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Abstract

SoutheastAsian cities have been growing rapidly since entering tiéc2htury, including
Bangkok where theiarban agglomerationncreased from 6.4 milliom 2000to 10.5million

in 2020 The regiomlurban growth creates marked landscape transformations, mostoth

areg AGKAY GKS NBIA2YyQa O0OA2RAGSNREAGE K2GaLRdo
reduce biodiversity and ecosystem services, and thuslvetlg benefits. Most people live

and work in urban areas, and there is growing interest in improving the quality of urban
ecosystems. However, relatively limited urban ecological research has loegluated in
rapidly urbanisingropical regions that can inform planning and managemenbiodiversity
conservation and sustainable urban development. This thess#s Bangkok as a case study of

a rapidly urbanising tropical megaty and investigates i) landscape transformation and
vegetation dynamics arising from the recent urban developniigbiodiversity consequences

of environmental change due to increasing urbanisation intensity, and iii) possible mitigation
via naturebased solutions to improve the quality of the urban environm@ihe study region

was defined as &0 km x 80km area 6,600 kni) centred on Metropolitan Bangkok and
surrounding provincesJsing classification of high resolution aerial imagkemgdcover maps

were generated for two recent time points (i.e.2004 and~ 2018) to assess landscape
transformation and temporal dnges in vegetation dynamics along an urbanisation gradient,
and distinguishing impacts of urban expansion and densification. A subset of this region was
delimited as xm x2kmgrid cells withk H p"2 A Y LIS NIJ A 2. ®Ra@ndoindriddificads 02 @S
was thenused to seleci501 km x 1 knsamplinggrid cellsalong the gradient of urbanisation
intensity in the urban Bangkok region. Biodiversity surveys were conducted for trees, birds,
and small arboreal mammals using 50 m fixed radius survey plots locateel etmtre of the
randomly selected cells. Equivalent surveys were conducted in the largest patches of
woodland or areas of trees within each cell. Comparing biodiversity patterns along the
urbanisation gradient at these different types of locations enabketo assess how retaining

or creating wooded patches can help mitigate urbanisation impacts on biodiversity and
ecosystem services. TBangkok region has undergone intense urban development, resulting
in a considerable loss of vegetation covdrban eyansion and densification shows similar

effects on the loss of total vegetation at the grid cell resolution, but urban growth has



primarily arisen through the expansion which thus has greater impacts on vegetation
dynamics. Notably, however, infill densdation has substantially reduced tree cover
contrasting with increasing tree cover in the rest of the region including that undergoing
urban expansionl62 tree, 142 bird, 3 squirrels, and 1 trsbrew species were recorded
across all survey sites duringakth to July 2018, with literature based comparisons
suggesting urbanisation has substantially reduced species richness of the focal taxa relative
to nearby natural settings. There is interspeetfariation in population responses of squirrels
and treeshrews to urbanisation intensity, wittCallosciurus finlaysonbecoming more
abundant in highly urbanised locations whilst other species exhibited negative responses.
Species richness and ecosystem servidegee assemblagsappear to bemaintained across

the urbanisation gradient. Avian biodiversity declines linearly along the urbanisation gradient
contrasting with the unimodal patterns typically observed in temperate regioith the rate

of the decline being reaced in the woodland leations.My results highlight the differences

in biodiversity responses to urbanisation arising in tropical systems compared to the much
more documented temperate regions. Results from woodland survey points also highlight the
potential of woodland retentn to enhance biodiversity and ecosystem service provision
even in highly urbanised locationslthough further urbanisation in Bangkok waldversely
impact vegetation dynamics and biodiversipglicy interventions could mitigate some of
these impactdy increasingurbantree coverto benefit biodiversity and ecosystem service

provision.

Keywords: urbanisation gradient landscape transformation, tropical megdy, urban

biodiversity, ecogstem services, urban woodland
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CHAPTER ONE

General introduction

Urbanisation is a rapid and devastating process of landscape alteration that converts natural
andsemiy I GdzNI f FNBIF& (2 G266y | YR et@ #OASSRarris) . NSy
2016). This process drives numerous environmental changes such asllatiops (Di

Sabatincet al., 2018; Silveet al.,, 2018) and urban heat island effecEsfoqueet al., 2017;

Leeet al,, 202Q. Despite its economic importance and links to employment and education
opportunities, the stressful urbameironmentadversehfh y ¥ dzZSy 0Sa LIS2 L) SQ& K
being (Dye, 2008; Eckert and Kohler, 2014). As most people either live or work in urb&n area

there is increasing interest in mitigating these adverse impacts and improving quality of urban

life, most of which focus onature-based solutions such as availability of urban greenspace
(Bertram and Rehdanz, 2015a; Krediesl., 2016; Vujciet al., 2017).

Cities are, however, not just home for people but also a wide range of other species. The
environmental changes alongraglients from rural to highly urbanised areas generate
selection pressures on wildlife with taxonomic groups and species exhibiting much
variation in their abilities to cope with or adjust to these pressures (McKinney, 2002; Schochet
et al., 2016). Thiseads to the winnetoser situation in which large numkeof species are
eliminated from urban environments (McKinney and Lockwood, 1999). Urbanisation thus
drives biodiversity loss (McKinney, 2002; McKinney, 2006; Shathat, 2010). Future
urbanisaton is predicted to occur disproportionately in biodiversity hotspots, especially those
in tropical regions, further increasing extinction risk (Setal., 2012; Sodhét al.,, 2004).
Urbanisation can also reduce humaature engagement which influenceslkvigness to
conserve nature, especially among younger peo@l@dwell and Evans, 201Hpsakeet al.,

2017; Sogat al., 2016).



This thesis introduction first describes urbanisation trends globally and southeast Asia (the
region in which my case studangkok) is located). | then discuss the environmental
consequences of urbanisation with a focus on wildlife responses to urban selection pressures.
| then discuss mitigating these impacts by changing the management of urban greenspace
and thus promotinghe development of more sustainable city. Finally, | present the thesis

objectives and an outline of each data chapter.

1.1 Urbanisation

This section considers the recent trends in urbanisation.
1.1.1 Global trends

Globally, more people now reside in urbareas than rural ones (United Nations, 2018). In
HanTt KFEEF 2F (GKS ¢2NI RQa KdzYly LI2LJz | GA2Y
proportion living in urban areas is predicted to reached 68.4% by 2050 (Fig. 1.1a). There is a
great variation acras continents in the extent to which the human population is urbanised
(United Nations, 2018), with only 49.9% of the Asian and 42.5% being urbanised in Africa (Fig.
1.1b). More developed regions, such as Europe, Northern America, and Japan have had highly
urbanised populations since, at least, 1950 (United Nations, 2018), whilst most less developed
regions have just recently become urban urbanised (Fig. 1.1c). Income level is closely

associated with the proportion of the population that is urbanised (Fibd)L

Rising urban populations is partly due to the natural growth of the existing urban population
and partly to the migration of people from rural to urban areas (United Nations, 2014). In the
first decade of the 2% century these two processes contritead almost equally to global
urban population growth (Tacadit al., 2015). Cities tend to provide more shelter, services,
transportation, and employment opportunities than rural ones (Moogée al, 2003),
generating an attractive force that encouragesatkio-urban migration (Annez and Buckley,
2009). Although not all migrants to cities benefit from moving to urban areas (Metoaé,
2003; Zhaet al., 2006), this migration is one of the factors that helps to promote innovation
and creativity (Annez anBuckley, 209), and, at the national scale, urbanisation is vital for

economic growth especially in the midelecome countries (Cheet al., 2014).
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Figure 1.1Graphic summaries of urban population during 1950 to 2018 and predicted data
for 2019 to 2050 using statistics from World Urbanisation Prospects (United Nations, 2018);
a) global urban and rural population, b) percentage of population residing in urles &y
continents, c) percentage of population residing in urban areas by development status, d)
percentage of population residing in urban areas by income level, e) percentage of population
residing in urban areas in Southeast Asia, and f) urban andpopallation in Thailand.



Although migration of people from rural to the urban areas is related to the economic success
of cities, the resultant urbanisation is associated with social (e.g. overcrowding, congestion,
crime, etc.) and environmental problerise. pollution, urban heat islands, etc.), especially in
the low-income countries (Tacadit al., 2015). Conversion of rural areas to towns and cities
produces numerous environmental changes within the urbanised saraad resource
consumption by urban dellers creates a wide range of environmental impacts outside the

boundaries of the urban area (Lamkanhal., 2001).

From 1970 to 2000 urban areas expanded twice as fast as the urban human population (Seto
et al, 2011). It was predicted that by 2030 mah&an one million krmiof lands will potentially

be transformed into urban areas, threatening approximately 9% of the area of global
biodiversity hotspots (Setet al., 2012). Although urban areas are estimated merely around
3% of the global surface arehgly are centres of environmental problems, including pollution
and biodiversity loss (Di Sabatiabal., 2018; Grimnet al., 2008; Zhaet al., 2006).

1.1.2 Urbanisation in developing countries and southeast Asia

Urbanisation in developing countries posgeat challenges. The recent urbanisation rate in
developing countries is four times higher than that experienced in developed countries (Fig.
1.2; Angekt al., 2011; Chemt al., 2014; Henderson, 2002; United Nation, 2014). Nearly half
of global urban gpansion in the first part of the 24century is predicted to occur in Asia, the
largest region in terms of land area and human population size (&e#h, 2012). Rapid
economic growth, industrialisation, and globalisation are key factors driving wtwarth in

Asia (Schneidest al., 2015). Even though Asia only reached the point where half its human
population lies in cities in 2018 (United Nation, 2018), the continent contains 16-oiegs
defined as those with over 10 million inhabitants (Unitédtion, 2014).

Southeast Asia is increasingly urbanised, as urban human population shifted from 198.8
million (37.9% urban) in 2000 to 320.4 million (48.9% urban) in 2018 (Fig. 1.1e, United
Nations, 2018). These shifts are occurring despite a generahdeaalihuman population
growth rate (United Nations, 2019). For example, total human population in Thailand is
predicted to gradually decrease after reaching 70 million in 2030 (Fig. 1.1f, United Nations,
2018; United Nations, 2019). This increase in urgation is mainly driven by the shift from

primary economic sectors (i.e. agriculture) to secondary economic sector (i.e. industry)



(ASEAN, 2017), which generated forces promoting labour migration towards cities and

resultant urbanisation (Dahiya, 2014).

Rapid urbanisation in Southeast Asia is considerably influencing biodiversity lossetSddhi

2004; Sodhet al., 2010). During 1990 to 2010, urbanisation contribute to a conversion of over

30 million hectares of natural forests in Southeast ASigbig, 2014). In 2000, over 27,000

k22 F dzNBFyYy FNBIFSE 002dzyiAy3a F2N yysx 2F GKS N
in biodiversity hotspots (Fig. 1.3;0@eralp and Seto, 20)}3and the area of urban land

occurring in hotspot is predicted toodble by 2030 (Setet al., 2012). Additionally, urban
development in this region can interrupt avian migration alongAlseanAustralasian flyway

which potentially adversely affects the nearly 500 migratory bird species that use this
pathway (Fig. 1.4; BirdLife, 2015). As southeast Asia has a high level of species endemism
(Sodhiet al., 2004), urbanisation in thiggion may sigificantly increase biodiversity loss at

the global scale.

Growth rates of urban agglomerations by size class
during 1990-2018
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Figure 1.2World mapshows growth rates of urban agglomerations during &1 8 among

cities in developing regions, especially in Asia and Africa, were higher than those in more
developed rgions in Europe and North America (taken from United Nations (2018)). Circles
represent cities with a human population of 0.5 to 10 million, with circle size varying by

L2 LIzt F GA2y &A1 ST FyR &ljdzZ NBa NBLINBaSydi OAlA
represent % growth rate (green represent the lowest growth rate (<1%) and red represents
KAIKS&aG INRPGGK NIGS 2F xpiro0od



Indo-Burma

Mammals
Birds

(329, 73)
(1170, 140)

The Philippines

(179, 111)
(576, 195)
(258, 170)

(101, 79)
(7620, 5832)
0 20 40 60 80 100
% Endemism
Wallacea
Sundaland

Mammals

(201, 123)

Birds (697, 249)
Mammals Reptiles (188, 122)
Birds Amphibians (56, 35)
Reptiles Plants (10000, 1500)
AmPhibianS o 20 40 60 80 100
Plants % Endemism
TRENDS in Ecology & Evolution
Figure 1.3:Southeast Asia map (taken from Sodfia® OoHAnAnNn V0O aK2ga (K

biodiversity hotspots wh bar charts indicates high proportion of species ende

mism.

East Asia/
Australasia Flyway

© AndyLi/Flickr

No. of migratory species
@ @ @ O
74 10 33 14

Flyway area

428

No. of countries
IBAs triggered by migrants

Fully protected _ =
Partially protected Flyways
NOt prntCtEd/ statu.s.unkn_own :} Pacific Americas East Atlantic ;’_——_—3 Eurasia/South Asia
Sites with over a million birds {777 central Americas [ Black SeaiMediterranean [l East Asia/Australasia

{777 Atiantic Americas {___| Asia/East Africa )

Figure 1.4Map illustrates bird migratory route along the East Asia/Australasian flyway with

ASYSNIf AYF2NNIGA2Y 2y ydzZYoSNI 27

Figure was reproduced from BirdLife (2015).

adIBOA S a

S

Iy



1.2 Environmental changes and selection pressures along the urbanisation gradient

Urbanisation intensity is often defined by the proportion of impervious surface cover, i.e.
building, road, paved groun@rnold Jr and Gibbons, 199@pll et al,, 2019 Parris, 2016),

which is particularly concentrated in commercial and industrial areas (Alberti, 2005gMoll

al., 2019; Parris, 2016). By definition, impervious surface prevents infiltration of water into
soil and thus influences storm water runoff (Arnold Jr and Gibbons, 2016; Fig. 1.5). Physical
properties of impervious surface also considerably contribute to enaus climatic changes

in the urban areas, such as absorbing and reflecting solar radiation, reflecting noise,
interrupting nutrient cycle, etc. (Grimnet al., 2008; Parris, 2016; Racdt al., 2012).
Moreover, impervious surface also directly impacts airbvegetation by preventing root
penetration and interrupting belowground biological activities (Bartests al., 2009;
Viswagnathanet al, 2011). Consequently, environmental conditions at high levels of
urbanisation intensity are heavily impacted by exdar® coverage of impervious surfaces.
This section discusses the selection pressures due to environmental changes along the

urbanisation gradient, with the emphasis on their implications for urban wildlife.
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Figure 1.5:Impacts of impervious surface orurface water runoff, infiltration, and
evapotranspiration comparing between natural process and urban environment. Figure taken
from Federal Interagency Stream Restoration Working Group (1998).



1.2.1 Habitat loss, alteration, and fragemtation

When cities grow, most of the original habitats are degraded and transformed into urban
land, whilst remained areas are mostly isolated as small habitat patches (McDeinald
2009)t these impacts increase with the magnitude of urbanisatidansity (Duet al., 2019;

Yao et al, 2019). Loss of original habitat directly threatens 33% of species of global
conservation concern (i.e. IUCN red list), profoundly driving species extinction risk (Bright and
Morris; 1995; Gurevitch and Padilla, 2004aidovchickNicholls et al., 2008; Shanahetal.,

2014). For example, loss of almost the entire original forest covers in Singapore has
contributed to an estimatd loss of approximately 28% of native plant species originally

present (Duncart al., 2011).

However, in some locations, the loss of original vegetation is partially compensated by newly
created urban greenspace (Pincetlal., 2013; Wolclet al., 2014), such habitat can have high
plant diversity of plant due to selection and introdimt by people (Porteet al., 2001;
Whitney and Adams, 1980). This creates novel ecosystems that typically contain a high
proportion of nonnative species (Morgenrotht al., 2016; Schlaepfegt al., 2020). Urban
systems are thus often viewed as highly raged, complex and novel ecosystems (Saeard

al., 2000).

Habitat fragmentation, as a consequence of habitat loss, is the process of breaking continuous
original habitat into several small habitat patches separating by different types of landscape
matrix. The magnitude of habitat fragmentation varies with urbanisation intensity, ranging
from highly fragmented in the urban core to more continuous patches in largely rural areas
with negligible amounts of human settlement (Tiahal., 2011). Habitat fragmenten has
profound negative impacts on wildlife. Habitat specialists, such as fdegsndent species,

are more sensitive to the impacts of habitat fragmentation as they are less able to disperse
through the matrix generating functional isolation of poatibns in small patches that are

often smaller than required for lonterm viability (Watsoret al., 2005).

Populations confined to fragmented habitat patches are influenced by isolation, with
movements between islands of suitable habitats adversely ingoacby human
transportation infrastructures, especially roads which are highly associated with the

magnitude of urbanisation intensity (Keet al., 2021). Roadkill causes approximately up to



340 million bird mortalities annually in the USA (Letsal., 2014). Habitat fragmentation and
isolation reduce effective population size and disrupt connectivity between population,
leading to a loss of genetic diversity (Digb al., 2009). Furthermore, impaired animal
movement across the isolated habitats affectarg-animal interaction, such as pollination
(Fortel et al., 2014; Hermanseret al, 2017) and seed dispersal (Gel@andussoand
Hamalainen, 201Nliuet al., 2018).

1.2.2 Pollution

Cities are centres for pollution and environmental problems which aneiggdly lowering the
quality of urban life (Grimnet al., 2008; Heet al., 2017; van Kamet al., 2003). This section
provides examples of these major types of urban pollution (i.e. urban heat island, air
pollution, noise pollution, and light pollution)nd its implications for urban dwellers, human

and wildlife. To mitigate urban pollution, urban planners, policy makers, and researchers have
been assessing potential approaches to improve urban greenspace management as potential

nature-based solutions (segection 1.5.1).
Urban heat island

Urban heat island effect, the event that ambient temperature in the city is higher than the
outer surrounding areas, is considered as thermal pollution (Mestal, 2009; Oke, 1982).
Rising temperature in the urban areas is mainly characterised by the conversion of permeable
surface to impervious surface (e.g. roads, building, paved ground, etc.) which absorb solar
radiation and subsequently release heat into thban environment (Morabitet al., 2021).

In addition to solar radiation, heat generated by human activities (e.g. automobiles, air
conditioners, etc.) also greatly contributes to urban heat island effects (Parris, 2016; Phelan
et al., 2015). Globally theris growing concern on the effects of urban heat island, as part of
global climate change crisis, particularly across the Asian megacities (Chayapong and

Dasananda, 2013; Estogeeal., 2017; Leet al., 2020; Yuet al., 2019)

Urban heat island effestritically impact human health by enhancing heat waves within cities
in which can potentially increase mortality rate (Basu, 2009; dtaal., 2010). They also

strongly impact the ecology of urban environment. In temperate regions vegetation
phenology is lsifted by urban heat islands, with extended growing seasons and shifting

flowering periods (AbtAsabet al., 2001; Bechtel and Schmidt, 2011; Primatlal., 2009;
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Zhenghongt al., 2009; Zippeet al., 2016). Conversely, urban heat island effect in tbpital

city tend to shorten plant growing seasons (Kabatb@l, 2021). These phenological shifts
could disrupt biotic interactions between plants and their invertebrate consumers, generating
impacts on higher order consumers (e.g. avian insectivoregugir trophic mismatches
(Chicket al., 2019), although this is not a universal pattern (See¢sd,, 2018).

Migratory birds adjust to urdn heat island effect by advancitigeir first arrival date in the

urban habitat (Tryjanowsket al, 2013) ornot migrating (BonnetLebrunet al, 2020).
Thermal stress adversely impacts to reproductive success and survival of species in the urban
environment (Diamonct al., 2018; Hall and Warner, 2018), in which tolerance to thermal
stress vary by species (Battlesldftolbe, 2018; Diamoret al., 2018; Hall and Warner, 2019;
Kaiseret al., 2016; Martiret al., 2019). Animals, especially ectotherms such as invertebrates,

in the warm environment (i.e. urban environment) may adapt and subsequently evolve to
tolerate hightemperature, causing variation in thermal tolerance along the urbanisation
gradient (Angillettaet al.,, 2007). Species having less ability to tolerate thermal stress are thus
likely to be eliminated from the urban environment, leading to a local extinct®aur and

Buar, 1993).

.
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Figure 1.6Sources of urban heat island and cooling effects from blue (i.e. water surface) and
green (i.e. vegetation) structures. Figure was taken from Osaka City Environment Bureau.
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Air pollution

Globally, air pollution is anof the most marked urban environmental problems @tal.,

2002; Hopkeet al., 2008; Wakamatset al,, 2013). Air pollution comprises a diversity of
pollutants including ozone @) carbon monoxide (CO), carbon dioxideCQitrogen oxides
(NQ), sulphur dioxide (S£), particulate matters (i.e. PM and PMo), and heavy metals
(McDonald, 2012). The key sources if these pollutants are burning fossil and other fuels for
transportation, industrial and domestic purposesalthough construction and trasportation

are important additional sources of particulate matter (McDonald, 2012; Parris, 2016; Stone,
2008). Whilst urban air quality in more developed regions such as Europe has been
substantially improved (Guerreiret al., 2014), air pollution has le@ increasing rapidly in
developing Asian countries (Vadreeu al., 2017; Zhang and Day, 2015), for example, the
annual average of PMin Bangkok (Thailand) increased from 33 pgjitm2011 to 36 pg/m

in 2014 which were consistently much higher than #mual average standard of 10 pgim

by the WHO (Langkulsexn al., 2017).

Urban air pollution is a major threat to human health (Geaal., 2016; Kampa and Castanas,
2008; Kim et al., 2018; Yaagal., 2020) and can generate with significant econowss (Maji

et al, 2018; Xieet al,, 2019; Yiret al, 2021). There is also clear evidence indicating the
adverse impacts of air pollution on birds (Noghal., 2017;Salméret al., 2018;Sanderfoot

and Holloway, 2017), in which it may vary by species and mode of foraging (Eeva and
Lehikoinen, 1995; Semt al., 2019). Several studies also indicated the direct impacts of urban
air pollution on respiratory systems or reproductive successh ag reducing quality of
eggshell and nestling body condition in birds (Eeva and Lehikoinen, 1995¢tEsyd 998;
Morrisseyet al.,, 2014). Moreover, indirect impacts, such as altering habitat conditions and
reducing food resources, were also documen(enget al., 2020). Consequently, adverse
impacts of air pollution may also negatively influence density and diversity of urban wildlife
(Sanderfoot and Holloway, 2017), in which it may plays significant role in driving urban

biodiversity loss (Lovett al., 2009).
Noise pollution

Noisy environments impact people and wildlife. Birds begin to respond to noise pollution at

the levels of approximately 40dB (Shanmmal., 2016) and noise levels above 53dB will begin
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to have adverse human health impacts KV, 2018). There are various sources of noise
pollution occurring in the urban environment, but it is mainly associated with transportation,
especially road trafficSlabbekoorn, 2013; Shannenal., 2016). Noise created from human
activities changes thacoustic environment and affects wildlife mainly by interrupting their
communication, such as, defending territory, mate attraction, alarm call, etc. Noisy areas may
increase perceived predation risk by interfering with the detection of predators whichtses

in an increasing vigilance rates and reduced feeding rates (Merrall and Evans, 2020). Low
pitched anthropogenic noise tends to overlaps in frequency range with avian vocalisations
(Nemethet al, 2013). Song birds thus adjust to the presence of nbisdevelling pitch
frequency, amplitude, or avoiding the peak period of noise (Bugtaal., 2020; Cardoso and
Atwell, 2011; Fulleret al, 2007; Parris and Schneider, 2009), whilst tolerance to
anthropogenic noise varies among species (Buxtoal., 202; Patdnet al., 2012, in which

some species appear to be insensitive to noise pollution (Angslir, 2016) Inter-specific
variation in the sensitivity to anthropogenic noise may negatively influence abundance and
species richness of urban birds (Basaet al., 2020; Perilleet al., 2017). However, some
studies in the temperate cities have found a lack of such igpercific variation in urban avian

communities (e.gMerrall and Evans, 2020
Light pollution

At night, towns and cities are charadsd by the presence of artificial light, such as building
lights and streetlights (Longcore and Rich, 2004). Artificial light in the cities drives
phenological changes in urban plants { @1 NX ef Aly 20@¥} FfrenciConstantet al.,

2016, and conseqgently influences planinsect interaction (Benniet al., 2015). Artificial

light at night considerably influences circadian rhythms, physiology, and behaviour of
nocturnal insects, driving population declines (Bowtsal, 2021; Owenset al, 2020).
Conversely, artificial light also provides additional foraging time for diurnal species, especially
predators thus potentially shifting trophic interactions (Gasétral. 2013; Longcore and Rich
2004; Schoeman, 2015).

Light pollution can also farrupt orientation in migratory species (La Soet al., 2017).
Migratory birds are attracted to the nighime lights which tends to deplete more energy and
migrating time (La Sortet al., 2017). Disorient causing by artificial light at night durirg th

migration is critical to life primarily from being exhausting (Letsal., 2015; Spoelstra and
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Visser, 2014). Moreover, whilst artificial light at night from urban buildings tends to attract
migratory bird and lower their altitude (Watsaet al., 2016),it also induces high chance of
building collisions, in which it contributes to high avian mortality rates in the United States

(Losset al., 2014).
1.2.3 Biotic interactions

Urbanisation drives changes in the way species interact with each other. Tdtisnse
underlines changes in interspecific interactions in urban ecosystems including resource
competition, predation pressures, and diseases transmission. Additionally, the impacts of

invasive species are also described in this section as biologicabmvasi
Interspecific competition

Interspecific competition plays significant role in shaping diversity and community
structures in urban areas (Ka#t al., 2009; Martin and Bonier, 2018). Whilst competition
between species often occurs when species withilar niche are living in the same area (Di
Santo et al, 2017), predictable availability of fundamental resources in the urban
environment could increase competition between species by favouring generalist species that

exploit the same niche as each othi®larzluff, 2001; Shochat, 2004; Shockasl., 2010).

Whilst in urban areaghere is generally higher competition for resources, such as foods
(Bonningtoret al., 2014; Galbraitlet al., 2015), nesting sites (Broughton, 2020; Chaetexl.,

2016), and territory (Minias and Janiszewski, 2016) compared to otheurman habitats
(Shochatet al., 2010), competitive abilities, such as size, aggression, boldness, are species
specific (Galbraitret al., 2017; Shochat, 2004). Moreover, in thenimn-dominated urban
environment, superior competitive species are often restricted to a small number of species
that are more tolerant of humadisturbance and well adapted to the use human subsidised
resources (McKinney, 2002). Species dominating at ressucompetition in the urban
habitats are often nomative species (Borden and Flory, 20&&jbraithet al., 2017;Shochat

et al, 2010), there are, however, evidences that native species could also dominate in an
urban area (Haythorpe et al., 2004). @alfew number of dominant species tends to displace
other subordinate species, mostly native species, through competitive exclusion (Martin and
Bonier, 2018), for example, dominance of Aoative house sparrowasser domesticuend

spotted dove Streptopela chinensisat bird feeders in New Zealand potentially reduce
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diversity of native urban avifaunaGélbraith et al, 2017. Consequently, interspecific
competition can thus lead to biotic homogenisation and local extinction (Cretoids 2004;
Marzluff,2001; McKinney and Lockwood, 1999).

Predation

Native predators tend to occur at lower densities in urbanised landscapes than more
urbanised ones Mgller, 2013, leading to increased densities of some urban species
(McKinney, 2002; Chace and Walsh, 200@wéVer, urban environments also have high
densities of human commensal predators, such asEalis canigsee Loss and Marra, 2017)
and dogsCanis lupus familiarissee Dohertyet al., 2017), that can greatly impact urban
biodiversity. Cats are one oféhmost common companion animals and can cause profound
loss of urban biodiversity. In China fresnging cats are estimated to predate annually
between 27¢5.5 million birds and 3¢®.89 million mammals (kt al., 2021), and whilst most

of the evidence i$ocused on westernised temperate regions some still regard the evidence
for large scale population impacts to be equivocal (Bakex., 2005; Bakeet al., 2008; Loss
and Marra, 2017; Santiagdlarcon and Delgado, 2017; Woaetsal., 2003). Similarly,ekpite

far less attention than the impacts from domestic cats, domestic dogs contribute to
extinctions of 11 vertebrate species and potentially threatened to nearly 200 threatened

vertebrate species (Doherst al., 2017).
Disease transmission

Changes in physical and biological attributes of the urban environment can increase
transmission of infectious diseases to both people and wildlife (Bradley and Altizer, 2006;
Mackenstedet al., 2015; Youngt al., 2017). This is partly due to higher dities of a smaller

YdzYo SN 2F ALISOASA AY dzNBlFy FFNBFasx |a LINBRAOID
et al., 2006; Schmidt and Ostfeld, 2001; ShoaHatl., 2006). High densities are compounded

by concentration of individuals at spatially sfared resources, such as birds concentrating at
supplementary feeding stations and bird baths (Parsbal., 2006, Cleargt al., 2016). Non

native hosts that are highly abundant in the urban environment can introduce novel
pathogens and transmitted toht native species (Tompkinst al., 2002). Moreover,

increasing humaiwildlife contact within the urban areas, particularly for some urban

exploiter species, tend to increase pathogen transmission to human and diseases outbreak
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(Blasdelkt al., 2019, DeswarsLarriveet al., 2020; Rothenburgeat al., 2017). Conversely, risks

of disease and parasitic infections can also be reduced in the urbanised habitats due to lower
density and diversity of insect vectors of pathogens (Ewdrad, 2009;{ I y i A | =hatrt! € | NO
al., 2020.

Invasive species

Biological invasion is one of the most critical anthropogenic impacts on biodiversity (Shochat
et al., 2010). Humans deliberately and accidentally facilitate the transport, introduction, and
establishment of nomative species to urban environment (Bossenbraekal, 2001;
Lockwoodet al., 2005; McKinney, 2008). Consequently, urban flora and faunaypreatly
considered as hotspot for nenative invasive species (Aronseal, 2015; Borden and Flory,
2021; Francis and Chadwick, 2015).

Globally, invasive species are one of the major drivers of native biodiversity loss and species
extinction risks (Claro and GarciBerthou, 2005; Mollogt al., 2017), threatening over 900
species of conservation concern on the IUCN red lists (Gurevitch and Padilla, 2004). The
adverse impacts of invasive species can occur in various forms of species interaction, such as
competition (e.g. Davis, 2003; Kathal., 2009), invasive predator (e.g. Davis, 2003; kbss

al., 2015), and diseases transmission (e.g. Blanvélaah, 2021; Gozat al., 2013; Wellst

al., 2014). However, it is worth noting that not all roative species become invasive and
have a significant adverse impacts (Datial.,, 2011), and biological invasion can have wide
ranging impacts on urban ecosystem including supporting native biodiversity (Davis, 2011;
Hitchmough, 2011; Rodriguez, 2006; |8ebfer et al., 2020). There is growing evidence
suggesting that nomative trees can provide substantial ecosystem servi@gdmas and
Conway, 2016/ | & & NEtal5308)iwhich challenge urban planning decision that have

traditionally prioritisednative vegetation.
1.2.4 Human activities

Without doubt, presence of humargreatly impacts all other species (Gase&tnal.,, 2003),
especially in the urban areaghere they aredesigned, created, and dominated by humsan
(Parris, 2016). Generally, animatmsider human beings as potential predators and respond
by avoiding people or increasing vigilance when close to people(@il] 1996; Shanahagt

al.,, 2011). There is however much inspecific variation in these responses (Fernandez
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Juricic and Jamaki, 2001; McGiffiet al., 2013), with some species likely to avoid even a very
low level of human disturbance, whilst others may tolerate extremely close response. Due to
this inter-specific variation human disturbance can alter how species intericta@ch other

in urban environment, e.g. human disturbance along roads may reduce rates of avian nest
predation as nest predators are more sensitive to disturbance than their prey (Gering and
Blair, 1999; Pescador and Peris, 2007). Some previous worlsledsspatial variation in
human disturbance to conduct observational studies suggesting that this disturbance is an
important determinant of the composition of urban bird assemblagesdgaAlvarez and
MacGregotFors 2009; MacGregotFors and Schondube;021). Reduction of human
activities during COVHD9 pandemic lockdowns have enabled these suggestions to be

confirmed experimentally (Driessen, 2021; Manesital., 2020).

Human resource provision can alter wildlife behaviour and community structure.
Suppgementary food resources in urban areas are provided intentionally (wildlife feeding:
Evanst al,, 2011; Fulleet al., 2008) and accidentally (e.g. rubbish and food waste: Contesse
et al., 2004; Smith an Carlile, 1993). Human planting decisions in dangestiens, parks and
along roads also determines food resources for wildlife (Corlett, 2005; Frahkie 2019;

Parris, 2016). Feeding birds in parks and gardens is one of the most common recreational
practises that bring human together with nature ¢Cand Gaston, 2016; Fullet al., 2008)

further delivering educational benefits (Beekal., 2001).

Supplementary feedings in the urban areas can support an increase in bird abundance (Evans
et al., 2011; Fulleet al., 2008; Jones and Reynolds, 2008) @nhance survival during the
winter season which natural food resources are shorten (Retbhl., 2008). However, in
relation to a high level of competition and low diversity of food type, species benefiting from
supplementary feeding in urban areas tetadbe species that have high levels of boldness,
aggression, and tolerance of human disturbance (Ewdnal., 2010; Lowryet al., 2013),
potentially leading to humanvildlife conflicts (Savaret al., 2000). In contrary, resource
provision by human can also have adverse impacts on wildlife by increasing predation risks
(Hanmer et al, 2017), enhancing intespecific competition (Bonningtoet al, 2014),
increasing diseases infection risks (Moyetral., 2018; Schapeat al., 2021), and provision of

low quality supplementary foods that adversely impacts reproductive success (Plueamer
al., 2013).
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1.3 Wildlife responses to the effects of urbanisation

In general, urban selection pressurdsve biologcal changes in wildlife, including their
behaviour (Lownet al, 2013; McGiffiret al., 2013; Miranda, 2017; Uchidz al., 2019),
morphology (BanaszaRibickaet al., 2018; Likeet al., 2008), and physiology (Costantati
al.,, 2014; Hall and Warner,028) Ultimately these changes determine how population
structure varies with urbanisation (Prang¢ al., 2003; Rodewald and Gehrt, 2014), with

marked interspecific variation in these responses (Goraktal., 2011; McKinney, 2002).

Species that are copg St f GAUGK GKS dzNBlYy SYy@ANRYYSy
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Urban avoiders are sensitive to the presence of human and habitat disturbance (McKinney,
2002), and tend to avoid human disturbed habitats (i.e. urban areas). Large mammals and
predators, especiallthose that are in the higher trophic levels, are more likely to be urban
avoider (McKinney, 200R®4gller, 2013. Most of these are also specialist species that tend to
rely on specific natural resources and habitats (Johnston, 2001), and the abundahce an

diversity of urban avoider tend to decrease when urbanisation intensity increases (Fig. 1.7).

Urban adapters are species that tend to find insufficient resources in highly urbanised
locations but that also find relatively low abundance of their prefemesburces in very rural
areas. This may be due to adverse ecological impacts of agricultural intensification or because
the species are adapted to edge habitats and thus their preferred resources are scarce in
highly forested landscape (Fiscletral., 20L4; Bateman and Fleming, 2012). Urban adapters
thus have highest population densities in suburban areas or at the interface between
urbanised and natural habitats, where levels of human disturbance are moderated (Fig. 1.7),
human subsidised resources amdpided, and natural predators are scarcer (Callaghtaa.,

2020 McKinney, 2002; McKinney, 2008gller, 2013.

Urban exploitersaare species that adapt well to utilise human subsidies, but they differ from
urban adapters as they are almost completadiyron it (McKinney, 2002). These species are
highly tolerant of human disturbance and the extreme environmental conditions present in

cities @anks and Smith, 20)15Mechanisms underlining this adaptation may include

0.
W
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behavioural traits (Evaret al.,, 2011 Mgller, 2009, such as boldness (Gravodéinal., 2014;

Vines and Lill, 2016), and degree of sociality (kar&l., 2006) and wide range of dietary
niches (Palacio, 2020). The population densities of urban exploiters thus peak at very high
urbanisationntensities (Fig 1.7; Blair, 1996; McKinney, 2002). Consequently, urban exploiters
can become pests in urban areas, exarspielude feral pigeoiColumba lividGendalket al.,

2015) and brown raRattus norvegicugDesvard_ arriveet al., 2020; Rothenbuy et al.,

2017). Even urban exploiters may, however, be vulnerable to declining environmental
conditions in urban areas as evidenced by marked declines in urban house spasser
domesticugpopulations in Europe (Angeliet al., 2016; Mohringet al., 2021). Globally, only

a very small proportion of species are urban exploiter, many of which are invasiveatiovas

in many of the urban areas in which they occur. Such distributions arise as across the globe
cities tend to have very similar environmentaindition (McKinney, 2006), and these species
contribute to the biotic homogenisation in the urban habitats (McKinney and Lockwood,
1999).

Avoider Wonga Pigeon

Adapter

Exploiter Rainbow Lorikeet

SO

-

Urbanization level Urbanization (night-time lights)

Figure 1.7Population response of urban avoider, urban adapter, and urban exploiter along
the urbanisation gradiet using examples from the Australian avifauna (taken from Callaghan
et al. (2020).
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Species diversity

Figure 1.8Species diversity tends to peak at the intermediate levels of urbanisation intensity,
but most such studies have been conducted in temperate regions (modified from Luck and
Smallbone (2010) and Lancaster county planning commission (December 13, 2012)).

Along the ruralto-urban gradient, it is clear that highly urbanised areas have the lowest
number of species (Leet al., 2021; McKinney, 2006), but the intensity of urbanisation at
which species richness peaks is still somewhat unclear. Many studies fngmetate regions

often report a unimodal pattern of species richness along the urbanisation gradient (Fig. 1.8),
with the peak occurring at intermediate level of urbanisation intensitglthough this varies

with taxonomic group and the spatial scale at @hhurbanisation is defined (Crooks al.,

2004; Porteet al.,, 2001; Vignokt al., 2013). These patterns are probably partially generated
by high habitat diversity that enables relatively large numbers of generalist urban adapter
species to cabccur, aml compensates (in terms of number of locally occurring species) for the
exclusion of urban avoider8lair & Johnson, 2008; Mckinney, 2002; Tratabsl., 2007.
However, it is still unclear if such patterns also arise in tbpital region. They may hdo

so if tropical assemblages comprise a greater proportion of specialists (which is sometimes
thought to be the case although this is debated), which are less likely to be able to tolerate
even moderate levels of urbanisation. Human planting and oth@nagement decisions may
also generate divergent patterns in habitat diversity along the urhaal gradient in tropical

and temperate regions. Given the current rapid urbanisation of tropical region edb,



20

2012) and the much greater biodiversitysuch regions understanding the exact pattern of

species richness along tropical urbanisation gradients is essential.
1.4 Biotic homogenisation

Urbanisation habeen viewed as the major cause of biotic homogenisation (McKinney, 2006;

Blair and Johnson,0B8; Ferencet al, 2014). Biotic homogenisation is the process of
increasing similarity between ecological communities due to biological invasion and local
extinction of native species occurring at the same time (McKinney and Lockwood, 1999;
Olden, 2006Tabarelliet al., 2012). Cities are very homogenised habitats as they are built and
functioned in according to human preference. Consequently, similarity in environmental
conditions among cities thus favours towards similar group of species that havealidi

adapt to the urban environment, which narrow down to a few numbers of-native
synanthropic species (McKinney, 2006), and at the same time selectively removed large
number of native urban avoider species (Blair and Launer, 1997). However, seviistl

studies have focused ontheroleofngnl G A @S W2 AYYy SN 2y RNAGAY3I 0
through biological invasion), therig evidencell KI i y I GA @S W2 AyySND 02d
homogenisation (Tabarekit al., 2012). Biotic homogenisat is now considered as critical

threat to global biodiversity, and conservation strategies for urban biodiversity should give
attention on retaining native biodiversity and enhancing habitat heterogeneity to mitigate

the impacts of biotic homogenisatioMgKinney, 2006).
1.5 Urban greenspace and ecosystem services

Thequality of the urban environment from a human perspective is strongly influenced by the
abundance of urban greenspace and its accessibility for urban residente{@bx2018;
Kabischet al., 2016;Gianfrediet al., 2021; Schipperijet al, 2010; Verheipt al., 2008.
Although in highly urbanised locations greenspace tends to be small (Qian et al., 2015; Wolch
et al., 2014; Sun and Chen, 2017), these locations provide numerous beneifigéalts for
people as well as biodiversity (Bolund and Hunhammar, 1999). Whilst there is growing
interest in mitigating adverse environmental impacts and promoting sustainable
development and the quality of life in town and cities (Aronstal., 2017;Kleinschroth and
Kowarik, 202)) such goals are compromised by the lack appropriate greenspace

management in cities and limited financial resour¢@sncet al., 2021; Richardst al., 2017).
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This section highlights the ecological benefits of urban gspane and considers urban
greenspace as a natutgased solution to mitigate urban environmental problems. This
section focuses on urban trees as one of the key components of urban green infrastructure

(Livesleyet al., 2016;0rdbfiez and Duinker, 2012
1.5.1 Ecosystem services of urban greenspace

Ecosystem services are defined as the benefits that human derive, directly and indirectly,
from ecosystem functions (Costanea al, 1997) and there are many ways to classify
ecosystem services. In this sectiecosystem services of urban greenspace are discussed in
four major categories; i.e. cultural services, regulating services, provisioning services, and

supporting services (MEA, 2005).
Cultural services

The cultural services of urban greenspace are kelydoran wellbeing in the cities (Dickinson

and Hobbs, 2017; Ko and Son, 20&8opellitiet al., 2016. Most of the urban greenspace is
designed, created, and managed primarily for human purposes; e.g. public parks &Ljn
2014), botanical gardens (M al., 2017; Warcet al., 2010), and street trees (Thaiutstal.,

2008). This wide range of urban greenspace types provides opportunities for recreational and
exercise activities, outdoor education, spiritual services (Ngulani and Shackleton, 2019),

historic values, and enhancing urban aesthetics (Dickinson and Hobbs, 2017).

Urban areas are typically stressful environments that adversely impact mental and physical
health of their urban residents (Arenat al., 2017; Sandiferet al, 2015). It is well
demonstrated, however, that engaging with nature in urban greenspaces can help mitigate
stress and provide health, behavioural, and social benefits by increasing physical activities,
social engagement, and attention restoration (Berto, 2005; Jennings andkdse, 2019;

Shan, 2014; Zhou and Rana, 2012).

Additionally, urban greenspace, especially those within or nearby schools or university, can
offer great opportunities for outdoor education (Hutchesen al., 2018), which not only
provide a platform to support knowledge, especially but not just environmental education
(Loureset al, 2007), it can also raise environmental awareness initiate a willingness to

support conservation (Hosala al., 2017).
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Regulaing services

Vegetation plays an important role in climate regulation and pollution reduction (van Ryswyk
et al, 2019). The effectiveness of urban greenspace in cooling urban air temperature is
primarily determined by features such as its size and tyfpeegetation (Aranet al., 2019),

with trees being particularly important (Fowlet al., 2004). Trees can mitigate urban heat
island effects by canopy evapotranspiration (Ckeal., 2019; Konarsket al., 2016; Meiliet

al., 2021) and shading effects (Armsatral., 2012; Lin and Lin, 2010). Tséearther contribute

to climate regulating by absorbing atmospheric@@d storing carbon in the form of biomass
(Nowaket al., 1993; Nowak, 2013), with tree planting being onehaf most costeffective
solutions to regulate global G@oncentrations (Jayasoorigh al,, 2017; McHalet al., 2007).
Moreover, cooling effects of urban greenery can also indirectly reducee@@sion via
reducing energy uses in urban buildings (Jagagaet al, 2017; Nowalet al., 2017; Wang

et al, 2019), thus also contributes to economic benefits through reduced energy bills (Isaifan
and Baldauf, 2020; Nowai al., 2017). Urban vegetation hedgo mitigate air pollution by
absorbing air pollutarg through leaf stomata and through dry deposition of particulate
matter on leaf surfacede Jalénet al., 2019;Nowaket al., 2006). Capacity to remove air
pollutants is highest in trees due to a substantially higher biomass and surface areas than
herbaceas vegetation, for example, a study in UK showsslptured by trees was three
time higher than grasslands (Fowtdral., 2004). In Beijing (China), over 1,200 tons of annual
air pollutant removed by trees in 2002, most of which was:$(@1% of the toal; 2005).
Dense vegetation inrban greenspace can reduce noise pollution (Ow and Ghosh, 2017; Van

Renterghenet al.,, 2012).

Plant species vary in their ability to generate regulating ecosystem services (Lin and Lin, 2010;
Mo et al., 2015; Salmonet al.,, 2016), with traits such as canopy density, foliage longevity,
water-use strategy, and emission of reactive compounds being associate with air pollution
reduction efficiency (Grotet al., 2016). Study in China shows species with high density of
pubescere and rougher leaves can intercept more particulate pollutants @¥lal., 2015).
Species with high foliage density and thick and rough leaves tend to have a greater cooling
effect (Lin and Lin, 2010). Appropriate species selection is thus key maxinhisiagility of
vegetation, especially to maintain service provision in the future in the face ofterny

environmental change (Hewidt al., 2020; Moranget al., 2011; Talligt al., 2011).
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Provisioning services

Food production is one of the most wéihown provisioning services (Richardson, 2010).
Whilst urban food security is of increasing global concern (Prosekov and lvanova, 2018;
Rahamaret al., 2021), urban greenspace can contribute to urban food security through food
production from its edible vedation components Celik, 2017Russcet al., 2017). Planting
edible plants in urban greenspacan provide important food sources for local, especially
impoverished, residentDimitri et al., 2016; Meenar and Hoover, 2012 here are various
types of grenspace that can contribute to urban agriculture (seedtial., 2015) including,
community/allotment gardens (Dobsaat al., 2020; Edmondsoet al., 2020a), home gardens
(Galhenaet al, 2013), easement gardens (Hunter ad Brown, 2012), rooftop gardens
(Galheiros and Stefanakis, 2021), orchardsr@ket al., 2018;Vahidiet al., 2018), and pexi
urban agriculture or the original agricultural lands that often exist at the edge of the urban
areas (Opitet al., 2016; Thebet al.,, 2014). Despite limited greenspace in urban areas it has
been suggested that there is still sufficient space to grow food in urban locations, albeit with
some tradeoff with alternative landuses, and that public engagement and technology are
often greaer challenges (Edmondsat al., 2020b). The importance of urban, especially
domestic, food production was highlighted in much of the world during the CQ¥ID
pandemic lockdowns when fresh food supplies were limited and increasing risk of infection

from aowds at market places reduced access to food for some urban residents €¢Khbn

2020; Loker and Francis, 2020; Nieglald> HAH AT hQIl | NJ Yy R ¢2dzaal J

Supporting services

Productions of all other ecosystem services (described above) depamdsupporting
services, such as soil formation and nutrient cycle, that determine capacity of natural
processes and productivity (Deutsehal., 2013). In the urban setting, soils are often covered

by impervious surface (i.e. soil sealing) and are medlifiy, for example, filling of artificial
substrates, addition of soils from outside the city, excavation of urban soils, soil compaction,
and contamination of chemical compounds (Byrne, 2007; Lorenz and Kandeler, 2005;
Sauerwein, 2011). These modificateoalter nutrient and hydrological cycles in the urban
systems, which consequently influences other ecosystem service provisioning. Despite a
generally low quality of urban soils (e.g. Herrmaetral., 2017; Zhaet al., 2013), organic

matters and nitrogencontents in soils in some urban greenspace, such as parks and
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allotments, can be found higher than arable lands in-noban areas (e.g. Edmondsenal.,
2014;Schindelbeclet al,, 2018). Provision of supporting services, alongside with regulating
services, in the urban setting is thus considered most important in urban parks (Bertram and
Rehdanz, 2015b).

1.5.2 Challenges in managing urban greenspace

It is clear that urban greenspace is crucial for sustainable urban development. Moreover,
within cities thedistribution of urban greenspace is often unequal, with disadvantaged groups
having far less access to gregpace and its associated ecosystem services especially in
developing countries (Rigoloet al., 2018).The opportunities and willingness to incesa

urban greenspace is, however, limited by the availability of land that can be converted to
greenspace and the high cost of doing so (Richatdsl., 2017). Although the increasing
wealth of many economics in southeast Asia may enable a small number of flagship projects
creation of new urban greenspace is unlikely to be a universal or sufficient solution in solution.
One thus needs to consider how meaximise the benefits delivered by existing greenspace
which is often poorly managed in terms of biodiversity and ecosystem services (Areinson
al., 2017). One potential leverage point for enhancing management of privately owned space
is the link betweerthe amount and quality of greenspace and property prices (Paatdit,

2014; Sandeet al., 2010). This could be used to encourage urban residents to maintain tree
O20SNJ YR AYONBlIasS UGUNBS LXIyaAy3d 2y CektSANI f |
with nature and willingness to support conservation (Coldwell and Evans, 2017). Greenspace
management to improve urban environment could start from enhancing capacity to support
urban biodiversity of existing urban greenspaces (Aronson et al., 20t éxdmple, replacing

heavily managed grassland to high biodiverse urban meadows (Nettalin 2019).

Conversely, although ecosystem services of urban greenspace its well supported and
increasing urban greenspace in towns and cities is widely suggesbeah greenspace is not
always desirable. Urban greenspace with poor landscape design and many hidden areas can
induce crimes, especially during the night (Boessen and Hipp, 2018; Ceccato, 2014; Groff and
McCord, 2012 yytimakiet al., 2008;Sreetheran ad Van Den Bosch, 2014; Taydbal., 2019;

but also see Bogar and Bayer, 2015; Escole¢db, 2018). Trees, particularly those with poor
maintenance, can damage building structures and falling branches can damage on property

(van Haafteret al., 2016) ad death or injury risks (Brookes, 2007; Forhagd, 2009). This
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is a major factor in decisions to remove urban trees (Conway and Yip, 2016). Further, urban
greenspace can also promote humueidlife conflicts by supporting habitats for nuisance
wildlife (Lyytimakiet al., 2008; Soulsbury and White, 2Q1&aking the views of balancing
ecosystem services and disservices of urban greenspace is crucial for urban planning and
management to support beneficial impacts of urban greenspace whilst mitigatiogystem
disservices and reducirgmanwildlife conflicts (Hosaka and Numata, 20Lgytiméki and

Sipila, 2008

Several studies have addressed the adverse impacts of human density on wildlife in urban
greenspace and reduction of human disturbance in urbeeegspace has been suggested
(Gaynoret al, 2018; Kanget al, 2015). Exposure of people to nature in the urban
environment is critically important, however, for maintaining human seeling and the
benefits of humamature engagement on initiating willgmess to support conservation. This
poses a great challenge in optimising humature interactions in urban planning and
management (RegBrodskyet al.,, 2018) There is thus a growing need to integrate ecological
and biodiversity concepts intahe plannng and management of urban environment,
potentially with zoning areas according to the levels of humaldlife interactions that are
facilitated, to sustain and enhance both human waing and ecological fertility of the urban

environment (Aronsoet al., 2017; Snep and Opdam, 2010; Tan and bin Abdul Hamid, 2014).
1.6 TheBangkok regiort a case study oé rapidly urbanising tropical megeity

Bangok, the capital city and the only megaty in Thailand,provides a good example af
rapidly urbanisingropical megacity in southeast Asigsee section 1.1.2). Thebanhuman
population sizéhas increasedfom 4.7 million in 1980 t®.4 million in 2000and 10.5 million
in 2020 andhas beerpredicted to exceed.2 million by 2030 (United Nations, 2018 heflat
topograpty of Bangkokhas facilitated thisexpansion although expansion ithe southern

region is limited by thénner gulf of ThailandEstoque and Murayama, 20,1big. 1.9.

Bangkokis located in the Ind@urma biodiversity hotspofMyers et al., 2000 and has a
tropical monsoon climateThe city is separateinto eastern and westernestions by the
ChacPraya river that ruathroughthe central plains of Thailand and flows into the Gulf of
ThailandIn this thesisthe Bangkokregion is delinted by a 70 knx 80 km rectangl€5,600
km?) covering Metropolitan Bangkok amirts of thesurrounding province¢Fig. 1.9)This
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broaderextendcoversthe lowerpart ofthe ChacPraya lowland  KS O2 dzy 4 N2 Q& € | N
basin comprising various typeof natural and semnatural habitas such aswetlands,

freshwater meadows, mangrove forests, and agricultural lands such as rice paddies and fruit
orchards (Thaitakoo et al, 2013). Thisregion harbourssubstantial biodiversity as for
example,412 bird peciesand 127 treespecieshave previouslybeenreported Round and

Gardner, 2008 Thaiutsaet al., 200§. Changes in vegetation dynamics due taplanned

urban developmentin Bangkokwill profoundly contribute to biodiversity loss and
environmental degradatio(Songet al., 2021 Srivanitet al., 2013. Ecological researdh this

region will thus provide useful information on the impacts of rapid urbanisation on the

tropical urban ecosystems.

Altitude (m)

0 5 10 20
0 200 400 600 800 >1000 T KM

Figure 1.9:Map of Thailandwith colours representing altitude (m) and the location of
BangkoKmodified fromwww.mitrearth.org. Aninsetmapshows KS D223t S 9 NI KQ
image of the Bangkok region taken in 2048h a 70 km x 80 km grey rectangle border

delimiting the focaktudy region.
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1.7 Aims of thesis

Whilst the importance of healthy urban environments for sustaining and promoting quality
of life is beyond question, understanding of urbanisation impacts on biodiversity and its
related ecosystem serviseare rather limited. Moreover, urban ecological research is
geographically biased towards more developed countries in the temperate regions, with less
attention being given to developing tropical countries which are experiencing the highest
rates of urbamation. Research into urbanisation and its implication for urban ecosystems in
developing tropical cities is therefore crucial for informing effective management and
conservation of biodiversity. To provide a case study of a rapidly urbanising tropgal

city, the thesis work investigates urbanisation in Bangkok (Thailand) and its implications for
urban ecosystems including biodiversity (i.e. trees, birds, squirrels anestmasvs), and

ecosystem services (Fig. 1.9). Objectives for each chapter ahésis are:

Chapter 2:To construct landcover maps of Bangkok region comparing between two recent
time points using high resolution aerial imagery from Google Earth and assess
spatiotemporal patternn vegetation dynamics along tlgeadientof urbanisation

intensity.

Chapter 3:To investigate how assemblages of squirrels and tree shrews respond to
urbanisation intensity and urban selection pressures and assess if urbanisation
promotes hybridisation between two allopatric squirrel speciesngyeasing the

permeability of an ecological barrier.

Chapter 4:To assess how species richness and ecosystem services potentiaeof t
assemblages vary along thgradient of urbanisation intensityand assess if

provision of ecosystem services is greaiasareas with higher tree diversity.

Chapter 5To assess the avian species richagmnisation intensity relationship in a tropical
urban ecosystem and to assess how these relationships are altered by retaining
woodland cover along the gradient. Thisus provides insights into potential

mitigation strategies for urban avian conservation.

Chapter 6:To discuss recent pattern in urbanisation in the Bangkok region, biodiversity

consequences, and possible mitigation solutions for a rapidly urbanisingatopi
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megacity. This generate further research questions to explarban ecologyand

implications for management and conservation in this region.

All data chapters within this thesis (i.e. Chaptebpare presented as the exact version that

were submittedii 2 G KS aOASYUAFTFAO 22daNYy It Ay H6KAOK I
dzZaSRZ YR AYy Iff 20KSNJ OKILIISNE O0A PSP [/ KI LI
used. Furthermore, all spellings in chapter 5 are in American spelling totheguidelines

for the journal Ecological Applications.
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CHAPTER TWO

Urbanisation of a growing tropical megeity during the

215t centuryt landscape transformation and vegetation

dynamics(in preparation for the journal Landscape and

Urban Planning)

Abstract

The world is becoming increasingly urban and the resultant marked landscape transformation
drives marked vegetation loss and shifts in the abundance of different vegetation types, major
consequences for ecosystem services and biodiversity. The fine pedial &nd temporal
dynamics of these vegetation changes is, however, insufficiently understoespecially in
tropical megacities which are often located in biodiversity hotspots and are amongst the most
rapidly growing urban areas. Most Southeast Asidies have for example been growing
rapidly throughout the 22 OSy (idzNBE X F2NJ SEF YLX ST . Fy3a12]1Qa
increased by ovea million inhabitantgrom 2000 to 2020. Here we quantify recent changes
(from~ 2004 to~ 2018) in landcoveacross the greater Bangkok region using high resolution
aerial imagery. Specifically, we first contrast landcover dynamics in newly urbanised areas
(created by urban expansion) with those occurring in existing urban areas that are
experiencing increasinglanisation intensity (created by densification). We then assess how
total vegetation cover and coverage of specific vegetation types vary along the urbanisation
gradient and assess if landcover changes have generated temporal shifts in the vegetation
cova-urbanisation intensity relationship. We then quantify how temporal changes in
landcover vary with magnitude of urbanisation intensity. Finally, we quantify how temporal

changes in vegetation cover due to conversion between impervious surface covetoragy a
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the urbanisation gradient. Our results indicate the Bangkok region has undergone intensive
urban development, resulting in a considerable loss of vegetation cover. The lack of a
temporal shift in the form of vegetation coverbanisation intensity reltionships indicates

the ability of spacdor-time substitution approaches to predict future vegetation dynamics.
Expansion and densification have similar affects at local spatial scales on the loss of total
vegetation and grassland, but urban growth hasrarily arisen through expansion, which
thus contributes significantly more to loss of these vegetation types than densification. Rice
field loss is relatively limited, and has arisen primarily from expansion. Policies that promote
densification may thusappear to be advantageous in protecting vegetation cover and
agricultural production. Yet, infill densification has generated substantial local loss of tree
cover, contrasting with increasing tree cover elsewherancluding in areas experiencing
urban ex@nsion. There is an urgent need for actions to implement effective tree protection
and planting schemes in highly urbanised locations to avoid detrimental impacts of

densification on people and biodiversity.

Keywords: spacefor-time substitution, tropicalcity, urban woodland, urban greenspace,

densification, expansion, compact city
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2.1 Introduction

The global human population is growing rapidly, with more people nesidmg in urban
areas than rural ones (United Nations, 2019). The spatial extent of urban areas is, however,
expanding even more rapidly than the growth rate of human urban populations (based on
global data from 1970 to 2000; Segbal., 2011). This inease in urban landover arises from
densification within urban areas (i.e. conversion of urban greenspace to impervious surfaces)
and expansion (i.e. conversion of rural areas to impervious surfaces). Growth of global land
cover is set to continue with gpoximately 0.¢1.3 million kn? of rural land having a high
probability of being converted into urban areas between 2015 and 2050 (Hetaalg 2019).
Nearly half of this growth is predicted to occur in Asia (Hueingl., 2019), a region which
already caotains significant urban regions (e.g. 16 megacities, defined as cities with over 10
million inhabitants) even though most of the Asian human population still resides in rural

areas (United Nation, 2019).

Within Asia, southeast Asia has experienced ontheffastest rates of urbanisation during

the 225 century (ASEAN, 2017; Hughes, 2017), and this rate is notably higher than those in
developed regions, i.e. Europe, North America and Oceania €eib, 2011). Southeast
&AL Q& KdzYl y Li2dtbizortiiud @banising rapidiJgrBwing from 37.9% in
urban areas in 2000 to 50% by 2020 and 66% by 2050 (United Nation, 2019).

Urbanisation is a major factor driving biodiversity loss in Southeast Asia (@alhi2004;
Sodhiet al, 2010), with a2 ad |t 2F (GKS NBIA2YyQa dzNBIFy |
biodiversity hotspots (Guneralp and Seto, 2013). The impact of urbanisation on biodiversity
hotspots in Southeast Asia is predicted to increase significantly, with the urbanised area of
these hotspots growing from approximately 27,0002 in 2000 to nearly 100,000m?in 2030
(Setoet al., 2012).The adverse impacts of increased urban landcover within these hotspots
may be particularly marked as Southeast Asian cities tend to have a lower proportion of
greenspace than cities in other regions (Richaedsal., 2017), and thus less capacity to
suppat biodiversity (Aronsomt al., 2017 ;Karuppannaret al., 2014. These adverse impacts

on biodiversity will be particularly marked in those Southeast Asian cities with high population
densities and large spatial extents (Richaetigl., 2017), i.e. megdattes which often have

some of the highest rates of urban expansion (Estoque and Murayama, 2046alX12019).
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Environmental impacts of urban expansion can arise directly through conversion of natural
habitat of high biodiversity value, such as forasd wetland, or indirectly through loss of
agricultural landr  which is then replaced by clearance and conversion of natural vegetation
types to create new farmland. These indirect impacts are often much greater than direct
impacts (Songt al., 2015; varVliet, 2019). In southeast Asia, around 2.5 Mha of agricultural
land was converted to urban areas during 1992 to 2015, accounting for approximately 80% of
GKS NBIA2Yy Q& daNBIly fFYyR SELIYy&aA2ZYy 6. NDASNE
Urbanistion thus contributes significantly to the impact of agricultural expansion on tropical
deforestation (Geist and Lambin, 2002). Conversely, urban expansion can lead to gains in tree
cover when the original landscape has limited tree cover, and urban neamagt policies
encourages urban forestry and planting of street treéeg\ |- T Tt et 8. NeDiIK Mowaket al.,

2001; Parris, 2016).

There is a clear need to understand landscape dynamics arising from urbanisation which are
frequently spatially and temporigi variable (Estoque and Murayama, 2015; Schneatiet.,

2015; Setcet al, 2011; Songt al., 2021). Studies to date have quantified how topography
and proximity to currently urbanised areas and transport networks influence the probability
of urban expansion (e.g. Soatal., 2015; Xt al., 2019), and how urbanisation can proceed
along a gradal transition of increasing anthropogenic alteration of landscapes, i.e. from
forest, to agriculture to urban land (e.g. LemoiRedriguezt al., 2019). Adverse impacts of
urban growth can be reduced by effective planning regulations that limit urbaarestpn and
instead promote increasing urban intensity in already urbanised areas, i.e. urban densification
(Broitman and Koomen, 2015). Such regulations are lacking, however, in much of the global
south, including southeast Asian cities resulting in markiegradation of surrounding
agricultural and semmatural land as cities expand (Chanadral., 2014; Srivanigt al., 2012;

Songet al.,, 2021).

Despite much interest and progress in understanding urban landscape dynamics there is
limited understanding b fine-scale spatial patterns of urban expansion, including which
habitat types are converted to urban lafmbvers, and how landscape dynamics vary
depending on baséne levels of urbanisation. This is especially the case in rapidly urbanising
regions. Hee, as a case study, we focus on Bangkok, Thailand, which is located within the

Indo-Burma biodiversity hotspot (Myerst al., 2000). Bangkok is one of so&ht a i ! &A1 y Q
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rapidly growing megaities with population estimates of 63 million in 2000, incregsm67.2

million in 2010 and 69.8 million in 2020 (United Nations, 2019).

Our overall objective is to quantify recent changes in landcover across the greater Bangkok
region via landcover classification from high resolution aerial imagery. We quantipotam
changes in landcover from2004 to~ 2018. We contrast the impacts of urban densification
and expansion on vegetation cover by assessing if newly urbanised areas (created by urban
expansion) have different landcover change dynamics compared to dneasite already
urbanised and experiencing increasing urbanisation intensity (created by densification). We
then assess the spatial pattern of landcover across the rural to urban gradient, assessing if
landcover changes have generated temporal shifts enrilationship between urbanisation
intensity and coverage of specific vegetation types. We then quantify how temporal changes
in landcover vary with the magnitude of urbanisation intensity. Finally, we quantify how
changes in vegetation cover arising fraconversion to impervious surfaces, and from
impervious surfaces to vegetation vary along the urbanisation gradient. The resultant data
inform understanding of environmental impacts of urban development in this region and help

develop recommendations for imimizing adverse impacts of urban development.
2.2 Methods
Defining the study area

Our study area was delimited by a 70 k80 km rectangleq,600 kn3) centred approximately

on the centre of Bangkok; it covers Metropolitan Bangkok and neighbouring pesyine.
SamuthPrakarn, Samutf$akorn, NakorPathom, Nontaburi and Pathumtha(fig. S2.1).

The size and location of this grid captures the substantial amount of urbarctaret within

the region that extends beyond the official administrative cityitlsnwhilst also incorporating

parts of the rural landscape surrounding Bangkidks thus enables us to contrast laoaver
change in urbanised and more rural locations whilst providing a suitable baseline for assessing

further future impacts of urbanisain.
Land cover classification

The sampling region was divided into 5,600 1 km x 1 km cells and a grid of 140,000 evenly

spaced sampling points (25 per cell, i.e. one sampling point every 200 m) in ArcGIS using the
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UTM caeordinate system. The habitat ty each sampling point was determined from high
resolution aerial imagery obtained vi@oogle Earth (following Evanst al. 2009). High
resolution cloud free google earth images were selected that were centred on two time
periods i) 2004 and ii) 2018. Dteea lack of cloud free images for some parts of the sampling
region in these years we used the cloud free image that was closet in time to our target year.
Images used for the most recent time period were either from 2017 (56.1% of grid cells) or
2018 (439% of grid cells). For the 2004 sampling date 94% of grid cells were assessed using
images taken within three years of the target year (Table S2.1). The remaining 6% of grid cells
were all located far from the centre of Bangkok in mainly rural areasfamdrages available

for these cells were from 20@2013. These grid cells typically had small and very similar
amounts of urban land cover in both time periods! time period: 6.7% + 0.4 (range O
33.3%); 2time period (i.e. 207/2018): 6.8% + 0.4 (rard);43.5%). There was no significant
difference in urban land cover in these grid cells between the two time periods (matched pair
t-test: P=0.137; n = 272) and inclusion of these grid cells thus has negligible influence on our

estimates of how urbanisain influences langtover change.

Land cover type at each sampling point was classified into one of nine categories. These
categories were selected to enable us to distinguish-gmace (i.e. urban land cover), green
space (i.e. vegetation) and bkspae (i.e. areas of water) whilst obtaining as much
information as is feasible given image quality regarding the precise nature of landcover within
these categories. We classified each sampling point as one of the following: i) impervious
surface (i.e. buildigs, roads, pavements etc.; which is one of the most frequently used
urbanisation intensity metrics (Mo#ét al., 2019), ii) trees (including shrubs), iii) grasslands
(aerial imagery did not enable us to consistently distinguish managed and unmanaged
gras$ands), iv) rice fields (the dominant form of agriculture in the Bangkok region @ong

al., 2021)), v) salt pans, vi) green roofs, vii) bare ground, viii) construction sites and ix) water

bodies.

Images clearly enabled grassland to be distinguished faimas of trees and shrubs as the
later exhibited distinct canopy shapes and often areas of shade. Vegetated rice fields were
distinguished from grassland by the lattice network of fields, and uniform lighter green colour
compared to other areas of vegetah. Flooded rice fields were distinguished from areas of

permanent open water by checking images taken at different points within the same focal
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year together with the lattice network of fields. Rice fields were distinguished from salt pans
as the later e restricted to locations immediately next to the sea and are smaller than rice
fields and never fully vegetated. Construction sites were distinguished from other areas of
bare ground by the presence of building equipment or partially constructed intreistre.
Other landcover types (impervious surface, water bodies, and green roofs) were

straightforward to classify.

The accuracy of our classifications was confirmed by comparing landcover classifications
obtained from aerial imagery taken during our sad time period (2017 or 2018) with
groundtruth landcover classifications for 1,355 sampling points that were visited during
March or April 2018. These ground truthing points comprised 150 points located at the centre
of 150 1 km x 1 km cells that werelegted using random stratification across the rural to
urban gradient, and an additional 1,255 sampling points that were selected haphazardly due
to their location close to travel routes between the randomly selected cells. These
comparisons provide worstase scenarios for assessing the accuracy of landcover
classifications from aerial imagery due to the potential for genuine landcover change to occur
between the dates at which imagery was taken and the date of the gréwrthding visit, but
revealed thatclassifications had at least 90% accuracy for almost all landcover types (Table
S2.2). The exceptions were bare ground (62.50% accuracy) and construction sites (77.8%
accuracy). These landcover types are particularly likely to exhibit rapid genuine qlasnge
bare ground becomes vegetated due to succession or conversion to a construction site; and
as construction sites are turned to impervious surfaces). We thus assessed if changes at these
sampling points were due to classification error or genuine chdmygassessing all available
aerial imagery between the date of the original image and the date at which grtrutidng
occurred. All discrepancies were due to genuine landcover change implying that there was

100% classification accuracy for bare ground emastruction sites.
Data analyses

All analyses were performed in R studio version 3.4.2 (Rstudio Team, 2015). We excluded grid
cells with over 80% surface water cover as such cells contain an insufficient number-of land
based sampling points with whiclo iestimate changes in larcbver; all analyses are thus

based on 5,482 (97.9%) of our original 5,600 grid cells. We start by quantifying changes
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between our two time points (i.e- 2004 and~ 2018) in the percentage cover of each of the
nine landcover type@mpervious surface, trees, grasslands, rice fields, salt pans, green roof,
bare ground, construction sites, and water bodies) and change in total green area (i.e.
combining grasslands, rice fields and trees) using matched patesi.tNote that only one
sampling point (<0.001 %) was a green roof, and this habitat type was excluded from the
calculation of total green area cover as the ecology of green roofs is very different to other
greenspaces occurring at ground level (Maclvor, 2016). We used the fidsovery rate
(FDR) method of Benjamini and Hochberg (1995) to correct for multiple testing and report

the FDR corrected P values.

There is likely to be substantial heterogeneity in the nature of landcover change within the
Bangkok region, especially regarding changes in vegetation types, depending on the original
intensity of urbanisation. Areas that have recently become urbanisedaurban expansion

will, for example, tend to have different vegetation dynamics than areas which were originally
urbanised but are experiencing densification, i.e. becoming more urbanised (Parris, 2016).

We define grid cells with over 25% impervioustace cover as urbanised grid cells (following
Bonningtoret al. (2013)). We then conduct three sets of matched pairggbts that compare

changes in vegetation cover, in total and for each vegetation type, across our two time periods
forigridcellsthe 6 SOF YS dzNBFyA&aSR 0SG6SSy 2dzNJ Gog2 ¥
SELI yaArAz2yéT dto INAR OStf&a0r AAO0 ANAR OStfa
LINE L2 NIGAZ2Y 2F AYLISNIDA2dza &adz2NFIF OS O20SNJ Ay ONE
910 grid cells), iii) grid cells that were already urbanised in ~2004 with the proportion of
AYLISNIDA2dza & dzNFIF OS O20SNJ AYyONBlFaay3a o0& 20SN
OStfauvs YR A@0 3INRR OSffa (KI%duliB Y2004 S R NIz
gunmy O6GSNXYSR awSYFAY NHzNI €T HZTtpc 3INRR OS
gt dzSa oSNBE y2N¥IFffe RAAGNAOdzASR (GKdza @I f AR
of these analyses enables us to assess how urbamnsipn and urban densification
differentially influence vegetation dynamics, by contrasting rural sites that are converted to

urban areas with those that remain rural, and contrasting urban sites that experience
densification with those that do not. Thesmalyses exclude a small proportion of grid cells

(n =82; 1.5%) that were urban in 2004 but which loose some impervious surface and became

rural in 2018. Equivalent analyses conducted using 40% impervious surface as a threshold to
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define urbanised grid dis (rather than 25%) generated very similar results (see Fig. S2.2;
Table S2.3). The FDR method (p.adjust function in R) was applied for multiple comparison and

corrected P values are reported.

We then assess if landscape dynamics have generated temgloiftd in the relationship
between urbanisation intensity and total vegetation cover and each of the most widespread
types of vegetation cover (trees, grassland, and rice fields). We modelled the relationship
between total vegetation cover and urbanisatioensity (i.e. percentage impervious surface
cover) as these two variables are not simple the inverse of each other as three of our
landcover classifications are neither greenspace or impervious surface (i.e. bare ground,
construction sites, and salt pajp We modelled the focal vegetation cover response variable
as a function of the proportion of impervious surface (including linear, quadratic, and cubic
terms to detect simple notinear relationships) constructing separate models using data
from each ofour two time periods. We took this appraoh rather than fitting all data in the
same model with additional predictors of time period and interaction terms between time
period and urbanisation intensity due to the complexity of fitting and interpreting iplelt
interaction terms (in the same model) with the linear, quadratic, and cubic functions of
AYLISNIDA2dza &adz2NFIFOS O20SNX®» a2NlryQa L GSad
autocorrelation for all our response variable/lyear combinations (Table S@/4).thus
constructed generalised least squared models (gls function in nlme package) using three
different spatial correlation structure (i.e. exponential, spherical, or gaussian), selecting the
optimal structure based on Akaike Information Criterion (A¥@lues (Table S2.5). We
selected between linear, quadratic, cubic models using AIC values, i.e. selecting models with
KAIKSNI LI2gSNI LINSRAOG2NR 2yfé& gKSYy GKSAN !L
alternative models, and when parameter estimates of tigher power predictors had 95%

confidence intervals that did not overlap zero.

Finally, we calculated three measures of vegetation dynamics between our two time periods
for each grid cell: i) total net loss/gain of total vegetation cover and each vegetgfpe, ii)
loss of total vegetation cover and of each vegetation type arising from conversion to
impervious surface cover, and iii) gain in total vegetation cover and each vegetation type
arising from conversion of impervious surface cover to vegetatibims third type of

vegetation dynamic is rare but can occur, for example, when an urban area is abandoned or
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when tree canopies expand. We then assess how vegetation dynamics change along the
urbanisation gradient by modelling each type of vegetation atgit as a function of
impervious surface cover in our first time period whilst also taking into account the number

of years between the two sets of images. We used linear, quadratic, and cubic terms of
proportion of impervious surface, and again used Alldes, in combination with considering

AT op2 O2YFARSYOS AYyUuSNBEFEa 2F LI NFYSGSNI Sai
L dSada oFLIS LIOTFASOL NBGSFE SR LRAAGABS &Ll
(Table S2.6, S2.7), so wsed generalised least squared model (gls function in nime package)

with three different spatial covariance structure (i.e. exponential, spherical, or gaussian) to

taking spatial correlation into account. The optimal structure was again selected basé@ on A

values (Table S2.8).
2.2 Results
Summary of landcover transformations at the regional scale

LYLISNIDA2dza adzNFI OS O20SNJ AYONBIFaSR aAaayAaATaiol

two time periods £ 2004 and~ 2018) withfewer cells having less than @bimpervious
surface cover, and more cells in all other impervious surface categories (Fig. 2.1). There was

a significant decline in total vegetation cover and that of grassland and rice fields; whilst tree

Table 2.1:Median, mean £ standard error) percentage cover of each landcover type in our
two time periods~2004 and~2018, in 1 km x 1 km grid cells (n = 5,482)alues of matched
paired ttests assessing the statistical significance of these changes were correctgdhgsin
false discovery rate (FDR) method (p.adjust function in R). Note that green roofs were only
detect at one sampling point (<0.001% of the total).

~ 2004 ~2018 Matched paired #est results
Landcover type
Median Meants.e. Median Meants.e. t P

Impervious surface 1250 20.50+0.30 23.53 29.16 £ 0.33 51.16 <2.2e't
Green areas (total) 84.41 76.82+0.31 7143 66.96+0.33 -51.34 <2.2e't
Trees 16.00 18.86+0.20 20.00 21.35+0.21 13.50 <2.2¢e%
Grasslands 33.33 3574+0.31 20.83 25.11+0.25 -41.95 <2.2e'®
Rice fields 4.00 22.22 +£0.39 0 20.5+0.38 -9.35 <2.2¢%
Salt pans 0 0.05+0.02 0 0.04 +0.16 -2.23 0.029
Green roof 0 0.00+ 0.00 0 1l.1e3+1.1e° 1.00 0.317
Bare ground 0 1.63 £ 0.07 0 3.31+0.09 17.46 <2.2e'®
Constructiorsites 0 1.00 + 0.06 0 0.53 +£0.03 -7.46 1.4
Water bodies 4 9.82 +0.20 4 10.37 £ 0.20 4.77 2.4¢
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cover increaed (Table 2.1; Fig. 2.2, R2B). There was a slight but significant decline in salt
pans (Table 2.1), and whilst bare ground is consistently rare its cover doubled between our

focal time periods, whilst the area of construction sites felhbgrly a half (Table 2.1).
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Figure 2.1:mpervious surface cover across the Bangkok study region +2@p4 and b)
~ 2018 and c) number of 1 km x 1 km grid cells in each of the impervious surface categories
in ~ 2004 (grey) and 2018 (black).
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Figure2.3: Landcover maps show proportion of vegetation cover (total green area and three
main vegetation types) of 1 km x 1 km grid cells in both time points and area net loss/gain
(km?) during~ 2004 to~ 2018.
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Impacts of urban expansion and déitation on changes in vegetation cover

Despite the increase in impervious surface cover our study region, just, remained primarily
rural in our second time period, with 51.0% (n = 2,756) of grid cells being rural (defined as
<25% impervious surface coyell7.4% of grid cells (n = 973) experienced urban expansion
between the two surveys period, i.e. switched from being rural to urban. 16.3% of grid cells
(n =910) remained urban during the survey period without experiencing urban densification;
13.6% of gd cells (n = 761) that experienced urban densification during this period, with
impervious surface cover in these cells increasing from a mean o4& % (s.e.) to 62.1

+ 0.49% (s.e.) (median values increased from 40.0% to 62.5%)

Total vegetatiorcover was substantially reduced in formerly rural grid cells that experienced
urban expansion, contrasting with the negligible decline in vegetation cover in grid cells that
remained rural (Table 2.2; Fig.4a). Similarly, urban cells that experienced amb
densification experienced much greater loss of vegetation cover than urban cells that did not
experience densification (Fig42). Tree cover negligibly increased in formerly rural grid cells
that experienced urban expansion and grid cells that reméineal (Table 2.2; Fig.4h).

Tree cover slightly declined in urban grid cells that experienced urban densification, whilst
there was a negligible increase in tree cover in urban grid cells that did not experience
densification (Table 2.2; Fig.4B). Gassland cover declined substantially in rural grid cells
that became urban, but only declined very slightly in grid cells that remained rural (Table 2.2;
Fig. 24c). Similarly, much greater loss of grassland cover was found in urban cells that
experiencedurban densification than urban cells that did not experience densification (Table
2.2; Fig. 2c). Rice field cover declined to a much greater extent in formerly rural grid cells
that experienced urban expansion, than those that remained rural (Tablé&®@224d). Rice

field cover declined negligibly and similarly in urban cells that did and did not experience
urban densification (Table 2.2; Figdd).
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Table 2.2Median, mean4£ standard error) percentage cover of each vegetation typeur

two time periods~ 2004 and~ 2018, in 1 km x 1 km grid cells classified as cells that change
from rural to urban over this time period (urban expansion; n = 973), remain rural (n = 2,756),
experience urban densification (n = 761), and remain urbathomut experiencing
densification (n = 910Rvalues of matched pairedtests assessing the statistical significance

of these changes were corrected using the false discovery rate (FDR) method (p.adjust
function in R).

Urbanisation ~2004 ~2018 Matched paired test results

category

Median Mean + s.e. Median Mean * s.e. t P

Green area cover (all vegetation types)

Urban expansion 83.33 83.00+£0.34 60.87 58.26 £ 0.38 -55.83 <2.2e't
Remain rural 95.45 92.48+0.18 88.00 86.46+0.21 -28.12 <2.2e'
Urban densification 56.00 53.66+0.49 36.00 35.55+0.47 -52.36 <2.2e'®
Remain urban 43.48 43.90+£0.59 44.00 42.63 + 0.54 -0.91 0.363
Tree cover

Urban expansion 18.18 21.24 £0.52 20.83 2254 £0.44 2.84 0.005
Remain rural 13.64 17.77 £0.30 16.67 21.17 £0.33 12.72 <2.2e'6
Urban densification 20.00 20.23+0.46 16.00 17.50+0.37 -6.28 7.6e10
Remain urban 16.00 18.04+0.40 21.74 22.92+0.41 12.80 <2.2e'®
Grassland cover

Urban expansion 50.00 48.44+0.68 26.09 28.12+0.46 -32.87 <2.2¢%
Remain rural 32.00 36.49£0.48 24.00 28.13+£0.40 -22.78 <2.2e'6
Urban densification  32.00 31.59+£0.60 16.00 17.12 +0.41 -30.42 <2.2e'6
Remain urban 20.83 23.43+£0.56 16.00 18.78 + 0.47 -11.70 <2.2e't
Rice field cover

Urban expansion 0.00 13.33+0.63 0.00 7.61+0.41 -13.91 <2.2¢%
Remain rural 39.13 38.22+0.59 36.00 37.17 £ 0.59 -3.24 0.001
Urban densification ~ 0.00 1.84+0.21 0.00 0.92+0.12 -6.30 7.4

Remain urban 0.00 1.43+0.18 0.00 0.92+0.13 -5.35 1.4¢’
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Figure 24: Box and whisker plots comparing vegetation cover 2004 (white) and- 2018

(black) in each urbanisation category of 1 km x 1 km grid cells; urban expansion (UX), remain
rural (RR), urbamensification (UD), and remain urban (RU). Thick solid horizontal lines
represent median, interquartile boxes represent middle 50%"(@5675" percentile) of the

data, and dashed lines represent mean values (on which matched paieststare based,;
seeTable 2.2), whiskers represent 25% ranges for the bottom and top of the data values, and
dots represent outliers.
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Assessing temporal shifts in vegetation cewdyanisation intensity relationships

Total vegetation cover declined in a linear manner wittréasing urbanisation intensity, and

the gradient of these declines was extremely similar in bottetperiods (Table 2.3; Fig. 4,5

e). Tree cover declined with increasing impervious surface cover along a cubic curve in the
first time period and a quadtic curve in the second time period (Table 2.3). Predicted tree
cover values along the urbanisation intensity gradient were, however, very similar during
both time periods, with tree cover being maintained-a25% until impervious surface cover
reached aproximately~ 25%, after which tree cover declined to negligible levels in the most
intensely urbanised grid cells (Fighl2.f). Grassland cover declined along cubic curves in both
time periods with declines starting at very low levels of impervious sarfaover,
approximately 10%, and then declining to negligible levels once impervious surface cover
reached 75% (Table 2.3; Figh@.g). There is a difference though in the intercepts of these
relationships with greater grassland cover at a given urbaéioisantensity in the first time
period along much of the urbanisation gradient. The area of rice fields declined along a cubic
curve in both time periods with sharp reductions as urbanisation increased to approximately
25% impervious surface cover and theemained stable till approximately 80% impervious
surface cover, when rice fields rapidly declined to negligible levels (Table 2.3;58igh)2.
Consequently, there is limited evidence (for total greenspace, or particular vegetation types)
that increasng urbanisation substantially changed the form of the relationship between

greenspace and urbanisation intensity.



Table 2.3:Parameter coefficients and standard errors of general least squared models (gls function in nlme package) with expostgad
covariance structure that modelled total green area cover and cover of the three main vegetation types (i.e. trees,djrasdlace fields)

m )

a function of impervious surface cover in our two time period2@04 and~ 2018) using linear, quadratic, and cubic models. Predicted values
are illustrated in Fig. 2.5 derived from the best fitting model, identified in bold, ia. whth the lowest AIC value in which 95% confidence
intervals of all coefficients do not overlap zero.

Impervious surface cover

Impervious surface cover

Impervious surface cover

. Intercept (linear term) (quadratic term) (cubic term)
Year Response variabl Model AIC
Coeffts.e. Coeffts.e 95% Cl Coeffts.e 95% Cl Coeffts.e. 95% Cl
(lower, upper) (lower, upper) (lower, upper)
~ 2004 Green area cover Linear 15879.92  0.960 £ 0.006 -0.962 + 0.006 -0.975,-0.950
Quadratic -15874.99  0.962 +0.006 -0.984 +0.013 -1.010,-0.958 0.032+0.018 -0.002, 0.067
Cubic -15870.70  0.961 +0.006 -0.962 +0.022  -1.006,-0.918  -0.052 +0.071 -0.191,0.088 0.074+£0.061  -0.045, 0.193
Tree cover Linear -8173.25 0.237 £0.021 -0.221 £0.013 -0.246,-0.197
Quadratic  -8338.09 0.217 +0.022 0.093 +0.027 0.041,0.146 -0.470+£0.036 -0.540,-0.400
Cubic -8342.25 0.213 #0.022 0.201+0.046  0.111,0.290 -0.879+0.145 -1.163,-0.595 0.321+£0.124  0.118, 0.604
Grassland cover  Linear -5742.53 0.454 £ 0.027 -0.493 £0.016 -0.524,-0.462
Quadratic -5760.65 0.444 + 0.027 -0.344 +0.034 -0.410,-0.278  -0.221+0.045 -0.309,-0.134
Cubic -5829.05 0.432 +0.028 0.045+0.057 -0.066,0.155 -1.708 £0.179 -2.059,-1.356 1.310 £ 0.153 1.010, 1.611
Rice field cover Linear -6442.84 0.259 + 0.043 -0.242 £0.015 -0.271,-0.212
Quadratic -6727.25 0.289 + 0.043 -0.713+0.031 -0.773,-0.652 0.701 +0.040 0.621, 0.780
Cubic -6852.43 0.303 £ 0.044 -1.182 £0.051 -1.282,-1.082 2.498 + 0.162 2.180, 2.815 -1.584 +0.138 -1.855,-1.313
~2018 Green area cover Linear -15469.94  0.936 = 0.009 -0.939+0.006 -0.951,-0.928
Quadratic -15467.48  0.939 +0.009 -0.969 +0.013  -0.995,-0.943 0.040 +£0.016  0.008, 0.072
Cubic -15466.49  0.941 +0.009 -1.014 +0.024  -1.061,-0.966 0.194 +0.072 0.053,0.335 -0.129 £+ 0.059 -0.244,-0.014
Tree cover Linear -8511.35 0.288 + 0.022 -0.278 10.011 -0.299,-0.256
Quadratic -8718.95 0.255 #0.023 0.057 10.025 0.008, 0.105 -0.449 £ 0.030 -0.508,-0.390
Cubic -8719.66 0.251 +0.023 0.143 #0.045 0.055, 0.231 -0.748 £ 0.133 -1.009,-0.488 0.251 #0.109 0.038, 0.464
Grassland cover  Linear -7257.15 0.366 +0.023 -0.386 10.012  -0.410,-0.362
Quadratic -7297.76 0.348 +0.023 -0.208 10.028  -0.264,-0.152  -0.238 +0.034 -0.305,-0.171
Cubic -7350.98 0.334 10.024 0.115 +0.051 0.015,0.215 -1.355+0.150 -1.650,-1.060 0.935 #0.123 0.694, 1.176
Rice field cover Linear -7182.49 0.272 +0.045 -0.265 #0.012 -0.289,-0.241
Quadratic  -7594.96 0.322 +0.046 -0.781 #0.027 -0.835,-0.728 0.691 £ 0.033 0.626, 0.755
Cubic -7705.16 0.342 +0.048 -1.215 #0.048 -1.310,-1.120 2.191 #0.143 1.911,2.471 -1.254 10.116 -1.483,-1.026
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Figure 25: Relationships between the proportions of total vegetation cover and each of three main vegetation types (tree, grasslaicd, and

field) and impervious surface cover #2004 (ad) and~ 2018 (eh). Fitted linegepresent predicted values from the best fit spatial models
(nlme package in R) reported in Table 2.2.
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Vegetation dynamics net loss/gain along the urbanisation gradient

Change (i.e. net loss/gain) in total vegetation cover between the two time pevariksd with
urbanisation intensity in the first time period along a positive slightly accelerating curve. The
least urbanised cells lost the most vegetation cover, but once impervious surface cover in the
first time period exceeded 50% grid cells gainecreasing amounts of vegetation cover

between the time period (Fig. @a).

Change in tree cover was positively and linearly associated with urbanisation intensity in the
first time period, such that the least urbanised areas have neggighin in tree cover and

the most urbanised cells gained the largest amount of tree cover (Table 2.46lBigGhange

in grassland cover exhibited a cubic relationship with urbanisation intensity in the first time
period (Table 2.4). The least urbanidedations in the first time period exhibited the largest
losses in grassland cover, with the amount of grassland lost declining until impervious surface
cover in the first time period exceeded 70%, with cells that were originally more urbanised
than thisgaining grassland areas (Figod. Change in rice field cover exhibited a shallow
linear relationship with impervious surface cover in the first time period, with the largest
(albeit still very limited) losses occurring in the least urbanised locatilhshese models
controlled for the slight variation in the number of years between the dates of the images in
the first (~ 2004) and second time periods 2018), this predictor was significantly negatively
associated with change in total vegetation andsgland cover indicating greater loss of
these vegetation types as time progressed. Conversely, the magnitude of gain in tree cover
increased as time progressed. These was no significant relationship between rice field net

loss/gain and the number of yembetween the two images.



Table 2.4:Parameter coefficients and standard errors from generalised least squares models (gls function in nime package) withiaxponent
spatial covariance structure that model area net loss/gain of total vegetation conkthe three main vegetation types (trees, grasslands, and
rice fields) as a function of original impervious surface cover (i-e2004 with linear, quadratic, cubic terms) and number of years between the
images. The best fitting models (assessed by?NICt dzS & |
bold. Predicted values are illustrated in Fig. 2.5.
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Response variableModel

Impervious surface cover
(linear term)

Impervious surface cover
(quadratic term)

Impervious surface cover
(cubic term)

Numbers of year between image

0, 0, 0, 0,
Coeffts.e.  Coeffts.e. 95% Cl Coeffts.e. 95% Cl , Coeffts.e. 95% Cl Coeffts.e. 95% Cl

(lower, upper) (lower, upper) (lower, upper) (lower, upper)

Green area Linear -9153.24-0.026 + 0.02" 0.267 + 0.011 0.245, 0.289 -0.008 + 0.002 -0.011,-0.004
net loss/gain Quadratic -9181.3€ 0.135 + 0.02F 0.196 + 0.032 0.087, 0.183 0.196 + 0.032 0.132, 0.261 -0.007 + 0.002 -0.011,-0.004
Cubic -9178.62-0.017 +0.027 0.089 + 0.042 0.006, 0.173 0.368 + 0.135 0.103, 0.633 -0.152 + 0.11¢ -0.379, 0.075 -0.007 + 0.002 -0.011,-0.004

Area of tree cover Linear -8619.2C-0.054 + 0.02: 0.052 + 0.011 0.030, 0.074 0.005 +0.002  0.002, 0.008
net loss/gain Quadratic -8620.87-0.050 + 0.02:-0.016 + 0.02¢ -0.066, 0.035 0.101 + 0.035 0.034, 0.169 0.005 +0.002  0.002, 0.008
Cubic -8618.42-0.052 + 0.02: 0.035 + 0.04E -0.053, 0.123 -0.091 + 0.14% -0.371, 0.189 0.170 + 0.122 -0.070, 0.409 0.005+ 0.002  0.002, 0.008

Grassland area  Linear -6173.1€-6.4e5+ 0.035 0.165 + 0.015 0.136, 0.194 -0.009 +0.002 -0.014,-0.004
net loss/gain Quadratic -6183.21-0.007 + 0.03! 0.047 + 0.032 -0.017, 0.111 0.177 + 0.042 0.092, 0.262 -0.009 + 0.002 -0.014,-0.004
Cubic -6185.7€ 0.011 + 0.03%-0.069 + 0.05¢ -0.178, 0.041 0.616 + 0.177 0.268, 0.963 -0.387 + 0.15: -0.685,-0.090 -0.009 + 0.002 -0.014,-0.004

Rice field area  Linear -9324.7C 0.026 + 0.027 0.041 + 0.011 0.019, 0.063 -0.004 + 0.002 -0.007,2.4e*

net loss/gain Quadratic -9324.97 0.022 + 0.027 0.100 + 0.024 0.052, 0.148 -0.088 + 0.03: -0.151,-0.024 -0.004 +0.002 -0.007, 2.1¢

Cubic -9321.1€ 0.021 + 0.027 0.129 + 0.042 0.047, 0.210 -0.197 + 0.13 -0.456, 0.062 0.097 + 0.112 -0.125, 0.318 -0.004 +0.002  -0.007, 2.2¢
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Figure 26: Relationships between estimated area @met loss/gain of total green area (a) and three main vegetation type$ doring~ 2004
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derived from the best fitting spatial models (nIme package in R) presented in Table 2.4.



85

Vegetation dynamics loss aising from conversion to impervious surface

Total vegetation loss arising from conversion to impervious surface cover declined with
impervious surface cover in the first time period along a marginally unimodal curve (Table
2.5), with the greatest loss ogrring at low levels of original impervious surface cover of
approximately 25% (Fig. 7&). Loss of tree cover arising from conversion to impervious
surface exhibited a cubic relationship with impervious surface cover in the first time period
(Table 2.5)whilst the magnitude of change was limited across the gradient they are lowest
at the highest levels of impervious surface cover and declining to negligible levels when
impervious surface cover exceeds approximately 70% (Fidp).2Grassland loss from
conversion to impervious surface changed along a cubic curve with the amount of loss
peaking at grid cells with approximately 20% impervious surface cover in2@04eclining

to negligible levels at the most urbanised locations (Figc)2.Rice field i@a loss due to
conversion to impervious surface cover was negligible across the gradient but declined
linearly with increasing urbanisation intensity (Figfidd. The amount of total vegetation,
grassland, and rice fields, but not tree cover, loss duediaversion to impervious surface

cover increased with time (Table 2.5).
Vegetation dynamics gain arising from conversion from impervious surface

Gain in total vegetation cover and tree cover arising from conversion of impervious surface
cover to greerspace increased with impervious surface cover in the first time period along a
decelerating quadratic curve, which plateaued~ab0% impervious surface cover for total
vegetation (Table 2.6; Fig.72) and at~ 70% impervious surface covarftree cover (Table

2.6; Fig. ZIf). Gains in grassland area arising from conversion of impervious surfaces exhibited
a unimodal relationship with impervious surface cover in the first time period, with maximum
gains when original impervious surface cowars approximately 50% and negligible gains at
either extreme of the urbanisation gradient (Table 2.6; FiggR.There was no significant
relationship between gain in rice fields and original urbanisation intensity (Table 2.6),

although conversion of ingrvious surface to rice field is extremely rare (Figh2Fig. S3b).



Table 2.5:Parameter coefficients and standard errors from generalised least squares models (gls function in nime package) withia
spatial covariance structure that model loss of total vegetation cover and cover of three main vegetation types (treles\dy;aesd rice field

arising from conversion of impervious surface in relation to original impervious surface cover<i2004 with linear, quadratic, cubic terms)
and number of years between images. The best fitting models (assessed by AIC vRluetANNI YSGSNJ SadAYIl G4SaQ dp»

overlapping zero) are shown in bold. Predicted values are illustrated in Fig. 2.6.

Impervious surface cover

Impervious surface cover

Impervious surface cover

] Intercept  (linear term) (quadratic term) (cubic term) Numbers of year between imac
Response variableModel AIC 95% Cl 95% Cl 95% C| 95% Cl
Coeffts.e. Coeffts.e. 0 Coeffts.e. 0 Coeffts.e. 0 . Coeffts.e. 0
(lower, upper) (lower, upper) (lower, upper’ (lower, upper)
Linear -12023.50 0.026 +0.024-0.075 + 0.00¢-0.092,-0.058 0.006+ 0.001  0.003, 0.008
Green area loss tc
impervious Quadratic -12295.73 0.009 + 0.024 0.211 + 0.01¢ 0.175, 0.248 -0.422 + 0.02' -0.471,-0.374 0.005 +0.001 0.003, 0.008
surface Cubic -12294.12 0.007 +0.024 0.259 + 0.03z 0.197, 0.322 -0.605 + 0.10: -0.805,-0.406 0.162 +0.087 -0.009, 0.332 0.005 + 0.001 0.003, 0.008
Linear -18813.19 0.020 + 0.01£-0.009 £ 0.00<-0.018,-4.8¢e* 0.001 +£0.001 -0.001, 0.001
Area of tree cover
loss to imperviousQuadratic  -19037.82 0.012 +0.017 0.129 + 0.01C 0.110, 0.148 -0.205 + 0.01{ -0.231,-0.180 0.001 +£0.001 -0.001, 0.002
f . _ .
surtace Cubic -19043.53 0.014 +0.01€ 0.080 + 0.017 0.047, 0.114 -0.021 £ 0.05! -0.129, 0.086 -0.163 + 0.04°-0.255,-0.071 0.001 +0.001 -0.001, 0.002
Linear -15185.08 0.013 + 0.01€-0.045 £ 0.00¢ -0.058,-0.032 0.003 £0.001 0.001, 0.005
Grassland area
loss to imperviousQuadratic  -15340.59 0.004 + 0.01f 0.120 + 0.014 0.092, 0.148 -0.243 £ 0.01¢ -0.280,-0.207 0.003 10.001 0.001, 0.005
surface Cubic -15351.38 0.001 £ 0.01£ 0.200 + 0.024 0.153, 0.247 -0.546 £ 0.07° -0.697,-0.395 0.267 £0.06€ 0.138,0.397 0.003+0.001 0.001, 0.005
. . Linear -23055.13 -0.007 £ 0.00°-0.016 = 0.00:-0.022,-0.010 0.002 + 4.8¢ 0.001, 0.003
Rice field area
loss to imperviousQuadratic  -23050.00 -0.006 + 0.007-0.029 + 0.00" -0.043,-0.016 0.019 + 0.00¢ 0.001, 0.038 0.002 +4.8¢ 0.001, 0.003
f . .
surtace Cubic -23044.24 -0.007 + 0.00°-0.018 + 0.01: -0.042, 0.005-0.022 + 0.03¢ -0.097,0.053 0.036 + 0.03% -0.028, 0.101 0.002 +4.8¢  0.001, 0.003

o Nt
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Table 2.6:Parameter coefficients and standard errors from generalised least squares models (gls function in nlme package) withiaxponent
spatial covariance structure that model gain of total vegetation cover and cover of three main vegetation types (trelesdy,casd rice fields)
arising from conversion of impervious surface in relation to original impervious surface cover<i2004 with linear, quadratic, cubic terms)

and number of years between images. The best fitting models (assessed by AIC valudis Bidd Y SG SNJ SadA Yl GSaQ opp:

(OF~.

overlapping zero) are shown in bold. Predicted values are illustrated in Fig. 2.

Impervious surface cover

Impervious surface cover

Impervious surface cover

Numbers of year between

] Intercept  (linear term) (quadratic term) (cubic term) image
Response variable Model AlC 95% Cl 95% Cl 95% C| 95% Cl
Coeffts.e. Coeffts.e. 0 Coeffts.e. 0 Coeffts.e. 0 Coeffts.e. 0
(lower, upper (lower, upper) (lower, upper) (lower, upper)
Linear -19393.07 0.003 + 0.007 0.149 + 0.004 0.141, 0.156 0.001 + 0.001 -4.0e%, 0.002
Green area
converted from  Quadratic -19649.18 -0.003 + 0.007 0.285 + 0.00¢ 0.267, 0.303 -0.204 + 0.01: -0.228,-0.179 3.5e4+4.8¢4 -0.001, 0.001
impervious surface ;. -19644.19 -0.003 + 0.007 0.301 + 0.01€ 0.269, 0.333 -0.263 + 0.05; -0.365,-0.162 0.053 + 0.044 -0.034, 0.140 3.5e%+ 4.8¢* -0.001, 0.001
Linear -21471.56 0.001 + 0.00€ 0.097 + 0.00% 0.091, 0.104 4.0e*+4.4e% -4.7e4 0.001
Area of tree cover
converted from Quadratic -21538.78 -0.002 = 0.00¢ 0.157 £ 0.00¢ 0.142, 0.172 -0.092 + 0.01(-0.112,-0.071 2.9e%+ 4.4¢* -0.001, 0.001
i i f . i
IMPErvious Surace - bic -21532.23 -0.002 + 0.00¢ 0.162 + 0.014 0.136, 0.189 -0.110 + 0.04 -0.196,-0.025 0.017 + 0.037 -0.056, 0.089 2.9e*+ 4.0e* -0.001, 0.001
Linear -24788.49 0.003 + 0.004 0.047 + 0.00Z 0.043, 0.052 1.3e%+3.1e* -4.7€% 0.001
Grassland area
converted from  Quadratic -25017.29 -0.001 + 0.00: 0.124 + 0.00F 0.114, 0.135 -0.117 + 0.00’ -0.132,-0.103 8.3¢5+ 2.6¢% -4.2e4 0.001
Impervious surface ;. -25011.44 -0.001 + 0.00 0.134 + 0.01C 0.115, 0.154 -0.155 + 0.03: -0.217,-0.094 0.033 + 0.027 -0.019, 0.086 7.0+ 2.6¢* -4.3¢% 5.8¢4
o Linear -60847.87 2.7e%+8.3¢5 -3.4€5+ 5.8¢5 -1.5¢% 7.9¢5 -1.8e5+ 6.2¢5 -3.0€5, -6.0e5
Rice field area
converted from Quadratic -60831.09 2.7e%+8.3e? -2.7e5+ 1.8e* -3.7e%4, 3.4 -1.1e5+ 2.5e* -4.9e%, 4.7e* -1.8e5+ 6.2e5 -3.0e5, -6.0eb
i i f .
IMPETVIOUSSUNAce  ~ bic -60817.56 2.6e%+8.3¢5 1.9¢*+ 3.5¢* -5.0e4 8.7 -0.001 +0.00: -3.0e3, 1.4 0.001 + 0.001 -1.2¢3, 2.6e3 -1.8e5+ 6.2¢5 -3.1¢5, -6.1e"
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Figure 27: Relationships between estimated loss of vegetation cover arising from conversion to impervious surface (a) total ve@i@tages,

(c) grasslands, and (d) rice fields, and gain of vegetation cover arising from conversion of impervious surfadattorvegdace (e) total
vegetation, (f) trees, (g) grasslands, and (h) rice fields ff&004 to~ 2018 as a function of proportion impervious surface cover 2004.
Fitted lines illustrate predicted values and shading their 95% confidence intervalstHeolyest fitting spatial models (nime package in R)
reported in Table 2.5 (panelsd) and Table 2.6 (panelshg; no best fir line is illustrated in panel h due to the lack of a significant relationship.
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2.4 Discussion

The Bangkok ggon has undergone intensive urbanisation during the focal study period, with
impervious surface cover increasing across our 5,600 rkgion from 20.5% to 29.2% of
sampling points, equating to an additiona#87.2 knt of impervious surface cover in our

study region. Much of this urbanisation is likely to be driven by the increasing human
population inthe Bangkokregionfrom 9.6 million inhabitants in 2004 to 10.9 million in 2018
(Bangkok Metropolitan Administration,028). Using a similar approach suggests that
vegetation cover has been reduced b%52.1 ko y2 1S 6S R2y Qi SELISOI
gain in impervious surface cover as some vegetation loss is due to conversion to bare ground
and construction sites), buhts hides substantial heterogeneity across vegetation types, with
~595.2 kn? of grassland and 96.3 kn? of rice fields being lost, whilst tree cover increased

by~ 139.4 kni.
Impacts of urban expansion and densification on vegetation dynamics

Quantifying he contribution of urban expansion and densification on these regional
landcover transitions is dependent on the precise definitions used, but udiiferent
thresholds to define urbanised grid cells (i.e. 25% or 40% impervious surface) generates
similar estimates of changes in vegetation cover within cells experiencing densification or
expansion.Expansion and densification have divergent impacts on vegetation dynamics.
Although declines of vegetation cover in grid cells that experienced expansion were
approximately equally to those that experienced densificatior20%,; Table 2.2), area of
vegetation cover loss to urban expansion240.7 kn3) was nearly double the loss from
densification € 137.8 knm?) due to differences in the spatial extent of these praes These
losses were mainly driven by the conversion of grasslands, and again expansion resulted in
almost twice as much grassland being lost than densification (expansi8v.7 km,
densification~ 110.1 kn3). This is consistent with previous studiesunbanisation in this
region indicating urban Bangkok is expanding outward (Estoque and Murayama, 2015; Song
et al,, 2021; Xt al., 2019). Greater adverse effects of urban expansion on vegetation cover
may be particularly detrimental for conservation@gpansion is more likely to impact semi

natural grasslands that occur in such locations rather than the more intensely managed
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grasslands within urban locations that are often of limited biodiversity value (Natah,

2019; Round and Gardner, 2008).

Densification is more likely to occur in urban grid cells with relatively large amount of
vegetation cover, as this creates space for infill development, yet resulted lower vegetation
cover in the second time period (i.€.2018) compared to other urbanisedeas that did not
experience densification. This indicates that a compact city approach to urban development
that aims to reduce land consumption could in turn profoundly adversely influence the
amount and accessibility of urban greenspaces, leading toathagy environmental
consequences and implications for the quality of urban life (Haaland and van den Bosch, 2015;
Pauleitet al., 2005).

Urban expansion resulted in the loss of approximately half the original cover of rice fields in
these cells (equatingpta loss of- 55.7 kn¥), which is much greater than the loss arising from
densification € 7.0 kn?) T primarily because rice fields is extremely rare in urban areas.
Adverse impacts on food production are likely to be relatively small, however, given that
losses from expansion equate to just 4.7% of the total area of rice fielttb48.0 knd) within

the gudy area at the start of our study period. Consequently, within our study region, indirect
effects of urbanisation on the conversion of natural forest to replace loss of agricultural land
is arguably somewhat limited (Soeg al., 2015; van Vliet, 2019put clearly such indirect

impacts are minimised through densification rather than expansion.

In a notable contrast, whilst densification process resulted in a declire26f8 kn? of tree

cover, tree cover increased in all other locations including thdmse experienced urban
expansion € 12.6 kn? increase). Our results contrast with previous suggestions that urban
densification generates no net loss of tree cover as loss is balanced out by newly created tree
cover (Kaspaet al, 2017). The increases ire& cover that occur are likely to arise from
growth of exa U Ay 3 (G NBSaQ )OwoydmmdisEeéessionCovel dacafit Hadds or
degradation & low quality housing (Fig. S2.and creation of urban wooded habitat such as
woodland blocks in parks, aricee planting in domestic gardens and streets trefeig)( S2.6

This may at least partially be a consequence of tree planting campaigns in urban areas of

Bangkok in the 1990s (Thaiutsial., 2008).
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Temporal shifts in vegetation dynamics along the aibation gradient

Generally, we found no strong evidenice temporal shifts in the form of vegetation cover
urbanisation intensity relationships between our focal time periods. This may suggest that
landcover patterns along the spatial urbanisation gratii®@ Bangkok are broadly constant,
indicating the general ability of spader-time substitution approachesénsuPickett, 1989)

to predict future landcover change arising from urbanisation. A slight shift in the form of
grassland coveurbanisation intasity relationships during our study period, arising from a
substantial reduction in grassland cover, especially at the low levels of urbanisation intensity,
suggest that the value of spafer-time substitution approaches may, however, vary
between vegettion types. The predictive capacity of spdoe-time substitution approaches

can also be reduced by changes in urban planning or policy. As an example, whilst our data
suggest that rice fields have been less impacted by urbanisation in recent decadws in t
Bangkok region this seems likely to change due to a decision to construct a new airport and
associated urban infrastructure in Bang Len district (the rural areas at the northwest corner

of our study region; Hongtong, 2019) which is currently dated by rice fields (Fig. SJ.7
Implications for ecosystem function and tropical biodiversity

Vegetation is crucial for sustaining urban environmental quality and humanbeigid
(Bolund and Hunhammar, 1999; Krekelal., 2016, the substantial loss of vegetation cover

that we document could thus contribute to environmental degradation (De Carvalho and
Szlafsztein, 2019). It is well documented that increasing impervious surface and declines in
vegetation cover contribute to imeasing urban heat island intensity (Chapnedml., 2018;
Morabito et al, 2021; Sun and Chen, 2@lZ GAGK . Iy 3121Qa dz2NbI Yy
increasing from 12.7°C in 2005 to 16.2°C in 2016 (Khamchiangta and Dhakal, 2020). The
marked increase in impeious surface cover that we document will severely impact
hydrological processes and increase surface water runoff (Ramamurthy ardei8hi?014),

which combined with the flat lowland geography of the Bangkok regions @ti@l, 2016;
Thanvisitthpon et al., 2018) and increasing future precipitation (Cooper, 2019) will
substantially increase flood risk (2t al, 2015). This in turn increases issues arising from
pollutants accumulating in runoff, entering the water system and reducing water quality

(Walsh et al.,, 2012). Moreover, recent flooding events, especially the 2011 floods in Bangkok

f
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and other regions of Thailand highlight the economic and humanlvedtlg impacts of large

scale flood events (Poapongsakatal., 2013).

Despite these issues arigirfrom urban changes in landcover types it is notable that the
Bangkok region has gained considerable tree cover contrasting with the loss of shorter
vegetation in grasslands and rice fields. Ecosystem services from these trees can potentially
mitigate cone of these adverse impacts as ecosystem services such as regulating air
temperature (Lin and Lin, 2010; Morab#bal., 2021), reducing air pollution (Vailsheyal.,

2013), and reducing surface water runoff (Armsodml., 2013), typically scale witlegetation
biomasst which is substantially greater in trees than shorter herbaceous vegetation such as
grasses. Whilst it is thus notable that tree cover gain has been highest in locations that were
highly urbanised at the start of our study period, urbdensification resulted in significant

loss of tree cover, and newly created urban tree cover may not always provide equivalent
ecosystem services and functions to the original vegetation (Wena., 2019). Further
research is needed to address spatiatldamporal patterns in ecosystem service provision

arising from the landcover and vegetation dynamics that we document.

2.5 Conclusions

Using classification of high resolution aerial imagery, our study documents that intensive
urbanisation in the Bangkalegion during the first part of the 2%century has generated a
profound loss of vegetation cover, although there was considerable variation across
vegetation types. Despite this, the form of spatial patterns of vegetation cover along the
urbanisation grdient appears to largely be invariant in time, indicating the ability of space
in-time substitution approaches to predict future vegetation dynamics. At the scale of
individual grid cells, changes in total vegetation and grassland cover arising from urban
densification and expansion are similar, but expansion has generated much greater losses
then densification as it has occurred across much larger areas. Loss of rice fields is relatively
small but has primarily arisen from expansion at the individual egltdand regional spatial
scales. Conversely, densification has generated substantial loss of tree cover contrasting with
gains in tree cover throughout the rest of the region. The loss of such trees is likely to be
particularly important for provision oécosystem services as their provision typically scales

with vegetation biomass, and demand for such services is often greatest in the most
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urbanised locations. There is potential to reduce environmental impacts of the continuing
demand for additional urbatand in the Bangkok region by promoting densification above
expansion. Such an approach will, however, require active promotion of tree retention and

planting schemes to avoid detrimental impacts on people and biodiversity.
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2.7 Supplementary materials

Table S2.1Number of sampling points in landcover classification using aerial imagery taken in
each year. No image was selected from 2011 due to the great Bangkok flood.

Year Number of sampling points % Year Number of sampling points %

First timeperiod ¢ 2004) Second timeeriod ¢ 2018)

2001 3,100 2.21 2017 78,540 56.1
2002 11,920 851 2018 61,460 43.9
2003 3,030 2.16

2004 102,027 72.88

2005 8,666 6.19

2006 3,900 2.79

2007 1,331 0.95

2008 7 0.01

2009 124 0.09

2010 1,486 1.06

2011 0 0.00

2012 363 0.26

2013 4,046 2.89
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Table S2.2Number of sampling point in ground truthing by habitat types indicating a high degree
of accuracy of landcover classification. Based on, approximately, 3 weeks to 8 months interval
between the date of aerial imagery and the date of ground truthing, nunddemismatched
results could arise from the genuine landcover change. Such cases were identified by comparing
aerial imagery using in the landcover classification with the aerial imagery taken closely to the
date of ground truthing. The percentage of langer type matches was recalculated by excluding
these cases of apparent genuine landcover change.

Number of Number of % matchacross % matchexcluding
Landcover type  sampling pointin  sampling point in all sampling cells with genuine

image classificatior ground truthing  points landcover change
impervious surfac 36,798 644 98.10 99.69(n =637)
grassland 30,031 227 90.75 95.15(n =207)
rice field 26,311 53 92.45 100.00 (n =49)
trees 25,838 287 97.91 100.00(n =281)
water bodies 16,606 126 96.83 100.00 (n =122)
bare ground 3,739 8 62.50 100.00 (n =5)
construction site 646 9 77.78 100.00(n =7)
salt pans 30 1 100.00 100.00 (n=1)

green roof 1 0 - -
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Table S2.3Median (%), mean (%), standard error of mean, and matched pabext tesults of
vegetation cover comparing between2004 and~ 2018 in 1 km x 1 km grid cells in each of
urbanisation categories, i.e. urban expansion (n = 738), urban densificatio®4B)=remain

urban (n = 650), and remain rural (n = 3,655). In this case, we used 40% impervious surface as
threshold to define urbanised grid cells and exclude 44 grid cells that was urb&®4nb2it
became rural in 2018-values of matched pairedtest were corrected using the false discovery

rate (FDR) method (p.adjust function in R).

~2004 ~2018 Matched paired #est results

Urbanisation category
Median Mean +s.e. Median Mean +s.e. t P-value

Green arexover (all vegetation type together)

Urban expansion 70.00 70.99+0.49 4783 4551+0.35 -46.01 <2.2e'6
Remain rural 92.00 89.26+0.19 83.33 81.17+0.23 -39.18 <2.2¢®
Urban densification 4400 44.04+050 27.78 27.54+0.52 -40.70 <2.2e'®
Remain urban 36.00 35.04+053 36.00 35.67*0.50 1.94 0.056
Tree cover

Urban expansion 16.67 20.53+0.55 20.00 19.73+0.42 -1.63 0.103
Remain rural 16.00 18.76 £ 0.27 20.00 22.24+0.28 14.90 <2.2e'6
Urban densification 20.00 20.05+0.58 16.00 15.47 +0.43 -8.33 2.0e?®
Remairurban 16.00 16.80+0.41 20.00 21.04+0.42 10.54 <2.2e'®
Grassland cover

Urban expansion 4545 44.39+0.69 2273 2359+0.41 -31.91 <2.2¢%
Remain rural 36.36 38.89+0.40 25.00 28.72+0.32 -29.86 <2.2e't
Urban densification 24.00 23.36 10.70 9.09 11.82 £ 0.45 -20.38 <2.2e't
Remain urban 16.00 17.78£0.53 12.00 14.39+0.45 -8.85 <2.2e't
Rice field cover

Urban expansion 0.00 6.07 £ 0.48 0.00 2.19+0.20 -10.42 <2.2¢%
Remain rural 26.09 31.91+051 2273 30.22+0.50 -6.42 2.1e'0
Urban densification 0.00 0.63+£0.18 0.00 0.25+£0.08 -2.89 0.005

Remain urban 0.00 0.46+0.11 0.00 0.24 £ 0.07 -2.97 0.004
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Table S2.4MoranQ &estlresults of linear regression for total vegetation cover and three main
types of vegetation cover (tree, grassland, and rice field cover) with impervious surface cover in
both 2004 and 2018 (linear, quadratic, cubic models) revealed spatial autcatarrein model
residuals in all models.

MoranQ aestlresult

Response variable Year Model observed S
Green area cover 2004  Linear 0.043 <2.2¢e1®
Quadratic 0.041 < 2.2¢'
Cubic 0.041 < 2.2e'
2018 Linear 0.058 < 2.2¢e'
Quadratic 0.055 < 2.2¢e'®
Cubic 0.055 < 2.2¢e'
Tree cover 2004  Linear 0.075 < 2.2¢e'
Quadratic 0.076 < 2.2¢e'®
Cubic 0.076 < 2.2e'®
2018 Linear 0.112 < 2.2e'®
Quadratic 0.112 < 2.2¢e'®
Cubic 0.112 < 2.2e'
Grassland cover 2004  Linear 0.131 < 2.2¢e'
Quadratic 0.122 < 2.2¢e'
Cubic 0.122 < 2.2e'
2018 Linear 0.122 < 2.2e'
Quadratic 0.113 < 2.2¢e'
Cubic 0.115 < 2.2e'
Rice field cover 2004  Linear 0.174 < 2.2¢e'
Quadratic 0.168 < 2.2¢e'®
Cubic 0.169 < 2.2e'
2018 Linear 0.160 < 2.2e'®
Quadratic 0.153 < 2.2¢e'®

Cubic 0.154 < 2.2¢'®




Table S2.5Akaike Information Criterion values of generalised least squares models (gls function in nime package) for green aredtboge
main vegetation types with impervious surface cover (linear, quadratic, and cubic models) in both time points comgiaveen tspatic
covariance structure (i.e. Exponential, Spherical, and Gaussian). Best fitted models (lowest AIC value) were shown in bold.

AIC AIC AIC

Year Response variabl (Linear model) (Quadratic model) (Cubic model)
Exponential Spherical Gaussian  Exponential Spherical Gaussian  Exponential Spherical Gaussian
2004 Green area cover -15879.92 -15781.44 -15693.69 -15874.99 -15776.23 -15688.54 -15870.70 -15771.76 -15684.66
Tree cover -8173.25 -8151.86 -7995.28 -8338.09 -8314.01 -8158.85 -8342.25 -8317.95 -8161.72
Grassland cover -5742.53 -5708.31 -5452.07 -5760.65 -5724.50 -5480.86 -5829.05 -5793.47 -5557.28
Rice field cover -6442.84 -6382.66 -6009.61 -6727.25 -6677.10 -6311.99 -6852.43 -6827.05 -6446.48
2018 Green area cover -15469.94 -15446.74 -15332.03 -15467.48 -15404.74 -15330.75 -15466.49 -15443.55 -15329.09
Tree cover -8511.35 -8461.65 -8295.28 -8718.95 -8692.27 -8512.50 -8719.66 -8693.42 -8513.46
Grassland cover -7257.15 -7194.27 -7047.91 -7297.76 -7236.73 -7094.75 -7350.98 -7289.98 -7149.83
Rice field cover -7182.49 -7165.92 -6785.25 -7594.96 -7577.84 -7208.98 -7705.16 -7692.20 -7314.98

V0T
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Table S2.6MoranQ atestlresults of linear regression for area of total vegetation cover and
three main vegetation cover types (tree, grassland, and rice field cover) net loss/gain with
impervious surface cover in 2004 (linear, quadratic, cubic models) and number of years
between dates of imagery revealed spatial autocorrelation in model residuals in all models.

MoranQ &estlresult

Response variable Model
observed P
Linear 0.027 <2.2¢'
Green area net loss/gain Quadratic 0.023 < 2.2¢e'®
Cubic 0.023 < 2.2¢e'®
Linear 0.021 < 2.2¢'
Trees area net loss/gain Quadratic 0.021 < 2.2¢'
Cubic 0.021 < 2.2¢e'®
Linear 0.042 < 2.2¢'
Grassland area net loss/gain Quadratic 0.042 < 2.2¢e'®
Cubic 0.042 < 2.2¢e'
Linear 0.041 < 2.2¢'
Rice field area net loss/gain Quadratic 0.040 < 2.2¢'

Cubic 0.040 < 2.2¢'
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Table S2.7MoranQ atestlresults of linear regression for area of total vegetation cover and
three main types of vegetation cover (tree, grassl, and rice field cover) loss and gain due

to conversion between impervious surface with impervious surface cover in 2004 (linear,
guadratic, cubic models) and number of years between dates of imagery revealed spatial
autocorrelation in model residuals all models except models for rice field area gain from
conversion of impervious surface.

a 2 NI &€ gesult

Response variable Model
observed P
Linear 0.037 < 2.2¢e'®
Green area loss Quadratic 0.032 < 22616
to impervious surface
Cubic 0.032 < 2.2¢'
Linear 0.036 < 2.2¢'
Trees area loss Quadratic 0.038 < 22616
to impervious surface
Cubic 0.038 < 2.2¢'
Linear 0.037 < 2.2¢e'®
Grassland area loss Quadratic 0.025 < 2.2¢1
to impervious surface
Cubic 0.025 < 2.2¢e'®
o Linear 0.033 <2.2e*
Rice fielcarea loss Quadratic 0.033 < 22618
to impervious surface
Cubic 0.033 < 2.2¢'
_ Linear 0.010 <2.2e
Green area gain Quadratic 0.011 < 2.2¢1
from impervious surface
Cubic 0.011 < 2.2¢e'®
_ Linear 0.012 <2.2e*
Trees area gain Quadratic 0.014 < 2.2¢'6
from impervioussurface _
Cubic 0.013 < 2.2¢e'®
_ Linear 0.007 <2.2e
Grassland area gain Quadratic 0.003 < 22618
from impervious surface _
Cubic 0.003 < 2.2¢e'®
o _ Linear -0.001 0.202
Rice field area gain Quadratic 10.001 0.203

from impervious surface
Cubic -0.001 0.209




Table S2.8Akaike Information Criterion (AIC) values of generalised least squares models (gls function in nlme package) for aséganet los
area converted to impervious surface, and area converted from impervious surface during 2004 to 2018 with impervioaseueiain 2004
comparing between spatial covariance structure (i.e. Exponential, Spherical, and Gaussian). Best fitted models (lovies} wiEevahown in
bold.

AIC AIC AIC
Response variable (Linear model) (Quadratic model) (Cubic model)
Exponential Spherical Gaussian  Exponential Spherical Gaussian  Exponential Spherical Gaussian
Area net loss/gain
Green area -9153.24 -9130.18 -9053.15 -9181.39 -9154.06 -9085.07 -9178.63 -9153.00 -9082.13
Treed area -8619.20 -8583.40 -8572.17 -8620.87 -8583.86 -8572.70 -8618.43 8581.66 -8570.60
Grassland area -6173.16 -6131.94 -6064.79 -6183.21 -6146.84 -6078.32 -6185.79 -6141.97 -6081.08
Rice field area -9324.70 -9248.60 -9209.44 -9324.97 -9249.23 -9208.68 -9321.18 -9245.36 -9204.96

Area loss du# conversion to impervious surface

Green area -12023.50 -12008.05 -11887.83 -12295.73 -12283.07 -12165.79 -12294.12 -12281.46 -12164.13
Treed area -18813.19 -18810.47 -18734.39 -19037.82 -19042.79 -18970.55 -19043.53 -19042.10 -18977.81
Grasslandirea -15185.08 -15164.85 -15084.53 -15340.59 -15319.82 -15251.74 -15351.38 -15337.44 -15263.05
Rice field area -23055.13 -22986.70 -22990.71 -23050.00 -22981.84 -22985.44 -23044.24 -22976.04 -22979.77

Area gain from conversion of impervious surface

Green area -19393.07 -19257.63 -19360.64 -19649.18 -19546.90 -19620.66 19644.19 -19540.70 -19615.32
Treed area -21471.56 -21286.72 -21437.96 -21538.78 -21338.22 -21504.62 -21532.23 -21331.58 -21498.10
Grassland area -24788.49 -24638.43 -24787.25 -25017.29 -24961.40 -24962.30 -25011.44 -24955.29 -24956.19
Rice field area -60847.87 -60847.87 -60847.87 -60831.09 -60831.09 -60831.09 -60817.56 -60817.56 -60817.56

0T
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Figure S2.1Map of Thailand showing the location of Bangkok and an inset map of the
Bangkok region (using aerial imagery taken in 2018). The rectangle with grey border
represents the 70 km x 80 km rectangle delimiting our study region.



109

a b
) 1.00 — | ) 1.00
0.75 0.75 g
o : |
5 . ;
(&) o
| >
© 0
L 050 : ‘ ‘ S 050
= 0. B : o O
c i o
2 SRR -
O} : .
0.25 . o 0.25
i | H H
(]
0.00{ - - . 0.00
UX RR UD RU UX RR UD RU
C d
) 1.00[ - : ) 1.00
;
]
0.75 0.75
= — .
o - 3 Pl
© . .
S 050 , : < 050 :
D : ] = : .
n - ()] .
O — 2 :o . .
G I ha IS
0.25 I 025 i M - .
I [ L L
] I I Coeo
o L L. | R
0.00 0.00| —— HH —
UX RR UD RU UX RR UD RU

Figure S2.2Box and whisker plots comparing vegetation cowel004 (white) and 2018
(grey) in each urbanisation category okin x 1km grid cells; urban expansion (UX), remain
rural (RR), urban densification (UD), and remain urban.(RUhis case, we used 40%
impervious surface as threshold to define urbanised grid .c&léck solid horizontal lines
represent median, interquartile boxes represent middle 50%"(@5675" percentile) of the

data, and dashed lines represent mean values (on which matched patieststare based),
whiskers represent 25% ranges for the bottom and top of the data values, and dots represent
outliers.
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Figue S2.3 Aerial images show examples of increasing rice field cover due to a) conversion
of seminatural grassland and b) conversion of aquaculture farming. White plus signs
represent sampling points used in our landcover classification.



111

Nov20043

Figure S2.4Aerial images show examples of increasing tree cover arising from growth of
SEA&GAY3T GNBSaQ OFyz2lLleo 2KAGS LXda aArdya
classification.
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Figure S2.5Aerial images show examples of increasing tree cover arising from woodland
succession over (a) degradation of low quality housings and (b) abandoned aquaculture farm.
White plus signs represent sampling points used in our landcover clasgsifica
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Figure S2.6Aerial images show examples of increasing tree cover arising from creation of (a)
domestic tree planting and (b) public greenspace and streets trees. White plus signs represent
sampling points used in our landcovéassification.
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Figure S2.7Satellite map of the Bangkok region overlaid by 70 kmx 80 km landcover map
showing proportion of rice field cover of 1 km x 1 km grid cells2018 (shading) and the
administrative boundary of Bang Len district (red line)vhich it is currently targeted for a
construction of a new airport (Hongtong, 2019).



CHAPTER THREE

Squirrel and treeshrew population responses and
hybridisation of Callosciurusquirrelsalong an urbanisation

gradient ina tropical megacity (in review with the journal Animal
Conservatiol

Urbanisation is increasing at pace and threatening biodiversity, especially in tropical regions.
Many squirrel species tolerate urbanisation, but studies are biased towards temperate
regions. We quantify the distribution and abundance of squirrels and (ecologically similar)
tree-shrews along an urbanisation gradient in a tropical meigya (Bangkok, Thailand)
located within the IndeBurma biodiversity hotspot. We use repeated point cauimt 150 1

km cells, selected using random stratification across the urbanisation gradient. We quantify
species responses to i) urbanisation intensity (measured using impervious surface cover), ii)
environmental conditions and urban selection pressuresliiding woodland quantity and
quality, human disturbance, and predation pressure from fraeging cats and dogs), and iii)
impacts of urbanisation on hybridisation between congené&atlosciurusquirrels. Three
species Tupaia belangeiCallosciurus fiaysonij andCallosciurus erythraejsire relatively
widespread, but one species is extremely rararfiops macclellandjiand two others from

the regional pool are extremely rare or abse@a(losciurus caniemdMenetes berdmorgi

Only C. finaysonihas higher abundance in more urban locations. Urbanisation has thus
markedly reduced squirrel diversity and abundance, contrasting with the perceptionrthat
temperate regionssquirrelstypically tolerate urbanisation. Important ecologicalrictions
provided by this group of species, such as seed dispersal, will be adversely impacted by urban
expansio and densificatiort  which isoccurring rapidly in the region. Models suggest that

improving habitat quality by increasing tree cover at leuad landscape scales, and reducing
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effects of human disturbance and numbers of dogs would enable squirrel populations to
increase, thus partially mitigating these adverse impacts. Finally, construction of bridges
across the Cha®raya riverhas increasedhe permeability of a geographic barrier that
separatedC finlaysoniiand C erythraeusdistributions increasing hybridisation rates. Our
study enhances understanding of the ecological impacts of urbanisation in biodiverse tropical

regions and the actiorequired to mitigate these impacts.

Keywords:cities, urban mammals, predation, rodent, Scandentia, syuspecies
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3.1 Introduction

The spatial extent of urban land is increasing across much of the globe, especially in tropical
regions (Setet al., 2012). The environmental change associated with this rapid urbanisation
markedly alters the abiotic and biotic environment creating straefection pressures in
urban environmentsGrimmet al., 2008; Parris, 20}6These environmental changes include
warmer temperatures through urban heat island effecBigmondet al., 201§, habitat
fragmentation Tianet al, 201J), altered predation pessure (including increased pressure
from human commensals such as d@gnis lupus familiari®.g. Dohertyet al., 2017; Paker

et al, 2014, and catfelis canise.g.Bakeret al., 2008; Loss and Marra, 2Q17ncreased
human disturbance (MacGregéiorsand Schondube, 2011; Paketral., 2014), and changes

in food availability for consumers arising from alterations in species composition and

abundance of species at lower trophic levels (Rigetcal, 2021;Schneiberget al., 2020.

The species composition of urban assemblages is thus very different from those occurring in
more rural areas (McKinney, 2002; McKinney, 2008), with urban assemblages tending to be
relatively homogenous across the globe (Filguestasl., 2021; McKinney,@6). Moreover,

due to the strong selection pressures the ecological and functional traits of species occurring
in urban areas are often rather divergent from those in more natural locatiOhedira Hagen

et al, 2017). This has major consequences forethecological functioning of urban

assemblages.

Whilst a diverse range of mammals can occur in urban areas, certain species groups tend to
dominate. Rodentia are, for example, amongst the top three mammalian orders that are
represented within urban mammaimassemblages (Santiet al, 2018). One group of
rodents, squirrels are present as native species in almost all urban locations across the globe,
including North America (e.g. eastern grey squielurus carolinensi®arker and Nilon,
2008), Europe (g. red squirreSciurus vulgarisiokiméket al., 2017), Africa (e.g. cape ground
squirrel Xerus inaurisChapmaret al., 2012), South America (e.g. Brazilian squigalrus
aestuans Fernandegt al., 2019), andAsia Callosciuruspp.;Lekagul and M¢neely, 197Y.

These species play a number of important ecological functions, especially fruit and seed
dispersal (Bobadillat al., 2016) and in some cases pollination (Kobayeshl., 2017), with

their contributions in towns and cities likely to be paularly important due to the frequent

rarity of other largetbodied terrestrial frugivores in highly urbanised areas (Tuekeal.,
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2021). In tropical settings treghrews Tupaiaspp.) whilst phylogenetically distinct overlap
with tree squirrels in tkir ecological functions (Langham, 1982kagul and McNeely, 1977,
Shanahan and Compton, 200Qrban squirrels and tree shrews both creaignificant urban
management problems many of which have important economic impacts, including gnawing
electric wikes (see Derbridget al., 2016) and damaging forestry and agricultural operations
as well as ornamental plants (Lim, 2016; Lim, 1995). There is also concern that sgodrels
tree-shrewscanincrease the transmission @bonotic diseases (Dergal., 2016; Wulandhari

et al, In press.

Given the functional importance of squirrels it is important to understand the factors that
influence their distribution and abundance in urban settings. Much attention has been given
to the ecology otemperate squirel species in urban environments, suchgasy squirrelsS.
carolinensign urban environments in their native (e.g. Koprowskial., 2016; Parker and
Nilon, 2008) and nomative ranges (e.g. Bonningtat al., 2013; La norgiat al., 2017;
Merricket al., 2016). Far less attention has been paid to the urban ecologgmtal squirrel
species, andhese regionsare currently experiencing the greatest urban expansion rates

(Setoet al., 2012)

Our overall objective is to determine how the assemblagesjafrrels and tree shrews within

the greater Bangkok region respond to urbanisation. We focus on Bangkok as it provides a
useful case study of a rapidly urbanising tropical meitya Estoque and Murayama 2015;
Songet al. 2020 and islocated within a bidiversity hotspot (IndeBurma hotspot; Sodlet

al., 2004). We start by assessing which of the species present in the wider region occur within
urban locations, and quantify for each of these species how their abundance varies along a
gradient of urbanisabn intensity. We then assess how the abundance of each species is
influenced by environmental conditions including key urban selection pressures namely:
human disturbance (i.e. number of people), perceived predation pressure from human
commensals (i.e. maber of dogs and cats), habitat fragmentation (i.e. size and distance to
the nearest suitable habitat i.e. woodland), habitat quality (i.e. diversity and amount of
trees), and availability of food resources (i.e. diversity and amount of-earing trees).
Finally, Callosciurussquirrels are known to hybridise when their primarily allopatric
geographic ranges come into contaBa{akirev and Rozhnov, 2Q1Ruramotoet al., 2012;

Oshidaet al., 2007; Timmins and Duckworth, 2008 here is increasing evidence that
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anthropogenic habitat alteration can break down ecological barriers that limit ispecific

gene flow thus promoting hybridisatios(abenstein and Taylor, 2018; Lamental., 2003;
Nolteet al., 2003. Whilst urbarsation could break down ecological barrigBsgbenstein and
Taylor, 2018)it is also plausible that urbanisation could reduce hybridisation rates by limiting
population densities of one or more parental species. Relatively little research has assessed
how urbanisation influences hybridisation although those studies that have been conducted
to date have found increased hybridisation rates in a number of vertebrate groups including
fish (Heathet al., 2010), reptile (Hainest al., 2016), and mammals (Fraeeal., 2017).

3.2 Methods
Study area and survey sites selection

Our focal study regiokonsistsof a 70 kmx 80 km rectanglg5,600 kn) and centred on

central Bangkoland coveringparts ofthe surrounding provinces (Fig S3.ithin this study

regionwe constructed agridofann W 1Y B H 1Y 3INAR OSffax
landcoverusink A 3K NBaz2f dziAz2y D223fS 9 NIKQA AYIl 3ISNJ
scale sampling grid comprising 100 uniformly distributed sampling point witluin g@ad cell

(based on Evaret al. (2009)) Each sampling point was classifiednagervious surface cover,

trees or other land cover categori¢grassland, rice field, salt pan, green roof, bare ground,
construction site, and water bodies, although them® not relevant for the purposes of this
manuscript) We then delimited our study region as grid cells with over 25% impervious
surface (following previous definitions of urbanised locations, e.g. Bonniregtah, 2013),

resulting in an urban study rean of 2,658 ki (Fig. 3.1a).

Within the urban study region, we used random stratification to select ¥nlx 1km
sampling grid cells from each of ten categories of urbanisation intengfy00@, 1tH m> = X X
91¢100% vegetation cover), resulting in a tbhtd 150 sampling grid cells (Fig. 3.1b). Survey
points were selected at the centre of the randomly selected cell. When the centre of a grid

cell was inaccessible, we used the nearest accessible location.
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% impervious surface cover of 2 km X 2 km cells % green area cover of 1 km % 1 km cells
/// non-urban Bangkok region O - 10% 61-70%
-0_24% 11 - 20% 71 -80%
25 - 49% 21 - 30% 81-90%
31-40% 91 - 100%
[ 50 - 74% 41-50%  EEwater body
s - 00% 51 - 60%

Figure 3.1:a) land cover map of the Bangkok study region showing percentage impervious
adzZNF I OS O20SNJ 2F W 1Y P H 1Y INARR OStfta dzaSH
impervious surface cover that were isolated from the main urban regiere consideredo

be part of other urban settlements. Cells thldd <25% impervious surface coweere

considered to be nomrban unless they were completely surrounded by urban cblshe

percentage greesspace cover of 1 km x 1 km grid cells across the urban sagign with

grid cells outlined in black representing the 150 cells seletdedampling using random
stratification across each categories of gregpace(15 sampling grid cells each).

Squirrel surveys

Our sampling methodology is based on Bonningtoml. (2013). Squirrels and tree shrew
surveys were conducted using-tiinute point counts with a 50m survey radius. Surveys were
conducted on dry calm days from 6.30 aonibon. We used a rangefinder (Viking Compact
Laser Rangefinder) combined with Googietk map to ensure that detections were within

the boundary of the survey plot. Each survey point was visited three times during March to
July 2018 (first visit 2March to 28" April; second visit™® May to 11" June; third visit 19

June to 2% July). These survey dates avoid the most intense parts of the rainy season whilst
overlapping with periods of high squirrel and tree shrew activity. During each survey we
recorded the number of adult individuals of each taxon present within the survey tare
adults were distinguished from juveniles based on size as per criteria in Francis (2017) and

Lekagul and McKneely (197%Yhen squirrels and treshrews were observed eating fruits,
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nuts, or seeds, we also noted which species they were consuming.nVéigtth sampling
period, we \sited survey locations in an order that was unbiased with regard to their

urbanisation intensity.

All detectedsquirrels and tree shrewsere recorded and identified to species. Identification
of northern treeshrew Tupaia bedngeri and Himalayan striped squirrelTamiops
macclellandiiwas straightforward and based dfrancis (2017) antdekagul and McKneely
(1977). Separation o€allosciurusspecies is more complicated. We followed the criteria
advocated by Boonkhawt al. (2017, Francis (2017),.ekagul and McKneely (1977) and
ARSYUGATASR CAG fliflagsariy @& f & lj aaD BdhIFd§udzinNMyBrids
between these two specieghereafter calledC hybrid) depending on the precise colour

patterns of the upperpas, tail, belly, and face (see Table S3.1; Fig. S3.2).

Environmental conditions and urban selection pressures

We recorded the total number of people within each point count radius during each of the
three 15 minute surveys. An index of human disturbancetivas calculated as the mean of
these values. Similarly, we recorded the number of fra@eging cats and freeanging dogs
observed during each point count survey, and calculated mean dog and cat values for each

point count to generate indices gredationpressure.

All trees within the point count radius with a diametat-breastheight (DBH) >25 cm were
identified to species (based on Gardrer al. (2000) andVveesommai and Kavduengtian
(2004))and their height recorded (to the nearest 0.5 m, using a clinometer) and DBH (to the
nearest 1 cm, measured at 1.3m). We defined tree species that produce food for squirrels as
those a) within genera that produce seed, fruits, or nuts recorded as beinguoted nby
squirrels Kitamuraet al. (2002)t based on their observation in Khao Yai NatidPak (a
large natural forest located c. 80 km to the noghst of Bangkok), and b) any additional
species that squirrels were noted as feeding upon during otwrests (primarily nomative
species that are present in our focal survey area but not Khao Yai; Tab)e The diet of
Tupaia belangerverlaps with those of squirrels but the species only consumes fleshy fruit,
and not nuts or seeds (Emmons, 1991; Lif95)t we thus counted only those tree species
upon which squirrels feed that have fleshy fruits as providing foodTfdoelanger(Table

S3.2). We then calculated the number of tree species within each point count locality that
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provide food for squirrls andtreeda KNBgad ! (NBSQa LINPRdAzOGAZ2Y 21

size (Chapmaet al., 1992; Snookt al., 2005; Ouedraoget al., 2020) and we thus calculated
aboveground tree biomass of each tree within the point count using the allometrictiequa

of Chave et al. (2005This equation was designédr use in tropical moist forest(annual
precipitation 1,50@3,000 mm) which matches the climate in Bangkok (annual precipitation
1,808 mm; Polwiang, 2020We then summed total biomass of fruit pracing trees to
provide an estimate of potential food availability for squirrels and {sbeews within each

point count.

We also obtained data on environmental conditions that relate to the area surrounding each
point count location. The percentage impesus surface cover and tree cover of each 1 km x

1 km grid cell were obtained fromur landcover classifications (s&tudy area Our focal
species primarily use woodland habitaBeftoniloet al., 2004;Lekagul and McNeely, 19)(7

We thus used measuring tools@oogle Earth (Google Earth Pro v7.3.2) to record the distance
between our sampling location and the largest patch of woodland within the focal 1 km x 1
km grid cell, and (when the survey location overlapped with woodlahd)size of the
woodland within which our survey locations were located. These data were calculated using

imagery taken withimine months of our field surveys.

The distributions ofC. finlaysoniand C. erythraeusend to be separated by the Chdtraya

river with C. finlaysonioccurring on the east bank ar@. erythraeusn the western bank
(Boonkhawet al., 2017). Bdges that cross this river mapable one or more of these species

to cross this geographic barrier, promoting hybridisation. We thusrmeged the distance
from each survey point to the nearest bridge (considering all bridges for which construction
had been completed before our field surveys started, the most recenwioich was
constructed in 2007) that crosses the CHaya river usinghe near function in ArcGIS
(ArcGIS 10.7.1).

Data analysis

All analyses were performed usingstidio version 3.4.2 (Rtudio Team, 2015)There was
limited variation in the number of squirrel and tree shrew species recorded at each location,
even when poahg data across the theevisits (median = 1; rang&®, meant s.e. = 0.&

0.1). Our analyses thus focus on quantifying the relationships betweealihedanceof each
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species and our suite of environmental variables. We used maximum abundance of each
species recorded during our three surveys as response variables (hatenmtaximum
abundance and mean abundanoé each species were very strongly correlated with each

othe, YSYRIf f Qa ¢l dz O2NNBft | GA2y GS3damndanedz B p»

Himalayan striped squirrel is not modelled as it was only recorded at one survey location.

We modelled maximum abundance of each species @nuybrids using generalised linear
models (gim function). Poisson models were used far belangeriand C hybrids (glm
function). Negative binomial models (glm.nb function) were used @ffinlaysoniiand C.
erythraeusas Poisson models for these species were significantly overdispersed (Table S3.4;

assessed using the dispersiontest function in the AER package)

We first quantify how each species responds to urbanisation by modelling maximum
abundance of each species as a function of percentage impervious surface cover, including
linear and quadratic terms to detect simple nbnear relationships. We selectehguadratic

model only when the quadratic term is significaR&(.05) and the quadratic models has an
Akaike Information Criterion values corrected for small sample size (AlCc) that is at least two

points lower than the AICc value of the linear model.

We then follow Whittingham et al. (2006) and construct full models that model maximum
abundance of each focal species as a function of our indicators of urban conditions and
selection pressures, i.e. percentage impervious surface cover (using quadraticvwberes
indicated by our first set of models), percentage tree cover in the grid cell, size of the
woodland in which the sampling point is located (in ha, counted as zero if the point is outside
a woodland), and distance to the largest woodla(rd), mean nmber of people (In
transformed), mean number of cate{iransformed), mean number of dogs (transformed),

tree species richness fmansformed), number of species of fruiting trees-(tansformed),

total aboveground tree biomassnftransformed), andaboveground tree biomass of fruit
trees (h-transformed;seeTable 3.Xor more detail3. We modelled the maximum abundance

of C hybricswith the same set of predictor variables and with distance to the nearest bridge

that crosses the ChaBraya river aan additional predictor.

Variance inflation factors (VIFs, calcil SR dza Ay 3 WJkd packdgdyyweréd A 2y A

consistently below the threshold at which model inference is adversely impacteaulty



124

collinearity (Dormaret al., 2013; Table S3.9)lodel and partial ¥values are calculated as-KL

divergencebased ¥ (Cameron and Windmeijer, 1997) using the rsq package.

We used Moraf atestk (ape package) to check for spatial autocorrelation in the residuals
from our models. Residuals from the urbsation models ofC. erythraeusand C hybrids
abundance, and the full model of. erythraeusabundance exhibited significant spatial
autocorrelation P<0.05) although Mora@ avalles were consistently low (maximum value
0.11; Table S3.6). In these cases, also constructed alternative models that took spatial
autocorrelation into account. These were implemented using generalised linear mixed
models approach with exponential spatial correlation structure (nlme package) and the
parameter estimates for thesmodels were very similar to those in the original repatial
models (Table S3.7We thus only report results from noespatial models in the main

manuscript.

Table 3.1Description of predictor variables that were used in multiple regression models for
maximum abundance of squirrels and tree shrews.

Predictor variables Units Mean* SEMedian Range Transformation
% impervious surface cover of grid cell % 46.9+2.3 459 0-96.0 -

% tree cover of grid cell % 226+14 20.0 0-81.8 In (x+1)
Woodland size ha 1.2+0.7 0 0-87.7 In (x+1)
Distance to the largest woodland m  246.6+10.6 235.0 0-540.0 -
Distance to the nearest bridge km 13.1+0.7 119 0.2-375 -
Mean number of people people 124+16 5.0 1.0-122.7 In (X)
Mean numberof cats individual 0.3+0.1 0 0-5.3 In(x+1)
Mean number of dogs individual 1.3+0.2 0.7 0¢10.3 In(x+1)
Tree species richness species 5904 6 0-22 In(x+1)
Species richness of fruit trees for trgbrew: species 1.2 +0.1 1 0-6 In(x +1)
Species richness of fruit trees for squirrels species 1.8+0.1 1 0-7 In (x +1)
Total AGB t/ha 114+10 8.0 0-89.9 In(x+1)
AGBof fruit trees for treeshrews t/ha 34+£07 0.7 0-86.1 In(x +1)

AGBof fruit trees for squirrels t/ha 48+08 21 0-86.6 In(x +1)
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3.3 Results

We detected three species in the family Sciuride@miops macclelandivas extremely rare,
being detected in just one locatio@. finlaysonivas the most widespreaspeciesoccurring

in approximately one third of grid cells, whilSt erythraeusccurred in approximately one
quarter of grid cells. The distribution @. finlaysoniand C. erythraeusn Bangkok were
largely separated by the Chdtraya river (Fig. 3.3), witke. finlaysoniipredominantly
occurring on the eastern bank of the river a@d erythraeugrimarily on the western bank.
Hybrids between these two species occurred in 6% of grid cells, and were detected on both
the eastern and western banks (Fig. S3.3e ®he treeshrew speciesTupaia belangeyi

occurred in approximately one quarter of grid cells (Table S3.8).
Response to urbanisation intensity

T. belangerabundance declined linearly with increasing urbanisation intensity, and was not
detected at any survey locations in grid cells with over 80% impervious surface cover (Table
3.2; Fig. 3.2). C. erythraeusoccurred across the entire urbanisation gradiesmd its
abundance declined linearly with increasing urbanisation intensity (Table 3.2; FigC3.2).
finlaysoniialso occurred across the entire urbanisation gradient, and its abundance increased
linearly with increasing urbanisation. Hybrids betwerfinhysoniiandC. erythraeuslid not

occur in highly urbanised grid cells (>80% impervious surface camdtheir abundance was

not significantly associated with urbanisation intensity (Table 3.2; Fig. 3.2).

Responses to urbanisation conditions and selagtressures

The full model off. belangerabundance had a model Klivergencebased ? of 55% (Table
3.3). Abundance increased significantly with increasing grid cell tree cover (natural log
transformed) and tree species richness at the point count iocafnatural logtransformed),

and marginally significantly with the biomass of tree species that provided fruit consumed by
tree shrews (natural logransformed). There were marginally significant negative
relationships betweenT. belangeriabundance andnean number of dogs (natural leg
transformed), distance to the largest woodland and woodland size (naturatdogformed).

No other predictor variables, including the percentage of impervious surface cover, were

significantly or marginally significantiygsociated withT. belangerabundance.
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The full model oC. finlaysoniabundance had a model Klivergencebased f of 41% (Table

3.3). Abundance was significantly positively associated with tree biomass within the point
count (natural logiransformed).There were marginally significant positive associations with
percentage impervious surface cover and marginally significant negative associations with
distance to the largest woodland. Other predictor variables did not exhibit any significant or

marginallysignificant relationship witlC. finlaysoniabundance.

The full model ofC. erythraeuabundance had a model flivergencebased ? of 46% (Table
3.3). Abundance o€. erythraeusncreased significantly with percentage tree cover and
impervious surface aver (note the switch from a negative relationship in the simpler
urbanisation models). There wassignificant negative relationship betwedh erythraeus
abundancend Intransformed mean number of peoplanda marginally significant negative
relationshp with logtransformed mean number of dogs. No other predictor variables were

significantly or marginally significantly associated v@therythraeusibundance.

The full model ofC. hybrids abundance had a model livergencebased ? of 66% (Table
3.3).C.hybrids abundance increased significantly with tree biomass in the point count area
(natural logtransformed), and marginally significantly with percentage tree cover in the grid
cell (natural logransformed). There were significant negative relatiopshbetweenC.
hybrids abundance withwoodland sizel-transformed), and distance to the nearest bridge,
and marginally significant negative relationships with mean number of pedple
transformed) No other predictors hadignificant or marginally sigigcant associations with

the abundance o€.hybrids.
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Table 3.2:Model of the maximum abundance of each taxon in response to urbanisation
intensity using generalised linear models pelangerand C hybricds abundance modelled
with Poisson error structureC. finlaysoniand C. erythraeusabundance modelled with a
negative binomial error structure).

Response Model %impervious surface %impervious surface
Model AlCc Intercept (Linear term) (Quadratic term)

variable r2
Coeff+ SE P Coeff+ SE P

T. belangeri Linear 12.38 196.15 -0.349 + 0.23'-0.024 + 0.00' 1.3e*

Quadratic 14.63 195.17 -0.773 +0.36:0.013 + 0.02! 0.562 -4.8e*+ 3.0e* 0.103

Linear 6.17 315.31 -1.260 + 0.34 0.015 + 0.00¢ 0.010
C. finlaysonii
Quadratic 6.61 316.91 -0.997 + 0.49.-0.001 £ 0.02. 0.971 1.6e%*+2.2e¢* 0.481

Linear 4.83 291.72 0.043 +0.35:-0.014 +0.00° 0.037
C. erythraeus
Quadratic 5.21 293.47 0.247 £0.50(-0.029 + 0.021 0.259 1.6e*+2.7¢* 0.550

Linear 1.27 105.20 -1.953+ 0.46€-0.010 £ 0.011 0.317
C.hybrids
Quadratic 2.71  106.11 -2.514 + 0.76/0.030 + 0.03¢ 0.448 -4.5e*+ 4.4¢* 0.303




Table 3.3Multiple regression models of maximum abundancd obelangeriC. finlaysoniiC. erythraeusandC hybrid.Models are generalise .
linear models fitted with a Poisson error structure fbr belangerand C hybrid, and a negative binomial structure fGr finlaysoniand C. &
erythraeus Parameter estimates and standard errors are in bold for significant predids05) andin italics for marginally significari
predictors (0.09KP < 0.10). Model%and partial # were estimated as Kdivergencebasedr? using rsq packagehichuses themethodology
from Cameron and Windmeijer (1997). Asterisks indicate naturatréogsformed predictor variables.

T. belangeri
(model P =55.07)

Coeff + SE Partial# P

C. finlaysonii
(model P = 41.38)

Coeff + SE Partial# P

C. erythraeus
(model P = 45.86)

Coeff + SE Partial# P

C.hybrid
(model P = 65.56)

Coeff + SE Partial? P

% impervious surface -0.007 £ 0.01C 0.86 0.469 0.014+0.00¢ 2.82 0.075 0.023+0.010 5.46 0.019 0.010+0.024 0.62 0.675
% treecover* 0.668 +0.305 9.21 0.029 0.177 £0.21¢ 0.56 0.420 1.379+0.367 15.89 1.7¢* 1.585+0.938 16.73 0.091
Woodland size* -0.403+0.22( 5.66 0.067 -0.202+0.25 0.69 0.433 -0.146+0.234 0.23 0.532-0.860 +0.414 16.34 0.038
Distance to largeswoodland -0.003 £0.00: 5.57 0.063 -0.002 +0.00: 3.21 0.081 -0.002+0.001 2.45 0.126-0.005+0.004 7.52 0.167
Mean no. of people* -0.220 £ 0.22¢ 159 0.328 0.207+0.171 1.26 0.226 -0.601+0.218 7.28 0.006 -0.868 + 0.49¢ 11.50 0.081
Mean no. of cats* -0.540 £ 0.67¢ 1.11 0.427 -0.348+0.38° 0.80 0.368 0.134+0.539 0.06 0.803 0.738+1.085 1.51 0.496
Mean no. of dogs* -0.512 +0.28: 5.23 0.069 0.024 +0.237 0.01 0.918 -0.528 +0.276 4.07 0.055-1.042+0.714 759 0.144
Tree species richness* 1.112 #0493 8.08 0.024 0.264+0.49C 0.21 0.590 0.349+0.565 0.45 0.537 0.927+1.135 2.36 0.414
Fruit tree species richness* -0.106 + 0.557 0.06 0.849 0.567 +0.54¢ 0.32 0.298 0.757 +£0.608 1.84 0.213-0.084 +0.89C 0.03 0.925
Tree biomass* 0.501+£0.312 391 0.109 0.945+0.30¢ 7.16 0.002 0.427 £+0.368 1.57 0.246 3.234+1.001 36.21 0.001
Fruit tree biomass* 0.478 £0.28¢ 4.21 0.099 -0.043+£0.27: 0.02 0.874 -0.137+0.321 0.20 0.671-1.108+0.59C 12.69 0.061
Distance to the nearest bridge* -0.278 10.106 37.01  0.008
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a) Model r2 = 12.38, P = 1.3e* b) Model r2 = 6.17, P=0.010
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Figure 3.2Relationships betweethe maximum abundance dF. belangeriC. finlaysonii, C.
erythraeus and C hybrics and percentage impervious surface cover. Fitted lines indicate
predicted values, wittshading indicating 95% confidenicgervals, from generalised linear
models reported in Tabl8.2. C hybrids abundance was not significantly associated with
urbanisationintensity so no fitted line is providke
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Figure 3.3:Maximum abundance and distribution @&. finlaysoniiyellow), C. erythraeus
(red), andC hybrids(orange) inl km x 1 kngrid celldocatedalong the urbanisation gradient.
Thesize of the circles represents tileaximumabundance of each species. Grey shadihg
the 1 km x 1 km grid cells repressmiercentage impervious surface cover, blsteading
represents grid cells with >80% water bodiesa&Praya (CPY) river is showiblae, with
blackcircles indicating bridges crossing the river.



