongest initial association), to better than raw data from conventional
point counts and comparable those of currentaeatiable modelling approaches’(R

of 0.26 forBioacoustic Index time residuals

With correct deployment and analysis, lsuiadices are capable of capturing
variation in ecological communities associated with environmental gradients such as
differences in vegetation structure. The utility of acoustic indices provides efficient
ways of quantifying biodiversity, without the rieéor expert validation, and means
that such methods are an excellent tool for conservation and in particular rapid
biodiversity assessments, especially in the context of limited resources and-an ever
growing number of environmental crises. Future advamtesoustic approaches,
particularly those based on deleparning, have the potential accurately identifying
individual species and show highly promising potential for assessing and monitoring
tropical forests (Burivalovat al, 2019). However, at predetiie main application of
these indices rests with quantifying commu#iédyel acoustics, and misses vast
information at the species level, which can inform which species are dominant and

rare, and hence of a conservation priority.
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Supplemental Materials

Figure S 4.1. Violin plots with embedded boxplots for adjusted indic&soustic Aoustic
Complexity Adjusted Acoustic Complexitgnd Acoustic EvennessAdjusted Acoustic
EvennessBioacoustic IndexAdjusted Bioacoustic IndedNDSIandAdjusted NDSIn each

habitat: Old growthLogged forest; Riparian forest; Riparian reserve and Riparian oil palm.
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