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Abstract

Climate and land use change atee two main drivers ofbiodiversity loss worldwideForests,
particularly tropical forests, host a disproportionate amount of terrestrial biodivdrsityever there
remains a substantia¢searchbiastowards temperate regiorend Amazonisvhen assessing the joint
impacts of climate and land use chan@émate and land use change have been shown to interact
leading tocomplex and unexpected ecological responssssuch tls bias could be leading to a
misrepresentationof the threats totropical forests acrossAsia and Africalndia a country not
previowsly consideredyresents a unique opportunity to explore the potential for interactions between
the two drivers.India is predicted to experience increases in temperature, variable rainfall and
prevalence of extreme events the same time as rapid poputat expansionAnalysis of forest trends
inthe countryg SNBE LINB G f Syl Ay (GKS mMbdbdpnQad FyR GKS LINRYI
However, there are substantial knowledge gaps including the recent trends in forest change and the
current primary driver of fest loss. Additionally, the effects of climate change on forests in the country
have been largely overlookethisthesis useglobal datasets and mixed modelling approaches to
explore the effects of climate change, land use changéehaiidnteractiors across Indiauring 1995
2019.Results show, for the first timéhat climate change has played a role in forest loss in India,
however, the predominant driver of forest loss remains agricuitireén land use change$his
researchprovides the first evidenaef a synergistidnteractionbetween drought and land use change

in the country wherethe two drivers are leading to a greater area of forest. [dbés researchdo
significantly contributes to thimcreagd knowledge of the drivers of forest loss in India andliyts

a concerning interaction thas predicted to wrsen with time These results have key implications for
future management of the forestsvhich do not currently take climate change into accoant]

highlightthat interactionsbetween climate and land use charage occurring if\siantropical forests.
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Chapter 1: Introduction

Blackfooted grey languren the forest roads withiNagarholéVildlife Sanctuaryndia. The reserve
is a key part of the largest protected ares&bouthern India and contains predominantly moist

deciduous forests.

SourceAlice Haughandzii K2 NRa 24y
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1. Introduction

1.1The impact of climate and land use chaagéiodiversity

Humans interact with the bilc and abiotic evironment around them in many ways and have
dramatically alterethiodiversity levelsmEarth over tim¢IPBES, 2019)his has manifested as changes
in ecosystem distribution, composition and functionirgwell aschanges in climatic conditions that
have ultimately ledo negative consequences for biodiversity and life on Ebidskins et al., 2®;
Lambin et al., 2001; Newbold et al., 2016; Roy et al., 2Bi)iversity is declining as@nificantate

on a global scale due to anthropogenic causes, and while theseageal pathways by which these
declines may occurclimate and land usehange ar&knownto be two of the major drivers of loss
(Brodie, 2016; Heller & Zavaleta, 2009; IPBES, 2019; Pautassd}2Z&rigy)s in land use aittreasing
land degradation can directly impact species richaagdsabundanc¢Camachet al, 2021; Hill et al.,
2018; Newbold et al., 201, 5lter effectiveness of key ecosystem functi@isattacharyya et al., 2015;
Cardinale et al., 2012; Mina et al., 201a)d even alter local climates, changing the relationship
betweenhumans and the natural systeitambin et al., 200Epley et al., 2005; Roy et al., 208/ogi

et al., 2018)Land use changes often affegtecieSrapability to adapt and react to other threzasd
can facilitateor prohibit movement to more suitable habitdtSuoet al, 2018; Newbold et al., 2016,

2015; Oliver & Morecroft, 2014)

Alongside land use changedimate change are the second major driver of biodiversity declines
worldwide (IPBES, 2019; Ostbeay al, 2015) Climate changes accelerating beyond natural
fluctuations resulting in new, unpredictable and sometimes extreme diroatiditions that many
species have not encountered befdi®CC, 2021; Watson, 2018lobally warming temperatures,
intensification of rainfall regimes, melting of glesi@nd sedevel rise havallbeenrecordedand these
changes are expected to intensify in the near fuflP€C, 281, Kirilenko & Sedjo, 2003jvakumaet

al., 2005) Species daptation and ability to relocat® suitable environmentsiill determinesurvival
(Pautasso, 2012; Pecl et al., 20T#isin turn will have impacts on local ecosystem coritjppsand
functioning(Grimm et al., 2013; Weiskopf et al., 20Z0janges in climate can alter biodiversity by
modifying conditions from the optimal required by species to survive anddnifétibryKientzet al,
2019; Garcieet al, 2014) As species begin to mof®m unfavourableto more favourableareas
ecosystem composition in both locations will likely change, adggot functioning with an altered
composition of specie®escombes et al., 2020; Pecl et al., 20TH)s could result in changes in the
ecosystenfunctiors including key processes suchtascarbon and water cycldggoley et al., 2005;
Pecl et al., 2017; Weiskopf et al., 20ZDfereis consensushat climate chang will cause a global

redistribution ofspeciesthe extent of which has consequences for all ecosystasnsell ahiuman
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populations and remains poorly understog@uoet al.,2018; Hansen et al.0R1; IPBES, 2019; Pecl et
al., 2017)

The speed at which climate changes are occurring is also a cORdemMorales et al., 2018; Corlett

& Westcott, 2013; Kosanét al, 2019; Loarie et al., 2009) climate changes occur too quickly species
migration and adaptation may not be fast enough, whereas specidmatimh or extinction in
response to climate change could be more likggvictor et al., 2012; Hoffmann & Sgro, 2011; Radchuk

et al., 2019) Sudies employing a metric called climate velocity, which estimates a speed at which
specieswill need to travel to reach a similar climate, have shownrtfeatyspecies mayeedto quickly
traverse large distances to keep pace whiir current climate nich@Hiddinket al, 2012; Loarie et al.,

2009) Snallranged, endemic and less mobile species are likely to be most at risk, including many
species in the tropic&Carrollet al, 2015; Sandel et al., 2011; Schlessl, 2012;Tewksbunet al,

2008) A study by Schloss et al. (2012) focusintherWestern Hemisphere estimated that 39% of
mammals may not be able to keep pace with projected climate chaRgestudyfound that in the
Amazon many mammal species are only capable of migrating at a speed around 1km per year but that

the pa@ of climate change that they will experience will be eight times this.

Increasinglyshownin the literatureis evidencethat habitat loss and land use changféen impact
specieswell before the impacts of climate change are (Blbit et al., 2016; Ostberg et al., 2015)
However, esearchalso suggests that climate change effects aretipgt mounting pressure on
biodiversity,andthe impactof climate change is predicted ¢égual or exceed that of land use chang

by 2070(Mantykapringk et al, 2012; Newbold, 2018} study by Ostberg et al. (2015), found that
overthe course of the laghree hundred years the impact of land use change on our ecosystems has
reached thirteen times what itsed to be; howevemyithin the past 100 yearaloneclimate change

has reached the same lewfimpact on ouecosystems, and is now the most prominent effect on 60%
of terrestrial land. This has prompted considerable condenclimate chanes are acceleratingoo

fast for specieto react(Lenoir et al., 2020; Radchuk et al., 2019; Ye et al., . Zai®)er to this, there

Ad SOARSYds RS UIQ WAKISAINGS (BALISOA Sa KIF @S  fF33SR NE
materialised yet and as such we may be underestimating thetéomgeffects of climate change on

species extinction@ertrand et al., 2016; Devictor et al., 2012)

1.2 The prevalence of climal@nd use interactions and their impact on biodiversity
Investigations intthe impacts otlimate change and land uskangeon specietiave been frequently
studied in isolation, but the scientific community is becoming aware of the potential for interactions
between the two that could result in a different impalean predicted by studies quantifying their
individual impact¢Brodie, 2016; Cotét al, 2016; Oliver et al., 2016; Sirami et al., 201t73$ generally
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thought that the risk of species and population extinctions magreatlyincreased in areas where
threats such as climate and lamde changeinteract(Northrupet al.,2019;Oliver et al., 2016}or
example, it is estimated that 24% of global terrestrial land has experienced major biogeochemical and
structural changes due to the combined impacts of land use change and climate (€bsthgeg et al.,
2015)and that interactions between the two stressors could result in a 20% reduction in the richness
of species assemblages across much of terrestrial land by([8#&®old, 2018)Combined effects or
interactionsare also thought taffect ecosystenstructure andunctioning througthomogenisation of
ecological communitie&Srimm et al., 2013; Ye et al., 20N&wbold et al., 2019Sincehe majority

of ecological studies focus on singteessor effects, there is concern that adaptation and mitigation
strategies will not be effective if they do not take into account the combinations of stressor effects
(Coté et al., 2016; Darling & Cété, 2008)

Interactions between ecosystem stressors can be complex and multidime(€iatéadt al., 2016; Gissi

et al., 2021; Orr et al., 202Qxnd use and climatchange have been shownlioth ameliorate and
exacerbate the2 (i K S NXIson pdaciesSaddi ecosystems. For example, changes in larahdise
fragmentation of habitats can act as barriers to species migratiomesponse to climate change
(Hansen et al.,, 2001; Oliver et al., 2017; Oliver & Morecroft, 2014; Roletlal] 2015) and,
converselystress caused bglimate changean reduce the resilience of specieslémd use changes
(Brodieet al, 2012; Heet al, 2019) MantykaPringle et al.(2015)found thatrisingtemperatures led

to a 43% increase in the globhallnerability of bird specie® habitat loss. In this instance, climate
change exacerbated the effect of land use change on birds. While Schloss et al., (2012) found that the
presence of humamodified areas required species to migrate 0.8 km faster per year in order to track
their cimate niche, and so land use changes exacerbated the effect of climate chayigmgjies
between climate and land use change have been shown to increase abundance of invasive species
(Manzooret al, 2021) pests(Gruniget al, 2020; Zhang et al., 201&8)d diseas€Ebiet al, 2007; Patz

et al, 2008; Young et al., 201 &ll of which could have negative consequences for native species and
human populationsClimate changes are also likely to resuétni expansion oBsY S 4 LISO0R$S 4 Q NI Yy
more areas becom suitable habitat while other species ranges willortract, which could have
implications for forestfPautasso, 2012; Ye et al., 20Bpdie(2016)showed that projected climate
changes in Southeast Asia will increase the climatically suitable areasath@lantations, in some

cases to higher elevations where forest species have been protected from cropland expansions in the
past. The interactions between climate and land use change in this scenario are predicted to reduce
the environmentally suitable mamal habitat by 47% on average, with some species experiencing a
90% reduction in range size. These are examples of synergies between the two drivers, however, there

is also evidence that one driver could lessen the effects of another on species. Fde gk@ampnet
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al.,(2001)found that the positive effects of warming, through range expansions, for butterfly species
in the UK were dampened by the negative effect of habitat loss on the species, resulting in overall
declines of distribution with a particularly strong effect apecialist speciedVhereas a study by
MantykaPringle et al.(2019) found that increasing temperatures in prairie wetland ecosystems in
Canadaeduced the negative effects of agricultural intenatfan on insectivorous birds, possibly by
increasing food abundances. Overall,gl@lence suggests that climate and land use changes can have
multiple varying effects on biodiversdgpending on the type of interaction, the location on the globe
and thespecies or ecosysteim question(Francaet al., 2020; Frishkoff et al., 2016; Mantf@ngle et

al., 2019; Mantykdringle et al.2012; Newboleet al, 2020)

The evidence strongly suggests that taking interactions into accouatuldresult inunder- or over
estimatingthe impacs of stessorson biodiversity leading to false future trajectories of biodiversity
loss andesseffective managemertr policy strategie¢Brodie, 2016; Newbold et al., 2019; Sirami et
al., 2017) It is therefore important that there is a drive towards understanding how these stressors
may interactwith each other andhe impacts that the joint associatismight haveon species and
ecosystemgDarling & Co6té, 2008; Didhaet al, 2007) The number of studies investigating the
interactions between land use and climate charagel their effects on biodiversity, are still scarce
(Ahmedet al, 2016; Sirami et al., 201@nd it islikely that interactions are more prevaletiian
originally though{MantykaPringle et al., 2015)

Despitedeveloping aminderstandingpf interactions like thesessential to evaluatintye riska species

may beunder, it remains quite difficult to analygle interacting effects of climate and land use
changes.The reasons for this are well researched in a review by @lildorecroft (2014), which
highlights both the difficulties in understanding climate and land use change interactions, as well as the
currert geographic bias. Olivés Morecroft(2014) pose that the main reasons for this difficulty are
that firstly, the actual mechanisms behind interactionsadten not well understoodiue to the high

level of complexity in the interaction. Secondly, many haitdtclimate variables can be confounding
especially with socieconomic variabledeading to correlations that might not be the main cause of
species loss. Thirdly, interactions between land use change and climate change are likely to be highly
diverse aross even small areas and so generalisations about how a species might respond to an
interaction are not likely to be accurat&tudies need tobe developed with a mechanistic
understanding of the interaction to ensure effects are reasonably attributelimate and/or land use
change(Oliver & Morecroft, 2014Schafer & Piggot, 201.&n appreciation that the interaction can

have varied effects from the expected additive eff€té et al., 2016 as well as ensuringpatial
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autocorrelation is accounted faand that sufficient, concurrent trend data is available for all variables
(Oliver & Morecroft, 2014

1.3Theimportance of tropical forests for humans aniddiversity

Forests are globally important ecosystems for supporting high levels of biodiversity as well as providing
ecosystem services such as regulation of the water cycle and carbon capture HEA&It2020;
McDowell, 2018; Turubanovat al, 2018; Wani et al., 2012)and use change and climate change
remain the largest drivers of forest loss worldw{@sneret al, 2010; FAO, 2@2 McDowell et al.,

2018) However, research on climate change, and in particular its interactions with land use change,
tend to have a geographical bias towards temperate redfmsstronget al.,2016; Asner et al., 2010;

Fran@ et al.,, 2020b; Riordan edl., 2015) Subsequently, relatively little is known about how
interactions manifest in forests at low latitudes, particularly tropical andreplral regiongAsner et

al., 2010; Jetet al, 2007)despite predictions that interaction effects on biodiversity will be more

severe in tropical regiorfdlewboldet al, 2020)

Tropical forests are the most diverse terrestrial gstens on the plangBarlow et al., 2018; Franca

et al., 2020) It is thought that they harboutwo thirds of global terrestrial biodiversita large
proportion (>80%) of globalthreatened specieg¢Luther et al., 2020)and a significant number of
endemic speciegBarlow et al., 2018; Franca et al., 20Z0gre is a wealth of studies on the importance

of tropical forests to biodiversity across the biome which have shioatrwhen forests are lost or
degraded, species often face reductions in abundance and di@dsdy, 2017; Camacho et al., 2021;
Hansen et al., 2020yange shiftyFranca et al., 2020; Larsen, 2012hd even local extinctions
(Boekhout Van Solinge, 2010; Schleuning et al., 2B&6xxampleSodhi & Brok (2006)predicted

that deforestation in Southeast Asia will lead to an 80% reduction in vertebrate species by 2100 and, as
a result of the high levels of endemism in this region, this would mean global extinctions of several
speciesAs suchtropicalforestsare integral ecosystems for the protection of biodiversity on the globe.
They also have key functionsnmaintainingsoil structure and increasy resilienceof the eological
communities within them textreme event¢Anderegg et al., 2018; Bet#sal, 2018) Tropical forests

also provide vital support for local people and their livelihgedgO, 2020; IPBES, 20¥gpund 820

million people live in tropical forests, many of which live below the poverty line with a strong reliance
on forest resources for inconfEAO, 2020)Tropical forests provide direct resources such as food, fuel,
building materials, medicinal plants and fodder for rural communities as well as indirect benefits
through increased protection from extreme events, and ecosystem services such as pollination
(Brookhuis & Hein, 2016; FAO, 2020; IPBES,.AD&Spite their known imptance, tropical forests
continue to be lost at a rapid rate globallyaurance, 2013; Lew&t al, 2015; Song et al., 2018;
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Turubanova et al., 2018between 201015, 32 million hectares of tropical forest were lost
worldwide (IPBES, 2019).

1.4The impact of climatéand use change, and théiteracions on tropical forests

Land use changes, primarily associated with agricultural expansion and commodity production, are
known to be the primary driver of tropical forest IgBsekhout Van Solinge, 2010; Cwetisl, 2018;
Manchego et al., 2017; Staal et al., 202BBES (2019) reported that half of the global agricultural
expansion that occurred between 1980 and 2000 resulted in a dirsaflo®pical forests. In addition,

FAO (2020) reported that during 202010, 40% of tropical deforestation was attributable to large
scale agriculture, with a further 33% to subsistence agriculture. In the Amazon durir2D280énore

than 72% of deforgtation wasa direct result of cropland and pasture expanglohonati et al., 221).
Cropland expansion can result in large areas of forest being removed, and in the tropics, this is often
for slashand-burn agriculture. These methods not only remove large amounts of biomass, and cause
loss of habitat for species, but ifrilanagd can result in accidental removal of more forest than
intended due to difficulty controlling the spread of the {Beando et al., 2014; Carmergtal, 2013

Fieldet al, 2009; Laurance, 20Q3}ropland expansions can also affect foreses miich smaller scale,
acting on forest edges and removing small areas of trees at éGimseoret al, 2000; Ordway & Asner,

2020) Other drivers of forest loss are often related tortan activities that do not result in a complete
removal of forest but increase degradation, and fragmentation over time. On a large scale, these tend
to be timber extraction from logging companies, mining, and road developfidesbnuma et al.,

2012; Kleinschroth & Healey, 2017; Wright, 200)) a smaller scale, collection of forest resources
such as fodder and fuelwood, as well as use of the forest understory for livestock grazing, contribute to
forest degradation as well as increasing forest susceptibility to further explo{i@tidaleet al, 2020;

FAO, 2020; Hosonuma et al., 20IM)e level of degradation and fragmentation of $tsecan affect

the services and biodiversity they proviBetts et al., 202 Liu et al., 2018; Wilson et al., 200\&here

intact forests have been shown to harbour much higher levels of species diversity and abyraaehces

a greater provision of ecosystem services, compared to fragmented f(Bestis et al., 2019; Gibson

et al.,, 2011; Sharpt al, 2019) However, fragmented forests, which are often thought of as less
valuable and given lower protémh status, remain an integral refuge for many species and if left to
regenerate have been shown to reach similar levels of biodivéEsityards et al., 2011; Gonzélez del
Pliego et al., 2016hanges in forest coveragan alsdmpact local and global climatEor example

Betts (2007) reported that a reduction in forest extent in the Amazon, predominantly caused by
drought, led to an additional 25% reduction in precipitation over the Amazon Basin. Reductions in forest

cover have been shown to result in increasing temperat(@egoi et al., 2019; Kayet al, 2016;
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Nayaket al, 2021) reductions in precipitatio(Betts et al., 2004; LeHeilhoet al 2021)andincreased
incidence of firgLibonati et al., 2021)

Though deforestation remainkd primary cause of tropical forest IqFA0O, 2020; Manchego et al.,
2017) studies have also showlintate change tbe an important drivefFrancaet al., 2020; McDowell

et al., 2018; Siyum, 2020Ftudies investigating the impact of climate change on trofuicedtsare
scarce in comparison to their temperate counterparts, despite several studies indicatiggrteetlly
tropical species may be at greater rfsbm climate changethan temperate species due their
narrower climaic tolerances(Deutsch et al., 2008; Newbold et al., 2020; Tewksbury et al.,.2008)
However so fartemperature increases, reductions or increasingly variable rainfall, and extreme events
such as drought, firand lightning have ddeen linked tahanges in the distribution of tropidalests,
reductions in forest area, tree mortality and reductions in ging@ubryKientzet al, 2019; Field et al.,
2009;McDowell, 2018)Loss of forest area and tree mortality as a result of climate change effects have
also been shown to result in reductions of forest fauna, with possible repercussions for ecosystem
functioning(Dundaset al, 2021; Francga et al., 2020; Larsen, 20E8) example, increased mortality of
trees in the Amazon forest as a result oNHo related drought and fire in 204% resulted in a
reductionin the abundance of dung beetles and rates of dung removal and seed di¢prnah et

al., 2020)

Evdence suggests that the responses of different regions, forest types and individual tree species to
climate changes can be highly divepalen, 2017; Jimenez et al., 2018; McDowell et al., 2018eRifai

al., 2019) Currentlymost studies have focused on the effects of increasing temperatures and drought
events on forests, due to the importance of water availaliitthe functioning of the ecosystem
alongside relative ease of delineating the effects of one extreme event on forests compared to long
term changes in climat&his covers the sensitivity of trepegies to dought, i.e., the effect that a
hazard has on the tree or foresiowever, e vulnerability of a forest system to a stressor such as
climate change is thought to be impacted by three key components; sensitivity, adaptive capacity and
exposure (hough some argue that exposure should be discussed separately as it is an external factor
and not intrinsic to the systeéniSharma & Ravindranath, 2Q18ensitivity being thdirect or indirect

effect of the hazard of an organisadaptive capacity being the capability of the organism to adjust to
the stressors (either by adapting or moving), and expaslating toan organism being in a location

that is affected by an externstres®r (Sharma & Ravindranath, 201®)is also worth aasidering that

each of these components camanifest at different points in the hazard timeline e.g.,-rét&ted

factors such as exposure can be clear before the event, whilst sensitivity idetéisninedduring or

immediately after the event, and gutéve capacity can become clear after the event (LeDinaz et al.,
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2020). To understand how vulnerable tropical forests are to climate change, we needdostand

how each one of these components is impacted by a stressthre literatue, studies assessing the

effect of climate change on tropical forests often focus on one of these compdgheaiisaDiazet al.,

2020 but they are not always related back to the vulnerability framework and as such it is difficult to
ensure that each system hamough information on each component to understand overall

@dzt ySNIoAfAGEd ¢KSNBE Aa taz2 + ySSR G2 0SS Y2NB
as it issometimes used to refer to just one component of vulnerapilyically exposie (Sharma &
Ravindranath, 2019 ecinaDiazet al., 2020

Tree species response to drought is largely determined by the position on the moisture gradient
(AguirreGutiérrez et al., 2020; Engelbrecht et al., 2007; Meir et al., 20b&)ye species found in drier
regions tend to be more resilient to the effects of drought than wedtéliated specieBrowne et al.,

2021; Meir et al., 2018; Pulla et al., 2015 study byrowne et al.(2021)found a 2557% increasei
mortality of seedlings wet tropical foresteompared tomortality in dry forestsThere also seems to

be higher resilience of deciduous species to drought and increasing temperatorapared to
evergreen speei and distributions ofleciduousforest types are expected to expand under drying
conditions. This has been found across the biontleeidmazon(Allen et al., 2017; Esquivdlelbert

et al., 2019) West AfricarfAguirreGutiérrez et al., 202@nd Asian tropical fores{Eanet al, 2012;
Surestet al, 2010) AguirreGutierrez et al. (2020) reported thihie effects of climate change haiesl

to a reductionin the diversity of tree typem tropical forests due to the varied capabilities of forest
types to deal with changeshi$ homogenisation dfopical diversity in response to climate changes
has been shen in other studiesand prompts concerns for the functioning of the foresand the
ecosystem services they provigdewbold et al., 2019; Nobre et al., 201Bjought has also been found

to disproportionately affect larger tre¢Bennettet al, 2015; Meir et al., 2018; Phillips et al., 2010)
resulting in aropening up of the canopy, redu@n in litterfall and soibiota changes with negative
repercussiondor biodiversity (Bennett et al., 2015; Nepstaet al, 2007) Though decreases in
precipitation and drought events are generally associated with negative effects on forests, increases in
temperaure have been shown to have both positive and negative effects on tropical tree species. For
example, studies have shown thatreasing temperatures can lead to an extension of the growth
seasonGrimm et al., 2013; Yang et al., 20H)weverrising temperatures have also been shown to
increase mortality, reduce growth rates and decrease productivity of tropical tree sf@dEaset al.,

2010; Siyum, 2020; Sullivan et al., 20R&cently, climate changes including increasing temperatures,
variable precipitation and changes in the photoperiod have been shown to nmueliphénology of
vegetation in tropical forest@utt et al., 2015; Lima et al., 2021; Yadav & Yadav,,2@88})ting in a

delay in flowering and leaf fall, which in turn can disrupt ecosystem services forests provide such as
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pollination, seed dispersal and sodlated servicegButt et al., 2015; Gunattane & Perera, 2014;
Weiskopf et al., 2020)

Due to the long generation times of many tree species will migrate and adapt at much slower rates than
mobile species. This factor, coupled with the narrow temperature gradients characteristic in the tropics
makes the speed of climate change a concern for tropical fofBstsrand et al., 2011; Corlett &
Westcott, 2013; Feelegt al, 2012) Plant species will not be able to migrate to more favourable
climates by individual movement like many animal spebigtisinstead will riy on seed dispersahd

the survival ohewseedlings at the leading edgetbé climatic nichgBellet al, 2014; Bullock, 2013;
Corlett & Westcott, 2013; Nathan et al., 201The latter creates a slow shift in the directiortto#

moving climate niche but if generation times are long, this procegd take many decadestudies
employing the climate velocity metric have shown that the speeds at which climate is changing are not
possible for tree species to catch up with anduldarequire rapid adaptation or acclimationsitu

(Calett & Westcott, 2013; Dobrowski & Parks, 2016; Nathan et al., 201 &t 2h12012)

Tropical regions are expected to get warmer with increasingly variable precipitation and an increased
incidence of extreme even{f?PCC, 2021)uture scenarios of climate change predatere impacts

on mortality and distribution of tropic&rests(McDowell et al., 2018; Newbold, 2018; Sullivan et al.,
2020; Wright, 2010and it 5 expected that changes to climatic patterns will begin to have a bigger
effect in the tropics than land use char{@gwbold, 2018; Ostberg et al., 201bherefore, improving

our understanding of how forests across the tropical biome respond to climate change is key to
understanding the threat the forest, drthe species that rely on it as habitat, are undérough
research into the climate effects on tropical forests is increasing, there is still substantial uncertainty
that needs to be addressed and there have been calls for an increased focus onhthikténatture

(Bonebrake, 2013; Brodie et al., 2012; Siyum, 2020; &hady1 2013)

Like many ecosystems, tropical forests are expected to be particsieteptibleto interactions
between climate change and land use chafBmnebrake, 2013; Newbold et al., 20189me findings
suggest that interactions between the two drivers could lead to a 60% reduction in forest coverage in
the Amazon by 205(Nobre et al., 2016)Studies so far have predominantly shown that climate
changes, particularly warming and drying conditions along with drought episodes, can itteeease
vulnerability (using the IP@Efinition detailing an increase in sensitivity and a reduction in adaptive
capacity)of forests to human disturbances such as habitat degrad@fdnC, 2019; Mantykaingle

et al., 2015)Degraded forestare generally moresulnerable to stressors amdany of the interactive
effects outlingl in the literature involve climate effects worsened by forest degradafiBwers &
BanksLeite, 2013; Grimm et al., 2013; Hansen et al., 20a)exampleQie et al.(2019)reported
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greater mortality and halted succession of trees caligedroughts in degraded forests compared to
primary forests in Malaysia. Similar findings in the Amazon showed that degraded forests experienced
greater water stress and reductions in productivity as a result of temperature increases compared to
primary faests(Longo et al., 202@nd were more vulnerable to invasive speéiasbre et al., 2016)
Studies have found thatreductionin forest cover an@n increase ifragmentation also reduce forest
species capabilities to migrate in response to climate ché®egeioret al, 2019) The interaction
appears to have a cyclical nature, whet@ughtderived thinning of the forest hamcreasd
accessibility to hunters, loggees well asnvasive specieteading for further degradatio(Brooket

al., 2008) Fre damageoften as a result afscaped agricultural firdsom slash and burfarming, has

also been shown to bexacerbated by dry conditions in drought years, leamtirsggreater spread and
intensity of fire and increased forest Igkgbonati et al., 2021; Nobre et al., 201&jditionally large

scale deforestation in the Amazon has reduced precipitadi@hange that could increase the chance

of drought stress on forests in the futuiteeiteFilho et al., 2021; Nobre et &(Q16; Spracklen & Gareia
Carreras, 2015 orest reductions leading to increasing local temperatures and reduced precipitation,
often as a result of a reduction in evapotranspiration and a loss of canopy cover, have been shown in
other studies(Kwekaet al, 2016; Lawrence & Vandecar, 2014; Li et al., 2Ba6jet al, 2018)
highlighting a detrimental feedback loop between deforestation, climate change and drought
prevalence in forests. Interactions between the two drivers in tropical forests alsothéfesgiecies

that live in the forests.

It isthought that land use changmupled witha warming and dryinglimatewill act synergistically in

the redistribution oftropical forests This is a result ahe narrow temperature gradient found in
tropical systems coupled with the slow adaptation and range shifts of tree sffetey et al., 2012)

which reduces the capability of species to migrate latitudinally with climate. Instead, studies have
predicted that range shifts to higher elevations where conditions may be more tolerable is one possible
way that tropical tree species will track clim@Beodie et al., 2017; Feeley et al., 2012; Morudtdme

et al., 2015; Rehm, 2014jowever, because land use pressures on forests tend to be greater at lower
elevations, and the same climate changes that are shifting tree distributions to higher elevations may
also allow croplands to expand to higher elevati@redie, 2016)as a resulthere is predicted to be

a synergistic effect of climate change and land use&gghgushing tropical tree species to higher
elevations and increasiricee loss at lower elevation€olwell et al.2008; Guo et al., 201.8Though
uncommon in the literature, there is some evidence to suggest that climate and land use change can
ameliorateeach othef impact in tropical forests. For example, forest degradation can result in a
thinning of the forestvhich has been shown teduce the impact of drought on forests, reducing

competition for resources and benefittiegrly successional treé@venderet al, 2021)
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Given the evidencel S OA Sa FyR S023eaGS8yQa FoAfAGe G2 NBaLE
directly linked to how humans respond to climate chamnge.climate changes occur, human
populations or individuals often modify land management decisions to adapt and ensure survival in
uncertain climat and economic future§Harvey et a).2018; Leet al, 2016; Zaveret al, 2020) as

some land uses are better suited and more profitable umdgousclimate scenarioShiet al, 2018)

In lower income areas, particularly in the tropiesidl use changeoften occu out of necessity to

ensure protection ohuman livelihoodgparticularly in times of climate or economic stress. Climate
changes such aanable rainfall anthcidences oflrought have been shown to reduce crop production

putting farmers under stress ameducing incoméDesbureaux & Damania, 2018; IPCC, 2019; Lei et al.,

2016) Forests can often offer cheamnd readily accessibtesourcedo diversify income, mortertile

soilsfor agriculture followinglash and bur@Benhin, 2006)as well as fuelwood and fodder resources

For example, collecting fuelwood has been shown teduce & YI f £ K2 f RBoNdehdd Y S NI &
expenditure by $45@ompared to buying from the markéDavidaret al, 2008) Therefore, dring

times of declining crop yieldbere can be greater degradation of nearby forgfesbureaux &

Damania, 2018; Zaveri et al., 2020)

Whether the interactions have negative or positiffe@s on species appears to depend largely on the
type of climate change, the region, forest type and the level of human distur{Bmucke et al., 2012;
Brook et al., 2008However, curretty the majority of climate and interaction studies in tropical forests
focus on the AmazofiFAO & ITTO, 201Jdimenez et al., 2018; Rifai et al., 2018hilst the research
focusing on the Amazon has provided a good base of knowletlgelohd of effects climate changes

can have on tropical forests our knowledge is limited in other regions, such as Africa and Asia, and in
particular South Asi@Kumar & Scheiter, 2019; Thpat al, 2020) Due to the high variation in
responses between climate changes, fotgpesand disturbance level®sner et al.,, 201FFAO &

ITTO, 2011tiu et al., 2017here is likely to be a large diversity in responses of tropical forests to
climate across the tropical biome, and subsequently a varied set of interactions between the two
drivers (Brodie et al., 2012; Turubanova et al., 20I8)e current geographical bias hinders our

understanding of how climate affects the trogliforest biome as a whole.

1.5Indian forests aa model study system

Asian tropical forests account for 19% of gtw@bal tropical forest arg@enhin, 2006)The forests here
have some of the highest rates of deforestat{@ebet al, 2018; Kumar & Scheiter, 2018hilst
harbouring a lower amount of remaining forest cover and higher population densgiesother
regions(Kumar & Scheiter, 2019; Laurance, 208@)ne studies have predicted that Asiald@ee a

loss of 75% of its original forest cover and a 50% reduction in its biodiversity §$adioet al, 2004)
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South Asia, and India in particular, are a relatively overlooked tropical system in terms of the impacts

of climate and land use change on forests and their associated biodiversity, but India is predicted to
experience relatively high pressures from both climate and land use changes in the ne&lifoemez

et al., 2018; Newbold et al., 2019; Sunderland et al., 2015; Venter et al., ROd&ts in India are

known to harbour high levels of biodiversity aodrfof36 global biodiversity hotspotsareas with high

endemic plant diversity but 80% of their native habitat remainingt NE A GKAY LYRALl Q:
ecosystemgBrooks et al., 2@). Indo-Burma, which has the second highest deforestation rate of the

global hotspots, and the Western Ghats are two of the most threatened hotspots on the piahak

2F LYRAIQA K2dalLkrda KF@gS G €SFad LI NiWenerfet 4§ KSANJ
al., 2016)The country is an important reservoir of gilbbpecies diversity, harbouring ~8% of all known
specien 2.4% of the land areand nearly 50% of global aquatic speaiesfound herdCBD, 2018;

Choudhary et al., 2022t is also important for medicinal producgdA (itf@ught that around 60

80% of the population of Indisseforest speciesas a primary source of healthcatéNDP 2012.

Globally, it ranks fifth in rates of reptile endemism, and tenth in rank for bird endemism, highlighting

the importance of the country to global biodiversity (CBIL. As well as being one of the important

historical origins of many of owurrent crop varietiesmaking it an important reservoir for new
varieties(CBD2019. Ly LJ NI A Odzf  NE RAGSNEAGE AY LYRAIFQa F21
biodiversity, but the ecosystem services it provides for human survival andngcgNman &

Kontoleon, 20180 aAf ft A2y a 27F LIS2LX S NBfe& 2y LYRAIFQ&a ¥F2NJ
F2NBada o0SAy3 FGdNROdziSR G2 | 0A2DIEDA ylIy RIAMMEE 2FF2 NE
home to several charismatispecies that are important for international tourism and global
conservation funding, such as the Bengal Tiger and Asiatic Elepttamiigh & Joshua, 19%Barua

et al.,, 201Q0Barua et al., 2031

The unusually high numbers of endemics have been agdldo the diversity and extent of its tropical
forest coverSunderland et al., 26 Ower 72 2 F LYy RAII Qa4 F2NXada | NBE (NRlL
dry and moist deciduous species, a furtt®r are suliropical forests, and the remainder are a mix of

plantation speciesBfo), temperate§%) and alpine speci€2%)(FSI 2019)Table 1)

Tablel| The extent and diversity of forest types in India according to the Forest Survey of India Report

(2019)
Forest Type Percent of total forest area
Tropical Wet Evergreen 2.66
Tropical ServiEvergreen 9.44
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Due to inaccessibility of spatial data on forest types from the Forest Survey of India, this study utilises
land cover maps frorthe European Space Agency using the FAO classificatiom §¢§&4 CCI Land
Cover projectv2.0.7 1998015)and EC C3S Land Cover project (v2.1.1-2018)). Figure 1 shows

the distribution of forest types across the country usingdiaissification at the start of the study period

used in this thesis (199F)igure 2 shows the distribution of land cover classes across the country, also
in 1995, to show the distribution of forests in relation to other extensive land classes, payticularl

cropland.
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Tropical Moist Deciduous 17.96
Tropical Dry Deciduous 41.58
Tropical Thorn 2.77
Tropical Dry Evergreen 0.12
Littoral and Swamp 0.74
Subtropical Broadleaved Hill 4.34
Subtropical Pine 2.40
Subtropical Dry Evergreen 0.02
Montane WetTemperate 2.71
Himalayan Moist Temperate 3.41
Himalayan Dry Temperate 0.75
SubAlpine and Alpine 2.50
Plantation 8.60




Forest Types in 1995

[ | Mosaic cropland / natural vegetation (tree/shrub/herbaceous cover)
Il Tree cover broadleaved evergreen

I Tree cover broadleaved deciduous

[ Tree cover needleleaved evergreen

I Tree cover needleleaved deciduous

I Tree cover mixed leaf type (broadleaved and needleleaved)

I Mosaic tree and shrub / herbaceous cover

[ Sparse tree

I Tree cover flooded fresh/brakish/saline water

Figure 1|The distribution of different forest types across India in 1995. Land cover classific&® of
CCI Land Cover projdeR.0.7 1998015)and EC C3S Land Cover project (v2.1.1-2018)utilising

the FAO classification system
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Land cover in 1995 (FAO classification)
| Cropland rainfed
& Cropland irrigated or post-flooding
&, . [ Mosaic cropland (>50%) / natural vegetation (tree/shrub/herbaceous cover) (<50%)
| Mosaic natural vegetation (tree/shrub/herbaceous cover) (>50%) / cropland (<50%)
Il Tree cover broadleaved evergreen
I Tree cover broadleaved deciduous
Il Tree cover needleleaved evergreen
I Tree cover needleleaved deciduous
I Tree cover mixed leaf type (broadleaved and needleleaved)
B Mosaic tree and shrub (>50%) / herbaceous cover (<50%)
[ Mosaic herbaceous cover (>50%) / tree and shrub (<50%)
I Shrubland
77 Grassland
Lichens and mosses
[ Sparse vegetation (tree/shrub/herbaceous cover) (<15%)
Sparse tree and shrub (<15%)
| Sparse herbaceous cover (<15%)
I Tree cover flooded fresh or brakish water
I Tree cover flooded saline water
B Shrub or herbaceous cover flooded fresh/saline/brakish water
Il Urban areas
Bare areas
[ Consolidated bare areas
Il Water bodies
T Permanent snow and ice

Figure 2|Land cover map of India in 1995and cover classification BEA CCI Land Cover project
(v2.0.7 19952015)and EC C3S Land Cover project (v2.1.1-2018) utilising the FAO classification

system.

Historically, forests ithis country have verpigh rates of loss, with.77% of forest lost every year

between 1930 and 1975 and 28% of forest lost between -P833(Sudhakar Redddt al, 201§. The

highestratesof 244 GSYyR (2 06S NBLRNISR Ay (KS b2NIKS!H a

forest cover is locate(FSI, 2019;ele & Joshi, 2009)ith 65% of total forest loss between 262308
reported in this regionChaturvedi et al.,, 2011pPast foest loss has largely been attributed to
expansions in cropland, with contributions from other drivers such as logging, minirigfiquis

(Giriraj et al., 2008; Kundu et al., 2015; Padalia,2@19; Reddgt al, 2013; Roy & Giriraj, 200&8)d
fuelwood and foddecollection(Arjunanet al, 2005; Davidar, 200FSI, 2019 The threat of land use
change to forests in the country is expected to increase in the future due to the continued rapid growth
of the population, the increased demand for food resources and the reliance of the country on
agricultural developmentBhattacharyya et al., 2015; Delzeital, 2016; Hinz et al.2020) Crop
production is predicted to grow by 55% between 2010 and Z6B8z et al., 2020)However, a
reduction in studies in recent decades has resulted in an uncertainty around the extent of forest loss

and its relationship with land use change.

To date, the effects aflimate change on past forest loss have been largely overlooked within India

(Kumar & Scheiter, 2013 owever, a number of recent studies have begun to consider the effects of
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future climate changes on the distribution of forests and have predicted that climate is likely to have a
significant effect on forests in thetfire (Deb et al., 2018; Gopalakrishretral, 2011; Ravindranath et

al., 2011; Sharma et al., 201 Thatuvedi et al.,, (2011) reported that there is likely to be a
redistribution of forests in the country in response to changing distributions of rainfall, where Western
Central India is expected to see an expansion of forests, but Northwest forests and those in
Northern Western Ghats will become increasirgdgosed to detrimental climate chang@gth an
increasedsulnerablity to forestlosg. Several studies also predicti@angen the distribution of forest

types with future climate changes, foraexple,Ravindranatfet al, (2005)predicted an expansion of

drier forest types in the Northwest alongsidelengetowards wetter forest types in the Northeast of

the country in response to changing rainfall patgerLike other tropical regions, India is predicted to
experience increases of temperature, highdyiableprecipitation especiallgluringthe monsoorand
increasingncidences and strength of extreme events, such as flooding and drought, resulting in severe
conditiors that many species have not experienced befGraturvedi et al., 2011; IPCC, 2019; Kumar

& Scheiter, 2019; Sharma & Mujuard2017) The monsoon climatéesponsible for 80% of annual
precipitation)also makes the country more vulnerable to climate changes than other areas of the
tropics due to the heavy relianty both natural and human systems on the seasonal ra{#glin,

2013; Deb Burmaet al, 2020; Goswami, 2005; Mishra, 2Q019)

Despite a dearth of studies focusing on interactions between climate and land use ichardje

forests, research on future scenarios highlight that fragmentatiod Emd use change is likely to
increase vulnerability of forests to climate chang€saturvedi et al., 2011; Deb et al., 2018;
Gopalakrishnan et al., 2011; Kumar & Scheiter, 2008% premise is also supporteddsyeral global
studieshighlighting thatforest biodiversity in South Asia will be highliecéd by the combined
stressor{Newbold, 2018; Newbold et al., 2018)iven the role climate is suspected to play in future
loss, the current trajectory aflimate change in the country, and findings from other tropical regions,

it is likely that climate change has contributed to forest losses in the past in India and that interactions
with land use changes will be occurring. This presents a key gap irdeuwstanding of the drivers of
forest loss and may result in inaccurate projections of future loss if its past role is not properly

understood.

India presents a unique opportunity to explore the potential for interactions between the two
significant driversin a country not previously considered. Focusing on Indian forests has the potential
to increase knowledge of the drivers of forest loss in the country, assnagt@ater understanding of

the drivers of tropical forest loss, and their interactions, inraterrepresented region of the tropics.

This studytherefore has the potential to better understamaiplications for forest protectiorand
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consideration of multiple drivers may enable more informed management strategies in the future that
better protect the forests. Sincedian biodiversity andagriculture are intrinsically linked with the
forestthis thesis also has implications beyond the extent of forestitobidiversity conservation and

human livelihoods

1.6 Thesis aims and structure
In light of these research gaps, this thesis aims to increase understanding of the effects of climate

change, land use change and their interactions on forests in India
Overall djectives:

1. To evaluate the degree to which climate changes have playéd& roA yforésyldRdn th® &
past 20 years

2. To assess the extent of land use change contributions to forest loss in thdigast 20 years

3. To ascertain whether there is evidence of a clintatel use change interaction impacting

forest loss irthe country

The following provides a brief outline of the thesis chapters created to address these ohjaatives

this isfurther illustrated in Figure:3
Chapter 2:

Chapter 2inked to objective one, investigates whether climate change has contrilutieel ¢xtensive

forest losses in India in the past. It uses temporal trends of precipitation and temperature to assess
whether these trends have contributed to forest loss between 2001 and 2018. It also employs an
emerging metric, climate velocity, that@mpasses climate change over space and time and is yet to
be widely used. This chapter is crucial to broadening the scope of literature around this topic, which
has to date not considered climate change as a driver of forest loss in the past withithediaapter

actsas akey foundation to the thesis aiming to form an understanding of how one of the two main

stressors of interest materialises in the country.
The key questions addressed in this chapter are:
1. Has climate change contributed to p&stest loss in India
2. Are there seasonal and regional variations in the cliftatest loss relationship in the country?

3. Are Indian forests exposed to highd/or overlappingclimate velocitiesand is forest loss
greater in these are&@s
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Chapter 3:

Chapter 3focuses on the second objective of the thesis and assesses how land use and land cover
change have affected forests in the country. It aims to understand thestieriorest losses and gains,
addresses questions around whether agriculture remains the primary cause of forest loss and provides
understanding of the vulnerability of different regions and forest types to deforestation. It looks at a
19952019 time perd where there has been reduced focus on the trends in forest loss or the role of
land use change in the literature and contributes knowledge that supports understanding of forest
change in the country. It also provides key information to address the tigsctives around land use

change.
The key questions addressed in this chapter are:
1. How has the area of forest changed over time?
2. What specific land uses or land cover types are associated with the greatest forest losses?

3. Are the drivers of loss differefor different forest types and regions?

Chapter 4:

Chapter 4ims to understand the effect of drought on forests and whether there is evidence to suggest
that interactions are occurring with land use change. Focusing on the Northeast region during the
period 19952019, this chapter assesses forest changes over five precipitation deficitliyaians. to
increase understanding of the combined threat of drought and land use change to forests in the region
by exploingthe spatial extent of forest loss dinig drought years, quangihgthe major types of forest

lost, and assesyy the key land usand land covechanges associated with forest lo¥ke chapter
importantly addresses the third objective of the thesis to consider the combined effects oé @mdat
flryR dzaS OKIFIy3aS Ay LYRAIFQa GNBLAOIt F2NBaltao

The key questions addressed in this chapter are:

1. Do precipitation deficits result in a higher probability of forest loss?
2. Isforest loss attributed to anthropogenic land use changes more prevathatwetter areas

of a drought?
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Chapter 5:

This chapter summarises the overall findings of the thesis along with outlining how the research
contributes to the wider body of evidence and what the findings mean practically for the protection of
forests and kodiversity in India now and in the future. The chapter then explores the limitations
associated with the research and highlights remaining knowledge gaps and key areas for future

research focus.
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| Chapter 1: Framing the research in
the context of current literature
and existing knowledge gaps

Chapter 2: Understanding the Chapter 3: Understanding the
contribution of climate changes | | contribution of land use changes
to forest loss to forest loss

Chapter 4: Investigating a potential
interaction between land use
changes and climate changes in one
region and its impact on forest loss

Chapter 5: General Discussion -
framing the findings in the context
of the literature, policy and practice

and guiding future research

Figure 3|Flow diagram illustrating the structure of the thesis. Chapters where primary data is analysed
are shown in a green outline whereas introductory and discussion chapters are shown with an orange

outline.
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1.7 Methodological consideratiorgsData use andpatial resolution

When spatially analysing trends over large areas and longer periods of time, there can be difficulties
with acquiring appropriate dataset3ypically,there is a tradeoff between tenporal and spatial
resolution of satellite datasets, where the datasets with the smallest temporal resolution have a lower
spatial resolution and vice versa. For analysing changes indsteistution, it would be preferable to

have the highest spatialselution (so we can the smallest changes in forest edge loss) and a fairly small
temporal resolution (so that at least seasonal chamge®rtant in forest growtrare captured). The
difficulty acquiring appropriate resolution data for both climate change and land use change is well
documented and can be a key barrier to effective resdaretdia(Kumar et al., 2018; Gia et al., 2D19
Though satellite data isyproving all the time, and we now have access to temporal resolutieng-of

hourly and spatial resolutions »f1 metre it is still hard to find free, accessible data that covers large
time periodswith high spatial resolutiongarticularly when lookip for a regional focus. Regional
datasets are often bettedue to their more specificalibrations from the region of interest thean

make then more accurate than global datasets. However, obtaining high qualitytdongsatellite

data for India for tfs thesis proved difficult, mainly due to paywalls on climate data and lack of long
term data collection on land use change. For these reasons, this thesis uses globally available free
datasets that span the required temporal period and have a reasoradtialgesolution to capture

the changes in forest coveragihere are two main considerations about the data used in this thesis

that | would like to highlight and discuss here

Firstly, m Chapter 2, | use the Global Forest Change Dataset by Hansg1i2€18. This is a highly
cited dataset with publications in high ranking journalg.(Curtis, et al., 20184ansen, et al., 2020;
Harris, et al., 2021; Moffette, et &2021)andisused as the printg datafor the global platform, Global

Forest Watch Https://www.globalforestwatch.org/map/ Despite known limitations around this

dataset in terms of its capability to distinguish between natural and plantation forests (critiqued well in
Tropek et al., 2004this dataset ithe only dataset available that specifically focuses on forest loss with
the temporal and spatial coverage required to do this analysis. This dataset worked well when used
alongsideclimate datan Chapter 2However in Chapter,3vherel introduce land cover data to assess
changes in land cover over tim¢he Hansen GFC dataset could no longer be used as it was found to
match up poorly with the land cover data. There were instances where what was recorded as tree cover
by the Hansen dataset was recorded as shrublanthe land cover dataset. Therefore, these two
datasets could not be used in conjunction, and so in Chaptdra8 to rely on the land cover data to
assess both land cover changes and forest changes. Finding errors and incompatibility between
satellitederived data sources is common as the field continues to develop and aims to provide better

coverage across the globe temporally and spatially. This incompatibility in data sources resulted in
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different findings of forest cover change between Chapterad 3awhich is discussed in detail in

Chapter 5.

Secondly, throughout this thesis | use the freely available global dataset on temperature and
precipitation developed by the Climate Research Unit (GRpY:(/crudata.uea.ac.uk/cru/data/hrg/

This datasehas a spatial resolution of 0.5 degrees (~50km x 50km grid squares) and there are instances
where the climate for a district in India is derived from an average of two grid squares due to the small
size of some of the districts in the countost freely available large scale climate datasets at this time
are not able to provide better resolution that this or would compromise on temporal resolution. For
example, the NOAA CMAP datattgs://psl.noaa.gov/data/gridded/data.cmap.himihas good
temporal resolution9792022 but is only available at 2.5 degrees coverage, or at 0.25 degrees spatial
resolution but only until the year 2006. WorldClimtgs://www.worldclim.org/data/index.htmlhas
excellent spatiatesolution ¢1kn) but does not hawe annual or monthly datat the time of analysis
(though it now does at 20km resolutipn) and IMD Pune
(https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Downloajitiawd a 0.25 degree
longterm precipitation dataset (1962018) but only have teperature data at 1 degree spatial
resolution. Accessing high resolution temperature data was particularly challenging and the CRU
datasetused in this thesiprovided both a good temporal and spatial resolution for temperature and
precipitation The CRU iohate dataset is a widely used dataset with both high temporal and spatial
resolution precipitation and temperature data and is, importantly, freely available. A$ fanawsare,

it is the only accessible dataset with the temporal and spatial resokaijoable for conducting this

analysisand this is the reason it was chosen for the thesi
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Chapter 2: Determining the role of climate
OKFy3dS AY LYRALI Q&

Nohsngithiang Falls in the East Khasi Hills district, Meghalaya. The most populous district in
Meghalaya, with a large areatodpical and subtropical broadleavéatest. It is one of the wettest

places on Earth.

Source@twobirdsbreakingfree/instagram.com
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2.1 Abstract

Tropical forests in India have declined at an alarming rate, with extensive literature focusing on the high
contributions of agricultural expansions to deforestation, while the effects of climate change have
largely been overlooked. Climate change effects, such as increasing temperatures, drought and flooding
have already occurred, and are projected to worsen. Climate velocity, a metric that accounts for spatial
heterogeneity in climate, can help identify contigs areas under greater climate stress and potential

climate refuges in addition to traditional temporal trends. Here, we examined the relative contribution

of climate changes to foresdss in India during the perid2D01-2018 at two spatial (regional rad

national) and two temporal (seasonal and annwslales This includes, for the first time, a
characterisation of climate velocity in the country. Our findings show that annual forest loss increased
substantially over the 17 years, with the majorityfarest loss occurring in the Northeast region.
Decreases in temporal trends of temperature and precipitation were most associated with forest losses

but there waslarge spatial and seasonal variation in the relationsimpevery region except the

Northeas, forest losses were correlated with faster velocities of at least one climate variable but
overlapping areas of high velocities were r&ar findings indicate that climate changes have played
animportantNR £ S Ay LY RAI Q& Lhain Secoh@ayd® ather fackat gresendoWril € A 1 S
stress concern for climates velocities recorded in the country, reaching 97kanyrhighlighthat
understanding the different regional and seasonal relationgi@pgeen climatic conditions and forest
distributions will bel S& G2 STFSOUGADBS LINRBGISOlGA2Yy 2F GKS O2dzy

accelerats.

2.2Introduction

Forests are beindestroyedat an alarming ratglobally(Hanseret al, 2001; Haddadt al, 2015; Song

et al.,2018 FAO & UNEP 2020espitetheir importancefor human wellbeingndthe maintenanceof
planetaryecosystemsTropical forests, home to a disproportionate amountost ¢ 2 NX RQ& 0 A 2 RA
are experiencing some of the largdstlinegHansen et al., 2013; Song et al., 2018; IPBES, 2019; Franca

et al., 2020)Land use chage is the leading cause of forestctires worldwiddOstberget al.,2015;

Choe and Thorne, 201FAO & UNEP, 2020; WWF, 20&ith recent estimates suggest that only

24%of tropical forestsre still intac{Lewis, Edwards, & Galbraith, 2018)}xddition, hereisincreasing

concen regardingthe impacts 6climate chang, with research suggesting thtt effectsare already
eclipsngthoseof land use changen 60% of the global land surfa€stberg et al., 20)5Though this

is not yet the case in tropical forests, the contribution of climate change effects in tropical forests is
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increasindOstberg et al., 201HPCC, 2019; WWF, 202Despite thisresearch into its effects on forest

loss are limited, particularly the tropics.

Impacts of climate change are often largely dependmmtgeographiclocation and interactios
between climate variablg®llen et al., 2010; Britblorales et al., 2018; Maracchi, Sirotenko, & Bindi,
2005) but have been shown to botpositively and negatively affect forest growth, mortality,
productivity and distribution, alongsidémpacting thecapability to deal with other stressors like
drought and fire(IPCC, 2019vendenet al, 2021) Temperature increases are by far the most
commonlystudiedclimate driver of forest mortalitfChen et al., 2011; Seidl et al., 2017; Heikkinen et
al., 2020; Mariger et al. 202)land have been shown ttirectlyimpactforestdistributionand growth
(Garcieet al, 2014; Lenoir an&venning, 2015Changes iprecipitationhavealso been shown to affect
forest survivalmost commonly precipitation decreas@siba & Kitayama, 2002; Bennettal.,2015;
Chenet al., 2017; Phillips et al., 2009; Taccoen et al., 2019; Ztaalg 2017) but the relationship

are often complex, and can be highly dependent on regional and seasonal cliBaggman et al.,
2016; Seidl et al., 20), forest type, previous conditioysnd phenotypical adaptations of spediPas

et al, 2013; Greenwooet al., 217; McDowell, 2018)Tree mortality from climate change is often
linked todrought inducedhydraulic failuréMcDowell et al., 201&)ut indirect effects such as increased
forest susceptibility to pests and diseaddadner et al., 2010; Seidl et al., 2017; Stralberg et al.,,2015)
contributing to human decisions surrounding land use change and resource ent(#B&S, 2018),
among other pathways, also occlihere is also some evidence to suggest évanclimate changes
that support tree growth, through increased Gétilisation and light exposurean lead to mortality

as increased growtbanresult in geater competition for resource@Huete et al., 2006; McDowell et

al., 2018; Salesk al, 2007)

Typically, studies assess the risk of temporal trends in climate variables, buttihlehsperogeneity
of climate in the areavhere aspecies is foundan also be importarih speciesurvival under climate
change Climate velocityLoarie et al., 20093 a metric thatencompasasthe spatial heterogeneitin
climatein the surrounding areaThecreators of the first climate velocity metrid.oarie et al.,2009)
and otherssince,theorisal that areaswhere climate is changing quickdndsimilarclimates are further
away,will be at greater risk to climate chan@garcia Molinost al, 2019; Garcia et al., 2014; Hamann
et al, 2015; Loarie et al.,, 2009)he metric provides an additional dimension to climate &gk,
subsequenthhigh velocities have been linked to reductiansl redistributionsn smalranged species
(Sandekt al, 2011, marinetaxa(Garciavolinos et al., 2016birds(Bateman et al., 201&nd trees
(Bateman estl., 2016; Liangt al., 2018; Nadeau & Fuller, 2015; Sandel et al., 2@ht) areas of low

velocities have been hailed potential climate refu@ego-Moraleset al, 2018; Heikkineat al, 2020)

51| Page



Due tothe complexities of the metric there have been some criticisms of its usefulness and confusion
over the conclusions that can be drawn fron{Dbbrowski & Parks, 2016; Hamann et al., 2015)
However, equally when used appropriatelimate velocitgstimates may be an important compomnen

for identifying areas most at risk to the effectzlihate change, providing a dimension that temporal

trends canno(Loarie et al., 2009; Garcia et al., 2014; Heikkinen et al.,.2020)

Currently there is a strong Isian the literature of climatéorest systems towards northern temperate
regions, particularly for velocity studies, and less is known about the relationship in the(trepais

and Svenning, 2015; Sekll al., 2017; BritéMorales et al., 2018; Franca, et al., 20I2D)awing
conclusions about the effect of climate change in tropical regions is often more cdivgdleke
temperate counterpartsin part due toa large variety of forest types, adaptatoand microclimates

and a lower availabilityf high quality datgMcDowell, 2018)in the pastmany studies have focused

on AmazonigGiardina et al., 2018; Huete et al., 2006; Nepstad et al., 2007; Saleska et glwBf@7)
deforestation rates are the highest, but evidence suggests that responses across tropical regions may
be highly divese (Asneret al, 2010; McDowell, 2018; Wagner et al., 2014)

India is in the top ten countries in theowld for forest cove(FAO & UNEP, 2020). Forests, primarily
tropical and sulropical,cover 20% ofi K S O 2latay iabgR&viddranatlet al, 2005) It isone of

GKS Y2ad O0OA2RAQOSNES O2dzy UNASaA Ay @&k éncampasdin® = NB LJ

four biodiversity hotspot¢Chitaleet al, 2014)(Figure S8)The country has experienced laisgle
forest loss for decadesshich ha been extensivelgtudied, with dnd use changes largely cited as the
major cause of forest declinédhaet al, 2000; Lelest al, 2009; Redy et al, 2013; Roy et al., 2013)
Increased demand for crop productions, commercial livestock rearing, tiexberction rapidly
increasing populations and an emerging econa@rgallknown to be putting high pressure on forests
alongside culturapractices of shifting cultivatiofLele & Joshi, 2009; Wani et al., 2012arge
proportions of the population directly rely on forests for their survival and livelihoods, and in particular,
fuelwood and fodder collection areajor source of domestt energyand income for tens of thousands

of villagegRoy et al., 2013; Sharranal, 2015) Whereas the effect of land use chaagmforestloss

have been a key focus in tlieraturein the pas{Davidar et al., 2010; Gupta, 2007; Lele & Joshi, 2009;
Roy et al., 2013}here has been little focus on the potential role of climate chadgeertaining

Of A Yl (iBIKES N® Fpdsy fordsk I6B&ould help predict the future stability of forests in the
face of increasing change, as well aading effective managemenstrategies for current forest
conservationDue to the unique variation in climate driven by two monsoon syst€nshnaret al.,

2020) India is likely to experience a range of different climate changes and is therefore an ideal country

to study the effects of climate change, including velocity, on tropical forest systems.
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Climate change in India has been evident for many yeatsnamerous studies have described a
consistent pattern of warminfPashet al, 2011; Mishra, 2019; Rao et al., 2016; Ravindranath et al.,
2011; Rupa Kumar et al., 2006hore frequent hgh-intensity rain eventshigher maximum
temperatures(Krishnan et al., 2020varmer wintersand a lower confidence in the timing of the
Y2yaz22y 6gKAOK Aa ONXdivan@tofiomyDasNet al.y2RIAL;IRevindranal® O dzf ( dzN
2011) Research thafocuses orthe relationship between climate change and forest loss in Indg,
almost alvays analysedhe potential threats offuture climate change on forests through global
vegetation model§Brown & Pearce, 1994; Chaturvedi et al., 2011; Gopalakristhafn2011; Kumar

et al,, 2018; Ravindranath et al., 2005; Sharma et al., 2017; Upgugaita2015) but none so far have
considered velocityexisting studies have predicted climate change to have strong influences on forest
cover, consistently predicting a shift tottes forest types and a loss of drier forest types in response

to a generally warmer and wetter climate in the future, noting precipitation thresholds to be particularly
important(Chaturvedi et al., 2011; Gopalakrishnan et al., 2011; Ravindranath et al., 2005aRat¥ind

& Sukumar, 199850me regions are predicted to gain forests|st others,to lose fores{Chaturvedi

et al., 2011; Ravindranaght al., 2005)Areas of highest vulnerability are those with projected increases

in temperature but decreases in precipitati@@haturvedi et al2011) Past research has generally
predicted the Himalayan forests, northern Western Ghats and Natitern regions to be most at risk

to climate change effects due to a combination of forest intactness, forest type, and climate change
exposurgChaturvedi et al., 2011; Gopalakrishnanle2®11; Upgupta et al., 2018)hereas, forests

in the northeastern region andouthernWestern Ghats are expected to be less vulnerable due to
being predominantly composed of tropical moist forests which are likely to expand in range, alongside
higher levels of intactness and species richi€saturvedi et al., 2011; Gopalakrishnan et al., 2011;
Ravindranath et al., 2005)

While heseprojectionsprovide useful foresight into potential-dtk areasthere is a clear gap in our
understanding of thelistribution of climatic effects areas of high forest loss in the past which could
help inform future predictions. Additionally, mapping and analysing the distribution in climate velocity
in a ountry could be crucidbr conservation strategies to supportsitu adaptation, by limiting other
stressors,considering potentiastrategies for relocating or aidingnited dispersato less affected

areas.

This studyims tocharacterisehe relatiorship betweerclimatechangeand Y RA F Q& LJand i T2 NB
explores the relative importance adfivers other than the wetlocumented effects of land use change.
It aims b map and analyse climate velocities in India for the first,tamel criticallyassessthe

usefulness of tis metric in providing additionainderstanding ofisksto forests in IndiaGivercurrent
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evidence, we expect climate changasch as declining precipitation and temperature increases, to be
correlated with areas of high fordsssbut expectconsiderable seasonal and regional variatioa to

the diversity in climate and geography across the country, which we account for in our methodology
In terms of climate velocityhoughpreviousanalyses have been largely confined tdbeidatitude

studies, evidence from these and coarseale global analyses lead us to expect forestwilkbe

greater in areas of higher climate velocity where forests are more exposed to faster changes in climate

or where high velocities of multiplanables overlaps.
The key questions addressed in this manuscript are:
1. Has climate change contributed to forest loss in lhdiaveen 20012018?
2. Are there seasonal and regional variations in the cliftatesst loss relationship in the country?

3. Are Indian forests exposed to highd/or overlappingclimate velocitiesand is forest loss

greater in these are&@s

4. | Iy OftAYF(GS @St20A0& LINRPDARS T RRAGAZ2YIf dzyRSI

2.3 Methods
2.3.1 Forest Loss

Records of annual forest loss were obtained from the Hansen Global Forest Change v1.6 dataset (GFC)
(Hansen et al2013)for the period 20042018 at a spatial resolution of ~30m, within the Google Earth
Engine interface (Gorelict al.,2017). The GFC data takes the form of a binary record of loss (1) or no
loss (0) for each pixel in the area of interasd recordall trees above 5m in heighdistrict level totals

of forest loss (km?2) were generataddsubsequently analysed in RStudio (version 3.6.2). Any districts
with less than a total of 0.1kmz forest cover were excludea/tadany noise in thélansen GFC data.

This resulted in a total of 13 distri¢tsf 577)being excluded from the analys@sedominantlyfrom

the arid and xeric shrubland regions of the Northwi&sipplementaryrable S In addition to those

removed for low levels of foresiower, island union territories were excluded due to potential
differences between island and land mass effects of climate in addition to concern over the accuracy

of the datasets used on small island states
2.3.2 Climate data

Global raster datasets of mitmonthly precipitation (mm) and monthly mean temperat) from

the Climate Research Unit (CRU TS v. weé® obtainedat 0.5 x 0.5 degree resolution (~11Zm
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covering the years 20e4018. The selected period walsoserto align with the availalify of GFQlata.
Climate dtasets wereaveraged to create a data point for each district. Regional datasets were also
created by compilinglistricts belonging to each of the six monsoon regions outlined by the Indian
Institute of Tropical Meteorologyw{vw.tropmet.res.ir); Northeast (NE), Northwest (NW), Central
Northwest (CNE), West Central (WC), Peninsular (PEN), and Hillycegiposed of the East Hilly
Region (EHR) and the West Hilly Region (WAitRy¢ S1)The monthly data was aggregated to create

a dataset of total annual precipitation by calculating, for each raster cell in each year, the sum of the
monthly values. Mean annual temperatures were then createdvieyaging a cells value across all

months

For the seasonal analysiata was collated from the monthly climate rasters and averages of mean
temperature and total precipitation calculatdor each season at both national and regional spatial
scales. The seasons are those wused by the Indian Meteoralgical Department

(http://www.imdpune.gov.in/Weather/Reports/glossary.ppfand most commoty found in the

literature for national scale studies of India. These were monsoon-&&ptenioer), postmonsoon
(OctoberDecember), winter (JanuaRebruary), and prenonsoon (MarciMay). It is important to
note that, despite these being the standard national seasons, the climate of each season varies

considerably by regiaffrigure S2, $3
2.3.3 Calculating climate velocity

Gradientbased climate velocity was calculatedR using the gvVoCC package and the integrated
functions; SpatGrad and TempTrend following the methodology for local climate velocity outlined in
Garcia Molinos et al(2019) and based off the original calculation by Loarie et al., (2008
TempTrend function calculates the temporal trend by performing linear regressions of the variable
against time for each individual célhis was calculated for both the annual and sealsaverageshe
temporal trends were used in the climate velocity metric but also as a separate variable in the models.
The SpatGrad functiocalculates spatial gradients for each celtbtermining the magnitude of the
differences in the climate varibover its neighbouring (3x3) cells. In order to avoid the potential of
infinite velocities caused by spatial gradients of geamann et al., 2015; Loarie et al., 20@%yalue

of 0.1 was added to all the data points. Climate velocity was then calculated by dividing the temporal
trend by the spatial gradient. An average climate velocity fon gariable was calculatger district

68 GF{AY3 GKS YSIYy YF3IyAddRS FNRY [ff GKS OStfa
function in QGIS v3.8.2. Each district was an individtapoint used in the models.
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It is important tonote thatclimate velocity can be both negative and positittee direction of the

effect is taken from the tempor#édend, and it is the magnitude that relates to the velocity. So, a large
negative precipitation velocitindicatesa faster reduction in cipitation over time, and a large
positive precipitation velocity indicates a faster increase in precipitation. Smaller velocities indicate
slower changes. Therefore, positive relationships between forest loss and climate velocity could equally
representgreater forest loss at faster positive velocities or slower negative velocities, whereas negative

relationships represent greater forest loss at faster negative velocities or slower positive velocities.
2.3.4 Population density as a proxy for human pressur

Human pressures, particulargntl use changeareregularly cited as a primary cause of forest loss in
India To account for the effects afese a proxy of population density was included as an explanatory
variable(Cimatti etal., 2021; Kok, 2004; Milanesi et 2017) Population density has been shown to
have a large effect on land use changes in India in the past, particularly relating to forest cover,
agriculture and urban areéi€ale et al., 2016; Palchoudhuri et al., 2008)ilst population density does

not explicitly account for other human pressures such as infrastruetude demand for forest
resourceg YR AYRAOSA & dzOK F ¥ Ff dz8KSS WL gzA¥ §
(https://sedac.ciesin.columbia.edu/data/set/wildaregshumaninfluenceindexgeographiy may be

better able to capture the breadth of human pressures, population density data is available on the
temporal and spatial scale fitting this plter whereas other indices are temporally and spatially
limited. For example, the Human Influence Index has a temporal availability e2099%vhich would

be too short for this analysis.

Data onpopulation density (people per km?2) for the years 28002020was obtainedf N2 Y { 95! / Qa
GPWv4.11 dataset at a spatial resolution of 3Gsaoonds (~1kfat the equator) Population density

change over the 2@ear period was calculated on a cell by cell basis by subtractifgxhg | £ & S NI
values fom the firstyear. Cells with positive values represented an increase in population density over

time and cells with a negative value, a decrease. Mean values of population density change were
calculated for each district from this cell level data. The data was milgtde in Syear increments

thus the years 2000 and 2020 were selected to match the forest loss data as closely agpiogsible

S4)

2.3.5 Modelling the impact of climate change on forest loss

Linear mixeekffects models were developed using the nime package in R to assedatibashipof
the climate variables on forest losd both the national and regional level. Firstly, a null model

comprising of the response variable (forest loss if) kimd a random effect of the State (political
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boundary), was created as a basis for model generation. The state that the forest belonged to was
considered toaffect the level of forest loss due the individual forest policies between states

subsequentlyistricts in the same state are likely to be more similar

Eight models were created in total: four at the national scale and four at the regional scale. Within
these,two included temperature and precipitation velocity as the explanatory vanaitheone using

annual and the other using seasonal data. The second two models included the temporal trends of
temperature and precipitation as the explanatory variables, again one using annual dia atiner

seasonal data. All models included populationsitgrthange as an explanatory variable state as a

random effect. In all models, the explanatory variables were standardized to account for the large
variation in scal@and a gaussian spatial autocorrelation structure wiaed to account for spatial
au2 O2 NNBf I GA2y RSGSOGSR Ay (GKS RIFGF 6a2NryQa L LI
GKS | dzG2O02NNBfFGA2Y AGK | FdzNIKSN) a2NlyQa L (S35

2.4 Results

2.4.1National and regional trends in forest loss

Forest loss increased substantially during the study period (20Q8), escalating from annual losses

of 647knt to a peak of 2,503kflost in 2017, shortly followed by a slight decline to ~1,96@ki2018

(Figure S5)0ver the course of the 20018 study period, a total of 20,47 2kif forest was lost,

I OO02dzyGAy3 F2NJ 17 donmz 2The NoghRdstlreian cangiieds & signifiCedt@ S NJ A Y
proportion of the loss, in the last five years of the study losses here were over four times that of the

other regiongFigure 1 & Figure S6). Three key areas of high forest losses were identified, these were;

1) the combined regions tdie NE and EHR, 2) the nexus of the CNE, WC and PEN regions, and 3) a few
districts in the northern Western Ghats (PEN region). All experienced losses greater thhovedkm

the time period (Figure S8).
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Figurel| (a) rest cover in krof each distritin Indig Jammu and Kashmir, and Ladakthe year
2000.(b) The total forest lost in each district between the years 22018 in kmd. Much of theforest
cover is located in the Northeast and along the east and southwestern coasts. Total forest loss is
greatest in the Northeast, central west coast and southwestern areas, where forest cover is also high.

2.4.2National and regional trends in climatic variables
Precipitation

Annuatbased temporal trends showed increases in precipitation ef0ram yr! for much of the
country, with some notable exceptions in districts in the northeast and southern areas of the country
(Figure2). Annual trends were largely driven by substhinicreases recorded in the monsoon season,
and the remaining three seasons showed mean decreases in precipiEagore$10). The same trend

was found for velocities, where at times monsoon velocities reached twice the speed of other seasons
(Figure3), while the other seasonwere, on the whole, getting drier but at a slower ratnnual
velocitiesranged from -13¢ 34 km yr* (TableS2), with the fastest velocities fouimidistricts bordering

the WCand QNEregions Seasonal velocities ranged fre@d ¢ 41 km yrt. The fastest velocities were
found inthe premonsoon {) and monsoon seasong.(fhe NE an@EHRexperiencehe largeshegative
precipitation velocitieglargely between5 and-20 kmyr?), showing a naid drying trend. fie most
extreme velocity recorded in the study-87.9 km yr! waslocated in the East Khasi Hills district of
the NE region during the pmmonsoon seasonPatterns of seasonal precipitation velociyere
generallycomplexwith many regions experieieg both positive and negative precipitation velocities

at different points in the yeaf{gure3).

Temperature
Based on annual temperature temporal trends, thegarity of the country warmed at a rate around
0.025n ® n pyn*xwith notable exceptions of some CNE and NE districts where temperature was

cooling at the same rate (FiguZe Seasonal analyses showed the fastest warming to be in the winter
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temperature reductions in the monsoon seasbmall other seasons, theraas asignificant cooling
patch in the CNE and NE regions, whiakmost expansive in the pestonsoonand winter seasons.
Seasonal variation was greater for precipitation than temperatitremany regions experiencing the
same temperature trends yeaound eg., PEN and EHR regions experienced warming year round,
NB I OK A y yriatitsifastesy ir the poshonsoon Anuakbased temperature velocitiganged
between-0.321-0.298km yr! (Table Spand followed a similar patterning to the temporal trentise
monsoonseason showedidespread warmingout thehighest positive veloegsrotated around the
country throughout the year resulting in high but seasonal exposure to fast positive veiloaiiesh

of the North, West and SoutFRifured). The fastst negative velocitiesf -0.4km yr*were located in

the CNE and NE regioneniperature velocitieswvere much slower than those recorded for

precipitation.
24.3 The influence of spatial gradients on climatic trends

Spatial gradients differed between temperature and precipitation variables as well as between seasons,
leading to a variety of differences in temporal trends and velocities between the two vafiaiies

S3). Patterning in velocities often matched thoseheir temporal trend counterparts, but velocity
magnitudes were found to be greatly affected by spatial gradients. In some cases, trends were reversed

due to the influence of spatial gradientor example, a dampening of the negative-@soon

precidtation temporal trend in the NE due to a high spatial gradient alongside an exacerbation of a
positive temporal trend in the southern CNE region led to a different relationship between pre
monsoon precipitation and forest loss in the temporal trend andcity models. Effects of spatial

gradients were more evident for precipitation than temperature which had lower spatial heterogeneity

Ay OfAYFGS® { LI GAIE INFRASYGA 2F GSYLISNI G§dzNE RAR

with higher vales than temporal trends (spatial gradients >1 would result in smaller velocities).
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Figure2| Annual basegrecipitation(top left image) and temperature temporal trends (top right) and
precipitation (bottondeft image) and temperature velocities (kryibottom right)across the districts
of India, with the outlines of the monsoon regiddatched districts are those thiaave been excluded

from the study.
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Figure3 | Seasonal precipitation velocities in km gf each district for the time period 20€2D18. In

a clockwise direction the seasons depicted are as folfmesnonsoon, monsoon, poshonsoon and

winter. Theblack outlines show the borders of the monsoon regions.
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Figure4| Seasonal temperature velocities in kit gf each district for the time period 202D18. In
a clockwise direction the seasons depicted are as folfmesnonsoon, monsoon, poshonsoonand

winter. The black outlines show the borders of the monsoon regions.

2.4.4National models

At the national scal¢here was no effect of annublased climate change forest loss. Howevethere
was a significant effect froaight seasonal variableglocities of monsoonr)and winter temperatures
(+), premonsoon (+) and winter precipitatigf), and temporal trends of monsoaoi), premonsoon {
) and winter temperatures (+) and pmeonsoon precipitation-f (Tablel). Notably, the posinonsoon
season was not a driver of forest loss at the national scale. For tempertiiireegative effect
direction seen in the models for the monsoon season relatss&dler increases temperaturesince

there were no decreases ti@mperature during this season

In the regional models|imatewas found to significantly affect forest loss in every re@ame regions
were more affected than others,g.,the Northwest region (TabR& 3), andeach regiohaddifferent
compositiors of climate trends that affected forest loSghe correlation between declines or lower

values of monsoon temperatures and increases in forest leggegonsistent across the models but
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other variables showed trends of both negative and positive efiexitibns depending on season and

location.

Tablel | National scale seasonal models of the effects of climate velocity and temporal trends on
national forest lossaccounting for population densityhe response variable tested in each model was
forest Iss (km). The explanatory variables were the eight seasonal climate variables and population

density change between 20020 (people per ki

Model Significanfixed effect Estimate T p
variables

Seasonal | Premonsoon precipitation| 0.088 2.128 0.033
velocity

Winter precipitation -0.121 -2.225 0.026

Monsoon temperature -0.335 -4.007 <0.001

Winter temperature 0.384 2.363 0.018

Seasonal | Premonsoon precipitation| -0.251 -3.544 <0.001
temporal

trends Premonsoon temperature| -0.341 -2.395 0.016

Monsoon temperature -0.383 -3.863 <0.001

Wintertemperature 0.507 3.027 0.002

Population density changg -0.083 -2.381 0.017
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Table2| Regional scale seasonal models of the effects of climate velocities on regionaldssest
accounting for population densitfhe response variable tested in each model was forest l03s (km
The explanatory variables for each model were the precipitation velocity and temperature velocity of
each of the four seasons (eight climate variailnléstal) and population density change between 2000
2020 (people per kin

Model Significant fixed effect Estimate T p
variables
NE No significant variables NA NA NA
CNE Premonsoon precipitation 0.831 5.438 <0.00L
Monsoonprecipitation 0.295 2.414 0.018
NW
Monsoon temperature -0.634 -3.267 0.001
Postmonson temperature 0.674 3.258 0.001
wC Postmonsoon temperature| 0.670 2.279 0.024
PEN Postmonsoon temperature| -0.463 -3.799 <0.001
Postmonsoonprecipitation -0.589 -3.087 0.003
Hilly Winter precipitation 0.571 3.565 0.001
Monsoon temperature -0.594 -2.553 0.014
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Table3| Regional scale seasonal models of the effects of climatic temporal trends on regional forest
loss Theresponse variable tested in each model was forest los$.(Kime explanatory variables for
each model were the precipitation and temperature temporal trends of each of the four seasons (eight

climate variables in total) and population density change batv@90602020 (people per ki

Model Significant fixed effect Estimate T p
variables

NE Monsoon temperature -0.626 -2.353 0.021
Population density changg -0.242 -2.076 0.041

CNE No significant variables NA NA NA
Premonsoonprecipitation 0.588 2.706 0.008
NwW Monsoon precipitation 0.275 2.028 0.046
Winter precipitation -1.206 -3.153 0.002
Premonsoon temperature 0.533 2.245 0.027
Winter temperature -0.639 -2.517 0.014
wC Postmonsoon precipitation -0.680 -2.96 0.003
PEN Monsoon temperature -0.542 -2.222 0.029
Postmonsoon temperature -0.459 -2.715 0.008

Hilly No significant variables NA NA NA

2.4.5 Population Density Change

Generally, ppulation density increasl across India during 20D20.Density changesnged from -
45¢ 4,000people per ki with anaverage increase of 200 people pePKhie highest increasegere
foundin the North of the countrymainly the Central NortBastern regionOnly eleven distats in the

country experienoga reduction in population densiduring the periodFigure Si

Population density change did not havsignificanteffect on forest loss in thennuatbasednational

models,but there was a negative correlation between signchange and forest logsthe seasonal
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models.In the regional models, there was also a significant negative correlation between population

density changand forest loss in the Northeast region.
2.4.6 The extent of overlapping climate velocities

In addition to the velocities of temperature and precipitation being highly variable across the country
and between seasons, theydheery different spatial configuration®@verlaps between higttop 10%

of values)velocities of precipitation and temperature wergegawith only two instances occurring

within high forest loss aredFigure5). The first, and largest, instance was in the Northern Western
Ghats which experienced both high velocitiepcipitation declines,and temperature increases
duringthe premonsoon seasarThesecond instanceccurred inthe NE region where high velocities

of declining precipitation overlapped with high velocitiesl@fliningtemperature during the post
monsoon seasorin both the annual and winter data no overlap$igh velocity areas were recorded.
Though overlaps were rare, many areas of high forest loss experience singular high velocities over the

period.
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Figureb| Overlaps between districts containing the 10% fastest climate velociti#isenighest forest

losses (>20kA Positive velocities are depicted in red and negative velocities depicted in blue. Hashed
districts represent temperature velocities and dots represent precipitation. Districts with the highest
levels of forest loss ovédhe time period are shown in green. In a clockwise direction the seasons
depicted are as followgre-monsoon, monsoon, poshonsoon and winter. The black outlines show

the borders of the monsoon regions.

2.5 Discussion
This study indicatebat climate chang has played significanNB2 f S Ay LY RALl Qa F2NBad
that has previously been overlookethis studyighlight the complexities of climate changéects

on forestsin Indig the emergingclimatic trendsthat may cause risks to foresn the future and
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analyses the relevance of velocity metrics in tropical forest systtams, the findings are discussed in

relation to the research questions.
Has climate change contributed to past forest loss in India?

Our analyses show that there argrsficant correlations between both temporal trends and velocities

of climate variables with increased forest loss in India. Unexpectedly, and contrary to the literature,
temperature decreases arstbwer warmingvere generally correlated with greater forésss, despite

much of the countryvarmingup ton ® n pyst and giverthe knowndetrimental effects that warmer
temperaturescan pose to foreststhrough drought stresgBonan, 2008; Chaturvedi et al., 2011,
Gopalakrishnan et al., 2001 Though the mechanism behind this relationship is unknown, as
deforestation and encroachment have been prevalent in India for many years, much of the forest exists
at higher elevations where temperatures tend to be codlée trendis also likely &icted byhigh

forest loss in the Band CNEwherethere is aranomalouscooling patch, thought to be caused by a
growing aerosol hazgRos<t al, 2018) Many studies contrastingly predict temperature increases in
these regions and expedbrests to be adept at coping with warmii@haturvedi et al., 2011;
Ravindranath et al., 20Q%ur research suggests agealuation othe climate threats to forests in this
region given the substantial cooling. Although cooler temperatures in the tropics are not thought to be
a direct threat to forests, there is the potential for indiretfiects caused ypadditional pressure on

peoplein the region e.g., reducing agricultural yields or inducing additional fuelwood collection.

Relationships between precipitation and forest loss were also common in both the national and regional
models, though the trends were highly variable both redip@ad seasonally. Precipitation decreases
and faster velocities were most associated with increased IoBsisstrend was strongest the Ng
EHRand Northern Western Ghats, but did not appear as a correlate of forest lossrigspeetive
regional malelsas drying spots occurreshthe borders betweemegions Precipitation increases were

also associated with increased loss in some regions. This has been found in othef\ardigsret

al, 2020; Neumanat al, 2017)and although appearing counterintuitive it can arise due to increased
competition after forest growth spurt€Conditet al., 2004; McDowell, 20183nd the decoupling
between precipitation and soil moisture which, in areas of groundwater depletion like NW India, is

common(Zaverkt al.,2016; Condon and Maxwell, 2019)

Mapping of trendsn areas of high forest loss (<20Rrin the country revealed that most experiext
reductions in precipitation, particularly during the poginsoon and winter seasarend year round
in the NE and EHR regiofhis is concerning for future forest persisterneih adequate precipitation

and soimoisture often critical for forest grow{{$eidl et al., 2017The models in this study are unlikely
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to capture these trends due to the regional separations. These findings also contradict previous studies
that predict the NE region to get wetter and generally positive effects of climate on forest growth in
the regon (Chaturvedi et al., 2011Additionally, rany areasof the countryexperience warming

winter temperatures coupled with reduced precipitati@f particular concern are the Western Ghats

area and the Hilly region, both areas of conservation importance and high endemism. These results
support previous studiegetailingforests in these regiorte be a high risk of climate change effants

the future (Chaturvedi et al., 2011; Ravindranath et al., 2005; Sharma et al., 2015; Upgupta et al., 2015)
Importantly, though warming and drying conditions were most common in high loss actaall
experience this type of climate change. The nexus between the CNE, WC and PEN hotspot at times is

both cooling and getting wetter.
Are there seasonal and regional variations in the cliffaatest loss relationship in the country?

Regionally the way climate affedtforest loss varig greatly, both in the amount of exposure to
different variables and in the effect directions of relationsl#psests in some regions, such as the NW,
had a greater variety of climate variables coteglawvith forest lossHere, high seasonal variation in

the climatevariables associated with forest loss cowdduire different strategiedor conservation
throughout the year to tackle potential winter droughts and summer flooding. With some of thé lowes
amounts of forest cover in the country due to its aridity, even small losses have large implications for
overallforest cover. Thse analyses suppopredictons of the high vulnerability of remainihgV
foreststo climate tiangeqChaturvedi et al., 2011; Das & Behera, 2019; Gopalakrishnan et al., 2011)
The NE where loss ikighest, was only associated with one climate varidble.regions thoughtto

be largely resilient to projected climate changes due to lower exposure, and more resilient forest types
(Chaturvedi et al., 2011; Gopalakrishnan et al., 2idwn for its high levels of shifting cultivation
andagicultural encroachmenflLeleet al, 2008; Lele & Joshi, 2008)nd use change and other factors

likely still play a ma role in forest loss here.

Every season appeared as a correlate of forest loss in the models and there was no clear dominant
season that affected forest loss. The diversity in seasonal contributions to forest loss between regions
highlights the diversjtfound in climate and forest type across the country and illustrates the array of

challenges forests in the country could face if seasons show diverging trends.

Precipitation trends fluctuated more than temperature throughout the year, varying greatasgn,
which species may find harder to adapt to than a unidirectional climate change. Interegtiagly,
fastest velocities and largest changes in precipitation occinrdiferent seasongp(e-monsoon and

monsoor) to those of temperatureppstmonsom and winte). Though this result coulgrovide
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seasonal respite from overlapping high velocitienitid mean that forests are exposed to potential
year round climate stres$n addition, the analyses revealed several occurrences wddjaeent
seasons ad diverging trendshat may upset processes of growth and reprodugtias existing
evidence shows that seasonal climate patterns can impact plarology in subsequent seasons
(Chen., X et al., 201Cpok et al., 2012; Harvey et al., 2019; Laube,62@13).

For management strategies to be effective, they will need to be able to evolve with the seasons, be
regionally specific and account for difficult transition peridtie. variation found in this study provides
evidence for a need for a diverse rangf strategies not only throughout the country but also

throughout the year.

Are Indian forests exposed to high and overlapping climate velocities and is forest loss greater in these

areas?

Forests were exposed to high velocities of both climat@bles, and fasterelocities were found to

be correlated with areas of higher forest losisethe modelsHowever, &ster velocitieslid not always

denote more forest lossA key exampleof this isthe relationship between negative monsoon
temperaturevelocities and increased loss. With no occurrences of declining monsoon temperatures,
only lower increases, veladeis must be indicative alower increases in temperatirAs such,tiis

likely that high velocities are not sole determinants of foress.lthough the relationship between
higher velocities and forest loss is not always detrimental, it is promising that no high forest areas had
yearround exposure to high velocities. Further research is needed to understand when high velocities

become detimental to forests.

Encouragingly, overlaps of fast climate velocities of temperature and precipitation were uncommon
and generally covered small are@kis supports other studies that have shapatial heterogeneity

in temperature and precipitation vedities(Garcia et al., 2014; Heikkinen et al., 2028 exception

in the Northern Western Ghatsould be concerning due tondreased drought and fire risk in area

that covers seven protected areasithin a biodiversity hotspotand is already threatened by
encroachment by agriculture and extensive fragmentatihra et al., 2000; Sharma et al., 201%)
addition,all three of the forest loss hotspdtentified by this studyeceivel singular high velocities at
some point during the yeawith the Northeastand eastern Hilly regisrexperiening some of the
fastest negative precipitation velocities in every sea$iois prolonged exposure to rapid changes in
climate could mean that species here are under additional pressure to move or adapt to climate sooner.
The Northeast and eastern Hilly regions host some of the most biodiverse forests in the country

(Chatterjeeet al.,2006; Lele & Joshi, 2009) and fast velocities of changing climate here to add stress to
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speciesalready experiencing high levels of threat from land use change (Lele & Joshi, 2009;

Ramakrishnan, 200.7

Precipitation velocities Y L Y R A, fefsiallyF-B0&EB yr' (m&re much larger than those recorded

for temperature, which were 0.6km Yyrat their fastest. These precipitation velocities are likely
unattainably fast even for far more mobile species than trees, which under ideal conditions are
expected to move a kilometre a year at b@sorlett & Westcott, 2013)he velocities recorded for
precipitationin India(annual mean at 3.98km¥rare high compared to other studies including the
global mean of 0.22 km¥(Kosaniet al, 2019; Loarie et al., 2009; Vandelebal., 2013)However,
velocities of temperaturan the country(annual mean at 0.029km¥jrare much lower thathe global
average of 0.42km yr(Loarie et al., 2009; Vanderwal et al., 2013yr results, suggest that
precipitation velocities may be greater in the tropics than those in temperate regions but the same may
not be true for temperatureFor species capable of trackinghelie, precipitation velocities could be a
great concerras the speeds in which species would need to travel to reach their preferred climate may

be too quick to traverse.
Ity OtAYF(GS @St20A08 LINRPOSARS I RRAGahgy It dzy RSNAEG!I

This study found the metric of climate velocity to provide additional information compared to
traditional temporal trend analysis as it provides a measure of, and a suggested repercussion of, the
spatial variability in the climate variable of interestielDéint relationships between climate change and
forest loss were found in India due to the effect of the spatial gradient and, if forests respond in the
way that the velocity mechanism expects, climate velocity should be an impoadapionent of
managemedd LJX 'y F2NJ LINPGSOGAY3I LYRAFIQa F2NBadaod ¢KS
vulnerability of areas to future climate change and the utility of protected areas in the fétafel(

Dalmau et al., 202@uentesCastillo et al.2020). Areas wdre climate velocity is low ati&ely to be

key refuges for many species in the future and management strategies should take this into account
and ensure these low velocity areas are as protected from multiple threats as possible. Additionally,
climate vdocity can identify areas that are climatically heterogenous and are key refuge areas for
species. Ensuring that there are corridors between high velocity, spatially homogenous areas, and low
velocity, heterogenous refuges could help many species tranbidittveen climatically unsuitable or
rapidly changing areas to more suitable, refuge sites as well as ensuring protected areas are large
enough to provide a variety of climate conditions for spe@at{Moraleset al.,2018. The majority

of the proteced areas in India do not fall within the high velocity areas for either precipitation or
temperature (Figure§ & S8).This is promising as they lie in potential refuge areas for species and the
protected area status may relieve pressures from other siresaich as land use change. Many of the
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areas with a higher coverage of protected areas, such as the Western Ghats, are also in mountainous,
and therefore climatically heterogenous landscapes, offering more prote&ritn-Moraleset al.,

2018 Loarieet al.,2009. However, it is concerning that there appears to be few protected areas in
locations of high climate velocities, such as the central areas of the PEN region and the PEN, WC & CNE
nexus. The lack of protected areas across these more expasdioihs could mean that there are not

the ecological corridors available for species to adjust their distribution safely with climate change.
LYRAFIQa blaA2ytrf . A2RAGSNEAGE ¢ NBSG ¢ FAYSR
protected areas bg020 CBD 2019. According to the ENVIS reports (ENVIS, 2020), India fell short of
thistarget in 2020 reaching just 5% coverage in protected areas (including areas protected under lower
protection status such as WildlifedReves). The results from our study could help to inform placement

of new protected areas to reach the 20% target with climate change trajectories in mind.

We find climate velocity to be a valuable metric, especially when used at a large scale where it can
identify areas where the speed of climate change could be a concern for species persistence. However,
this metric is known to lack biological realism at present and there are several caveats to its efficacy in
indicating species vulnerability to climateange (Brito-Morales et al., 208, Carroll et al., 2015;
Hamann et al., 2035In particular, we note concerns around comparing temperature @awigitation
velocities. Absolute values of precipitation will usually be much higher than temperature but their
values are not comparable in terms of effect on species. Additionally, the fastest velocity in this study,
-97kmyr?, was located on a mountapateau, a small area of low spatial gradients but surrounded by

a myriad of valleys (potential climate refuges). We stressathaty area of future study should be
assessing the biologically realism of the spatial gradient aspect of climate velodityg spcifically

for forests before using this metric to obtain realistic estimates of forest species risk. We also stress
that this metric should be integrated with more biologically realistic parameters if used in future

modelling studies.

Despite theseaveats, the metric has provided additional information on the general climate risk of a
region not possible from conventional temporal trend data. It highlights areas of continuous
homogenous climate which may have reduced opportunities for specieadtalfimate refuges,
particularly evident for temperature in India where the spatial gradient was considerably lower. This
can be useful in planning areas for ldagn conservatiorfHeikkinen et al., 2020; Loarie et al., 2009

It is also meaningful when considering the breadth of speeliast and relied on by tropical forests

that are capable of moving to more climatically suitable, available areas.

Methodological onsiderations and future directions
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This study provides novel insight into the potential climate variables leading to forest loss in a
tropicalsubtropical system with a uniquely national focus. However, there are associated limitations

that arehighlighted below to enable improvements in future studies.
The use of population density as a land use proxy

Previous studies have shoWwnman pressures, such as increasamgl use changgasa major cause

for forest declines in Indigupta, 2007; Meiyappan et al., 2017; Padalia et al., 2019; Sudhakar Reddy
et al., 2016)and a likk between population density and land use changes associated with forest loss
(Kale et al., 2016; Palchoudhuri et al., 20tByherpopulation densieswere expected tancrease
pressure on forestesourcedeading to more losgfowever, our results, using the proxy of population
density, do not support thig§dthough higher population densities dileelyto put additional pressure

on forest resourcesnany densely populated areas have little deover left resulting in logEcurring

further from the source of the demangeographically uncouplgthe relationship between population
density and demand on forest resourcEsrest encroachmertias also been linked to other socio
economic driversuch asout-migration of labarers and infrastructure such asirrigation facilities
(Meiyappan et al., 2017As population density does not account for these factors and showed a
relatively small effect on forest loss in the models, the contribution of other human pressures e.g., land
use change and infrastructure, to forest loss trends remains andgpestion. Future studies will aim

to investigate the relative contributions of both human pressures and climate change in conjunction to
forest loss in Indiaa SG NKA 0a &dzOK Fa GKS WldzyYly LyFtdzsSyoOS

(https://sedac.ciesin.columbia.edu/data/set/wildaregshumaninfluenceindexgeographiy  may

better capture the trends needed by this analysis as they account for a rangaropagenic factors
including population pressurbuman land use and infrastructure, and human access (e.g., roads and
rivers) Currently the dataset only spans 19484, a temporal length that is too short to support the
timescale of this analysis cently, and quite a large spatial resolution (1kbjt should be a
consideration for future studsealongside developing similar metrics with a longer temporal scale and

smaller spatial scale that can capture the variety of human pressures.
The importance fospatial and temporal scale

These analyses find that trends are misleadihgn focusing solely on annwdilmate averages. This is
particularly the case for precipitation, where seasonal variation is masked in annual averages by strong
opposing monsoondftends. Focusing solely on annual averages in this ségdy in concludingho

effect ofclimate on foreslossin India This has repercussions suchiaderestimating future projected
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lossesdismissing interactionsith other stressors and missed apgunities for protectionWe stress

that in countries with high seasonality, using seasonal data is necast@yery least.

We alsohighlight the importance dfitilising an appropriatspatial scale in larggcale aalyses The

results obtained for ational and regional models differed greatiythis studyUse of regional models
highlighted large variation in climate drivers of loss across India but also separated climatic trends and
contiguous areas of foresthis is of particular concemmthe border districts of theCNE, WC and PEN
regionswhich contained contiguous areas of high forest losshamdogenousclimatic trends, but

which were segregated in theegionalmodels potentiallylessering the impact ofclimate trends

observed.
Lag times and contribution of plantation forests

Forestsoften have lagged responsteschanges in climat@ertrand et al., 2011; Tei & Sugimoto, 2018)
However, these can be highly variable betweerciggeandhere is no clear consensus the length

of such lag¢Bertrand et al., 2011; Corlett &estcott, 2013; Kosanic et al., 2019; Liang et al., 2018)
Therefore, it was difficult to account for without detailed corigpécific informatiorat the species
level and as such lags were not considered in this sthdyfolest data used in this stywalsodoes not
discriminate between natural and plantation forests known concern with forest data in India
(Puyravaucet al, 2010) Some losses recordeih this study are possibly due to harvesting of tree
plantations and not natural forestButure studies would benefit greatly from the creation of forest

cover mapshat can distinguish between natural and plantation forétsyravaud et al., 2010)
Conclusins

We show, for the first time, that climate change has played a role in past forest lossamdingliavide

the first characterisation of climate velocity in the country. We highlight a concern for future forest loss

due to emerging drying trends atige locations and magnitudef singular high velocitesy LY RA I Qa
remaining forest strongholdghis study highlights thessues around spatial and temporal scales

leading to misrepresentation of climatic contributions to forest losses, particinartplogically and

climatically diverse systems likalia. Although this studghows climate to contributeto Y RA I Q& F2 NB
loss it also supports that other stressorsarticularlyland use changdikely still play a major role. As

climate changes becomeame extreme, an understanding of how stressors interact will be of
paramount importancé preservind. Y RA I Qa ¥ 2 NB anlightoffhis, fldukeztBdles8AUE A ( & ©
aim to quantify different aspects of the climdtgest relationship in India, picularly the response of

different tree species to climate, prevalence of extreme events e.g., drought, interactions between

climate and other stressors, the lag time, and the effects of clinatdéed forest loss on other aspects
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of biodiversity withirthe country.Studies, such as this, where other drivers of forest loss are explored
can help to inform conservation policy and practice on a national and regional level, leading to more
successful and cosffective management programmes, especially iasaté changes become more

prevalent.
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2.7 Supplementary Material

Table S| List of excluded districts due to having less than 02ddfiorest cover at the start of the

study period

District State District Areal Forest Forest Percent  of

(kn?) cover loss total forest
(k) (kn?) cover lost (%

Churu Rajasthan 17075.11777 0O 0 0

Jaisalmer Rajasthan 38637.6099 | O 0.002054| 0

Bikaner Rajasthan 26965.39559 0 0.002723| 0

Jodhpur Rajasthan 22842.40267 4.49E04 | 0.015823| 1.00E+02

Patan Guijarat 6026.347964 0.0016362| 0.011306| 100

Barmer Rajasthan 28372.88001] 0.0028321| 0.006959| 100

Hanumangarh | Rajasthan 8912.642101 0.006607 | 0.01745 | 100

Nagaur Rajasthan 17676.90422 0.012381 | 0.015812| 100

Yanam Puducherry | 31.65915537 0.0436975| 0 0

Sirsa Haryana 4236.292792 0.0721095| 0.022118| 30.67348159

Hyderabad Telangana | 178.6037918 0.0725725| 0.024237| 33.3963124

Bhilwara Rajasthan 10469.55369 0.0764671) 0.039023| 51.03189784

Ganganagar | Rajasthan 11679.58236 0.0856024| 0.104419| 100
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Biomes of India
[ Deserts & Xeric Shrublands

[ Flooded Grasslands & Savannas

I vangroves

[ Montane Grasslands & Shrublands

[ Temperate Broacleaf & Mixed Forests

[l Temperate Conifer Forests

[ Tropical & Subtropical Coniferous Forests
[ Tropical & Subtropical Dry Broadleaf Forests

Monsoon Regions of India

[ Central Northeast (CNE)
I Hilly Regions (HILLY)
[ Northeast (NE)

[ Northwest (NW)

8 Peninsular (PEN)

[ Tropical & Subtropical Grasslands, Savannas & Shrublar
[ West Central (WC) el P .

[ Tropical & Subtropical Moist Broadleaf Forests
I wA

FigureS] Left panel:The six monsoon regions used in my study; Northeast (NE), Northwest (NW),
Central Northeast (CNE), West Central (WC), Peninsular (PEN) & Hilly. The map was created to display
the Homogenous Monsoon Regions of India outlined by the Indian Institute ofalidgteorology.

Right panelThe ecological biomes of India. Most of India is located in the biomes of Tropical and
Subtropical Moist Broadleaf forests, Dry Broadleaf forests and Deserts and Xeric Shrublands. The map

is a clipped version of the global ext created byDinerstein etl., (2017)
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pre-monsoon (blue) and winter (pug)
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FigureS3 Trends in seasonal total precipitation (mm) across all six monsoon regions for the time period
2001-2018. Different seasons are depicted as individual lines; monsoon (rednqusbon (green),

pre-monsoon (blue) and wintépurple)
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FigureS4| Population density change (people perkivetween the years 2068020 in the districts

of India. The thick black lines show the borders of the monsoon regions.
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FigureSq Top panel: The forest cover in kof each district in India in the year 2000iddle panel:

¢KS LISNOSyidG 2F SIOK RAAGNROGQA T 22NIB.3Battonda@B NI G K I
The total forest lost in each district between tears 2002018 inkmdi® a dzOK 2 F G KS 02 dzy (
cover is located in the Northeast and along the east and southwestern coasts. The highest percentage

of forest cover lost are spread across the country with hotspots in the Northwest and Northeast. Total

forest loss is greatest in the Northeast, central west coast and southwestern areas, where forest cover
is also high.
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Figure S8Pistricts with forest losses >20kuduring the time period 2062018. Green dots indicate

the central point of a district #t had a forest loss area greater than 28kiaring the timeperiod
2001-2018. The three areas of high forest loss are highlighted with blue circles. Protected areas are
marked in red (UNE®R'CMC & IUCN, 202Biodiversity hotspots are marked as bfilled inareas
(Hoffman,et al., 2016)The map is split up into the homogenous monsoon regions and hashed districts
display those excluded from the study.
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2018. In a clockwise direction the seasons depicted are as followsjops®on, monsoon, post

monsoon and winter. The black outlines show the borders of the monsoon regions.
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FigureS1Q Seasonal precipitation temporal trends in mm/year aétedistrict for the time period

2001-2018. In a clockwise direction the seasons depicted dml@s's pre-monsoon, monsoon, post

monsoon and winter. The black outlines show the borders of the monsoon regions

Table SR The range and averagelues of precipitation and temperature velocities of annual and

seasonal variables.

Season | RangefPrecipit| Mean | Range | Rangeof Temperature| Mean | Range
ationVelocities Velocities

Annual | -13.752¢34.32 | 3.981 | 48.072 -0.321¢ 0.298 0.029 | 0.619
0

Monsoon | -10.152¢41.38 | 4.881 | 51.54 -0.010¢ 0.272 0.118 | 0.282
8

Post -14.550¢ 11.25 | -0.903 | 25.804 -0.725¢ 0.440 -0.090 | 1.165
monsoon 4

Pre -97.586¢ 13.08 | -0.008 | 110.672 -0.334¢ 0.403 0.042 | 0.737
monsoon 6

Winter | -16.458¢19.03 | -0.589 | 35.492 -0.606¢ 0.489 -0.025| 1.095
4

90| Page




TableS3 The range andneanvalues of precipitation and temperatuspatial gradientbetween

seasons
Season Temperature Range (Mean) | Precipitation Range (Mean)
PreMonsoon 0.1-0.38 (0.128) 0.1-4.63 (0.549)
Monsoon 0.1-0.33 (0.125) 0.1-19.40 (2.271)
PostMonsoon 0.1-0.36 (0.126) 0.1-5.13 (0.383)
Winter 0.1-0.36 (0.127) 0.1-:2.30 0.203)
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Chapter 3: Dynamics of forest change and
the contribution of agricultural

development to forest loss in India

Atea plantation within the Nilgiris, Western Ghats, India.

SourceAlice Haughar (dzil K2 NR& 24y
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3.1 Abstract

India has experienced high rates of forest loss for decades, largely as a result of cowhrivedity
deforestation related to agriculture. Pastii dzZRA S& YI NJ SR I RSOfAyS Ay RST
however, few studies have characterised forest change on a large scale following this and little is known
about whether agriculture is still the main cause of forest loss in the countrye3é@ah examines

the trends in forest change across India during the period-2099, at two spatial scales: national and
regional.Land cover change detection analysis was usedettespatial datasets of land use change

and forest loss and gainkinear mixed effects models were used to investigate the relationship
between forest loss and types of land cover conversions to ascertain whether loss was predominantly
associated with agriculturhlased land cover changes other land cover types. The clepfurther

uses the data to characterise which forest types are most at risk to different land cover changes as well
as which have gained the most area coverage over the time pétiedindings show that despite

losing 6.2% of its forest cover over @ years, India is experiencing net increases in forest cover by
the 20152019 period Large increases in forest cover, in all regions, during the-ZI% period
overrode net losses that were predominant prior to 2015. Forest loss was not consisteatagrons,

and in contrast to previous studies, these results indicate that forests in the West Central region were
most at risk. Forests in this region continuously experienced the highest losses, losing Zms88km
forest than the next worst affected region. Forest loss was not consitergs forest types, where
broadleaved deciduous forests lost disproportionately more forest cover. Agricodtseel land use
changes (particularly mosaic cropland) were thimary cause of forest loss across the country, but
their contribution declined over time. There was a notable shift towards increases of forest being lost
to natural land covers which provide novel indications that the primary cause of forest losgisghan

to natural land covers such as mosaic vegetation, shrub and gras€damdsdings have potentially
positive implications for forest cover and biodiversity in the country as forest cover increases but we
stress concerrover the level of forest losstill occurring despite gainsWe further highlight the
importance of regular monitoring of forests at different spatial scales and suggest that forests in
different regions and of different types will require different management strategies to conseme t

' YRSNEGFYRAY3I GKS GNBYR&a IyR OlFldzasSa 2F FT2NBaid OK
remaining forest resources, upon which high levels of biodiversity and rural population depend on.
3.2Introduction

India has experienced high eatof forest loss for decad@é<sleet al, 2008; Royt al, 2013) Between

1930 and 1975, an average q¥@0knt of forestwere lost per year- a grossannual rate ofoss of

0.77%(Sudhakar Reddst al, 2016. More recent estimate¥ N2 Y ( KS @fledtd adontimueudp n Q a
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but lowerloss rate 00.35% Keiyappan et al2017). After the 1980 Forest Conservation &atl other
FGdSYLIia oe GKS D2OSNYyYSyid GKNRdzZAK2dzi GKS tF34S
agriculturealongside reforestatiofGupta, 2007; Sudhakar Redxyal.,2016) the rate of forestoss

was further reduceddropping to a ratef 0.07% during 1998005, and with evidence of reforestation
occurring in some aregédhikari et al., 2015; Kundu et al., 2015; Padalia et al.,.2068)regionsin

the countryshowedlower deforestation rats by 2005,with the excepton of the northeastwhere

forest loss remained higlfsudhakar Reddy et al., 201Bgspite these changedeforestation is still

occurring at unsustainable levelsnd d a faster rate tha reforestation (Adhikari et al., 2015;
Puyravaucet al, 2010; Sudhakar Reddy et al., 2056 many forests continue to display increasing

levels offragmentation (Wakeel et al., 2005; Pandit et abpZ; Roy et al., 2013).

LYRAFQa F2NBada | NB y2il odndendedisChitdleetalN20KALEIK SO S
etal,2008 ¢ KS O2dzyiNE Aada K2YS (2 yhdpomds el aslinip&tant 2 NI RQ
refuges for populations of charismatic species such as Bengal tiger and Indian ERgutelid et al.,

2019; Puyravaud et aR010) Approximately 247 million people are dependentoyf R forkese dor

survival (World Bank, 280FSI 2019)ith two-thirds of the populatiomelyingon fuelwood for cooking

(Davidar et al., 2010; Puyravaud et al., 2@t@) forest products such as food, fuelwood, fogddad

timber beingthe sole income for many ruralhabitants Faest loss in India has been shown to directly
negatively impact biodiversiRaman, 2006; Pandit et al., 200aMd reduce the numbers of medicinal

and economically important speci@i@andit et al., 2007; Roy et al., 2Q1&)d fuelwood and fodder
yield(Wakeel et al., 2005While reductions in forest coveragen improve accessibility across regions,

loss has led tancrease risk of desertification, flooding and local climate change in the country
(Bhattacharjee & Beherd017; Nayak & Mandal, 2019; Sen et al., 2004)

Landusechange is recognised as the primary causrast loss and the types of land cover that
replace forests vary across the courfifyakeel et al., 2003udhakar Reddt al, 2016. While $ifting
cultivation, logging and mining play a large role in Nogtheast expansion of plantations and
agriculture are significant in the Western Ghats and Himalagsad agriculture, logging, and
infrastructure developmerdre the leading causes of f@aelossin the Deccan platea(Kundu et al.,
2015; Lele & Joshi, 2009; Reddal, 2013. Nationwide,croplandexpansion and shifting cultivation
are recognised to bihe biggest drivers of forest lo§Supta, 2007; Meiyappan et al., 2017; Padalia et
al., 2019; Sudhakar Reddy et al., 20MBiyappanet al.,(2017)showed that nationally forest was
predominantly lost to cropland expansion amgs more at risk in areas wheagriculturalyields were
low, due to lack of irrigation facilitiespil degradatiorand a shortage in agricultural workers. Lower

yields led to communities seeking out mamad to cultivate alongside alternative incomes, often at
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the expense of forests and their resources, this has been shown as a concern on a glofehGcale
2020) Agriculture is likely to remain a significant driver of loss considering ¢hah andustry it
accounts forl4%20% of GDPBana & Gautam, 201Zaveri et al., 2018) SYLJX 28 & BHp x>
workforce, and it is the primary income source for 70% of rural households in the q@udry2020)

It is clear that forest los® ithe country is intrinsically linked to the welfare of agriculture in rural

communities

Recent evidence suggests that certain types of forest are disproportionatehVbdstdlet al.,2005
Puyravaucet al, 2010. Royet al., (2013)focused on forest fragmentaticat the national scale and
found thatsubtropicaldry evergreen forestand mixed formations had some oktlowest levels of
fragmentation, potentially as a result of increased institutional and social protectod, the
prevalence of this forest type inaccessibléocations On the other hand, moist deciduous and dry
deciduous forests had some of the lasgg@ercentage of their coverage under medium to high
fragmentation. Several forest types with high fragmentation, such as tropical-lbeatl and dry
deciduous forests, harboured high levels of endemism and are important for biodi(emsitet al.,
2013; Utkarshet al, 1998; Wright, 2010) Contrastingly, ther studies have alsashown
disproportionate losses in different types of evergreen forests. For examglee southern state of
Tamil Nadu, most loss has occurred in tropical dry evergreen forests along tis¢Roastvaud et al.,
2010) In central Himalaya, due the revenue that pine resin providdse local governmentpine
forests (needleleaved evergreenjvere foundto be more intact and better protected than oak
(broadleaved evergreefiprestsand evidence suggests that generally brteaved forest types are
more at risk due to their versatility in produce (fuelwood, timber & fodder) and the suitability of these
forest types for livestock rearir{@inghet al 2016; Wakeel et al., 200Fjuture predictions for forest

type distributions in the country predict a general shift from tropical dry deciduous species to tropical

wet evergreen species, as well as an increase in the distribution of wetter forest types in response to a

predicted warmer and wetter climate across o the country(Chaturvedi et al., 2011; Ravindranath

et al, 2005) Todate, nost studies considering forest type have been satalle regional studieand

the last national study to consider forest tywhen assessing humatmiven forest losses focused on

loss during only two seasons in 266 (Roy et al., 20135ince differentypes of forest support
different species, harbour different levels of biodiversity and have ditferg@ntsin the country, the
identity of forest being loss a key knowledge gap that needs to be addressed to determine tkweats
biodiversity Since climate changes are predicted to impact certain forest types, an understanding of
the types at risk &m land use changes will facilitate understanding of which types are threatened by

multiple stressors.
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Currently, there is substantial regional bias in studies focusing on forest changes within India. A high
proportion of studies are conducted areas with high forest cover and biodiversity, such as the
Western Ghats, Himalayasy R LJ- NI A Odzf N @ (GKS b2NIKSFad NBIA2y
located alongside some of the highest rates of loss, despite remaining largely inaccessitile unti
1990s (Kant and Katwal, 2003; Led¢ al, 2008; Lele and Joshi, 2009; FSI 2028alyes of
deforestation trends in other areas of the counding sporadic.Central regionsthe Deccan Plateau,

and Eastern Ghatsave beenargely overlooked, despite containing important habitat corriéois

high levels of forest fragmentatiofiPadalia et al., 2019These regions also tend twave lower
protected coveragandsubsequently have increased vulnerab{lRyyravaud et al., 201,s well as

having been subject to extreme forest loss #otong time due to being in more populaegions but

are underrepresentedn the deforestation literature. Sevesahaltscale (district or watershed) studies
during the early 1990s and 2000s (Reddy et al. 2BIE3yappanet al.,2017) investigate rates of
deforestation displaying high variability across the country; for instance, a review byeRad@p13)

showea someNortheastdistrictsto have a net deforestation rate of 0:829% per year, the Himalayas

a net deforestation rate between 0.1B69%, the Western Ghats between 01034% and the Deccan
peninsula 0.18.2% but highlighted that different methodofpes between studies often result in
widely dissimilar estimateshdsesmaltscale studies provide useful insights into regional gaps in the
knowledge of forest loss trends bdb not scale up to show the dynamics of forest changes in the
country at large scales (e.gnational)and limit our understanding of where forests are currently at

risk.

Research on the extent of national forest loss has been declining and very liftteussesl on forest
change in recent periodMany studies took place duringet peak of the forest loss and just after the
1980C2 NBaid /2yaSNBIFiGAz2y ' OG ¢6la SylFOGSR® ¢KAA LINEP
between 199e2005and many recent studiesill focus on this perio@Adhikari et al., 201%t al, 2000;
Meiyappan et al., 2017; Wakeel et al., 200%pwever, the number of studies on forest loss in the
country have been declining and very few hiavestigated land use changasderpinningorest loss

in the last 10 yeard.he most recent study, which looks at forest change between-2988, showed
that deforestation rates were still high but declining with tirfieding that agriculture remained the
primary cause of forest Issicross the country in the later perid@sidhakar Reddy et al., 2016)that
study, Sudhaker Reddy et al., (2016) re@utd 28% loss in forest coverage between 1930 and 2013,
but with considerably lower average annual rates of loss at 0.07% by the perie20DE)%zNnd 0.05%
during 20052013
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The only regular source of forest datdndia isthe biennial State of the Forest report conducted by
the Forest Survey of Indidhese reports have showatincreases in forest cover nationally and across
many areas of the country since 20b8ying to reforestation schemef %l 2017, 20)9There has,
however, been longstanding controversy over dlseuracyof these reports, which regularly monitor
the forest but struggle to distinguish between natural forests and plantatsaveral of the reports
attributed many forest gains to increaseglantations€.g., FSI 2001, 201which are known to have
lower conservation valu@giorak et al., 2019; Kanowskial, 2005; Martello et al., 2018; Phommexay
et al, 2011) Many are concerned that these reports currenblyer-inflate the forest coverand
subsequentlythe relevance of the FSI repogeedisputed in relation teonservation ohatural forests
(Ravindranattet al, 2005 Puyravauett al, 2010; Roy and Joshi, 2010; Sudhakar Retdaly,2016)

The lack of recent studies, the existence of regional bias and focus on small scale research has resulted
in only minimal understanding of forest change on a nationa ¢iralvhich policies often act om)

recent times Questions remain around whethdeforestation rates arstill slowingwhether the main

cause is still agricultuieased and if certain types are forest are at greater ridkis research aims to

answer the following questions:

1. How has the area of forest chattpver 24 years between 1995 and 2019
2. What land covers are associated with greater forest losses?

3. Are the drivers of loss different for different forest types gadgraphicategions?

Follaving trends in the literature, whypothesisethat forest losses will be decreasing across the
country, whilst forest gains will be increasing. Due to the high dependence on agriartlithe
historical risk agricultural expansion poses to forests éncthuntry we predictthat conversion to
agriculturewill remain the largest cause of forest losses. As the type of forest present is often highly
locationtdependent and each type can provide different material benefits to people, we predict that
the propation of forest lost will not be consistent across forest types. Finally, due to differing social
and economic stressors alongside differing extents of forest cover, we predict that forest loss will not

be homogenous across regions.

3.3 Methods
3.3.1Quartifying forest change

Global land cover data was obtained from the ESA CCI Land Cover(p20ject199582015)and EC
C3S Land Cover project (v2.1.1 20069)at the spatial resolution of 30Qnfhe land cover data was

clipped to the borders dihdia using QGISdrsion3.16.0).The EC C3S product was designed to be
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consistent with the ESA CCI dataset and as such, both iterations of the landroduet utilisethe

FAO Land CovelaGsificatiorSystem(Di Gregorio, 2016fseeTable S Land cover change was then

defined for a full 24/ear study period (1998019) and also fivgear intervals19951999,2000-2004,

20052009, 20102014, 20152019 & 19952019 (full study period) using theand Cover Change

function from the SerrAutomatic Classification Plugin6.4.5 (Congedo, 20B) in QGISPeriods of

five yeais were chosen to capture changirggeneral trends while avoiding smaller inteannual

fluctuations Pixels where forest had been lost or gained were extracted from the land cover data using
YwSOtlaaAaAfe oe& (FoftSQ FdzyOiAaz2y FNRY GKS vDL{ wl 3

The geographic coordinates (centre of the pixel of interest), administrative divisions of state and
district, monsoon regioriprest type, and the land cover change category associated with the change,
were extracted for each forest loss and gain pixel usiegtGIS Point Sampling Tddle categories

of land coverchange werdater simplified from those outlineth the FAO classification systemoi

eight categoriescropland,mosaic croplangpart cropland, part tree/shrub/herbaceous covegtural
mosaicqpart tree/shrub, part herbaceous covanjbanareas other tree types, lsrub andgrasslands

& water bodiesThe full details of thieclassificatiorare available ifable S1

Aggregated metricsvere then calculated, firstighe total forest loss andotal forest gain areas per

district. Thisis the totalarealost (or gained) without taking into account forest gains (or los&es).

Nbzt S 6KSNB WwWodhz2aGrFfto FT2NBad t2aaQ 2N wodzalrto 7
Secondly, tanetchange in forest cover for each districs calculatednd aggregatedationally and

regiorally. The net change is defined as the total forest gains minus the total forest losses, resulting in

a representative change in forest coaacounting for both losses and gains. Where net chaage,

reported it is labelled as such to distinguish it from the total area lost or gained

Finally rates of forest loss and gain for eathhe periodsat two spatial scalg®ational and regional
were calculatedollowing the methodology from Puyravaud (2003) and using the formula:
0

LA
& o2 ap

where r is the annual rate of loss or gain, t1 is the first year of the period, t2 is the last year of the

period, and al and a2 are the totaldes or gains at time t1 and t2 respectively.

Climate is highly variable across the country, and this has considerable impact on the distribution of
forest type and land covéKumar & Scheiter, 2019)o0 account for thisggional data was based on

the breakdown of the country inttomogeneousnonsoon regiongRegionaboundaries wersourced
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from Indian Institute of Tropical Meteorolofyr the six regionsCentral NortheasCNE, Northeast
(NE) Northwest(NW) West Centra]lWWC) Peninsula(PENRaNnd Hilly regiong=gureSJ).

Analyses focused on mainlasthtes and districts with >0.1 Rrof total forest cover (Table S2).
Subsequently, hirteen districts, predominantly from the arid and xeric shrubland regions of the
Northwest, and island union territories warecluded.These 13 excluded districts covdiland area

GKFG | 002dzyiSR podTto: 2F GKS G2Grf fFyR FNBI Ay

addition to those removed for low levels of forest cover.

In the previous chapter, forest loss data was obtained from the Global ForegeCGlsasetflansen

et al., 2013 However, when used in conjunction with the land cover data for this analysis discrepancies
between forest classificatioand other land cover categories (particularly shrubland) in the two
datasetanade them incompatiblend hence the land cover data was used for both forest cheamdje

other land cover changd@he differences between these two datasats discussed in more detail in

the thesis discussion.
3.3.2Determining the land use changes driving forest loss

Linear mixed effects modeisere usedto understand the relationshipetween forest loss and land
cover conversion type. These models included total area of forest Ig$t¢k@ach land cover type per
district as the response variable alongside a categlogixplanatory variable of the type of land cover
that forest had been lost tdA nested random effeaf District within State was included wittihre
modekto account for the expected similarities in effects occurring within the same districts ae®l stat

of the country(as inMeiyapparet al, 2017. An offset of the area of forest cover Rrin the start year
(1995) was included to account for ttifferences irthe original area dbrest coverageThe response
variable was lotransformed due to a high amount of skew in the data and the offset was subsequently
logged to match the responsklodel selection was based on ANOVA, AIC and analysis of diagnostic

plots.

Land cover types with less than Ialpoints were excluded from the models as parameters estimated

with less than this number of data points are unlikely to be able to produce reasonable effect sizes and
statistical poweilHarell , 2015) This resulted in the NW region being excluded from the models as

gStt a GKS W2l GSNJo062RASaAaQ tFyR O2@SNJ OFGS3a2NE A
F2NJ AL GALFE Fdzi2O02NNBt Il GA2Yy dzigk spaep @.K.S) inTRjzyhiohi A 2 y
OFfOdzZE FGSR I a2NlyQa L adrdradAodo F2N) 6KS NBaARdz

the residuals of any of the models (Table S3).

All models were conducted in R studio using R version 4.0.3 apddkeg Ime4.
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3.4Results

3.4.1Characterising forest loss and its relationship with forest gain

While forest loss has occurred from 1995 to 2019 in India, there has been a greater area of forest gains.
Both losses and gains were high in the first five years aftidy and declined until 2014, after which

rose in area again but gains substantially more so than losses.

Over the course of the 2¢ear period (1992019), forest loss totalled an area of 28,549keqgual to
chPHr 2F GKS 02 dzy (i MBa@eé propatiigny 49% AcdBrédiin the Brsd ivéljeddsS ¢
(19951999) (Figre 1). The average annual rate of loss across thgead period was 0.26% of the

1995 forest cover (~1,189 Kiper year Table 8). The fastest annual rate of lazscurred in the 1995
1999period (0.62%) and the slowest in the 29 period (0.09% Nationally, forest gains totalled

an area of 34,38Km?, with half of this gained in the last five years of the study 2018) where the

area of forest gained wasore than twice the amount of forest lost in the same -fiear period.
Between 2000 and 2014, forest gains declined and at a faster rate that forest losses (Figure 1). The
average rate of forest gain across the 24 years was 0.32% per year with thedtst@sturring in the

last period, 2012019 (0.83%) and the slowest in the 221014 period (0.04%).

In three of the five periodshe area of forest loss was greater thidre area offorest gainHowever,
over the 24years, the country shows a net gairforest covenf 5,838knt (0.05%) mostly in response

to the large forest gains occurring in the final period.
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Figurel| The total area size (Kjnof forest gains (green) and forest losses (red) in each of the five

periods of the study at theational scale.

Area size of forest loss varied greatly between the monsoon regions but was most notable in the WC
and CNE regions. The WC region lost the greatest area of forest over the 24 years, losing®9,146 km
(7.6%o0f its 1995 forest cover), whilshé CNE region lost the highest percentage of its original forest
cover, losing 12.0% over the 24 years (7.9% of which occurred in the first five years) but had a lower
areal loss of 7,563 KinThe NW and NE regions experienced the lowest areal losseg4 4Bt &

NE: 1,736kr) and NE and Hilly regions had the lowest percentage IN&s29% & Hilly: 3.7%).

Annual rates of forest loss differed between regions with the fastest annual rate of loss (0.50%) in the
CNE region and the lowest annual rate of [@12%) in the NE region. Most regions showed a decline

in the area of forest lost through the first three periods (:2089) before either a levelling off or

slight increase by the last period. The WC region, however, showed a substantial incozastlos$

during this later periodqjgure2).

In addition to having the second smallest area of forest losses, the NE also had the greatest area of
forest gains among the six regions. Here, 8,1%@Krforest was gained (~3B8¥ per yea) over the

24-year period half of which occurred in the first period (199999) The NW region, which also saw
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low forest losses, had the smallest area of forest gains (1,207 Buthis was an annual average gain

of 0.43% of its 1995 forest cover which was high @egto the national average. The Hilly region

had the lowest rate of gain, gaining on average 0.19% of its 1995 forest cover per year. The greatest

increases in net regional forest cover predominantly occurred during the last five years of the study in

the 20152019 period, with the exception NE region where increases were higher in the first period

(Figure 2).
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Figure2| The total area size (Kjnof forest gains (green) and forest losses (red) in each of the five

periods of the study for eaaghonsoon region.

Prior to the 20158019 period, all regions were experiencing net losses, with the exception of the NE

and the NW which experienced net gains in most periods (Figui@Ble 5). The substantial increase

in forest gains in the final periad the study coupled with comparatively reduced losses resulted in all

regions experiencing net increases in forest cover in the final period. Over-ylear2deriod of the

study, four regions experienced net increases in forest cover whereas two regiGnand CNE,
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experienced net reductions in forest cover (FigureTalleS5).Net rates of change over the J4ar
period varied regionally, ranging freth22% per year in the CNE to +0.44% per year iNEhETable
HA).
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Figure 3Pistrictbased netdrest change across six periods: 19989, 20062004, 20052009, 2010

2014, 20152019 & 19952019. Districts where there was a net loss in forest over the period of time
are shown in red, net gains are shown in green, and districts with no change iedhef forest
coverage are shown in white. Black outlines display district boundaries and excluded districts are shown
in a hashed pattern. Tables within the figure show the net change in foréstigkmach region in the

same period as its accompanymegp.

There was considerable variation in the trendsefforest changdforest gains minus losses) within
districts across the countrifor the regions with the largest net losses across thgead period, WC

and CNE, this trend was primarily driveradlyomogeneous collection dfstricts bordering the two
regions (shown in red in Figure 4These districts had net losses substantially higher than the
surrounding districtand contrastingly, most districts within the two regions tended towards low net
gains The Hilly regiondespitegenerally showing net increases in forest cover in all pecodsined

a small number of districigith some of the highest net losseentred in the Western portion of the
region. However, these are inconspicuous when averaging over the region due to the relatively high

forest gains in the southerly portion of the regigigure 4).
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Figure 4|Districtbased net forest change (Rnhauring the 19952019 study period. Black outlines show

the monsoon regions, hashed areas show districts excluded from the analysis due to low forest cover.
Districts shown in orange or red depict areas of net forest losses, where the afpaf(karest los

was greater than the area of forest gained over the period. Districts shown in green and blue depict
areas of net forest increases (gains), where the are3 (frforest increases was greater than the area

of forest lost over the period.
3.4.2Investigéing the contribution of different land use changes to forest loss

During the 24year study periodand cover changes associated with agriculture (mosaic cropland and
cropland) were responsible for 58.9% of all forest losses. Forest to mosaic croplaacsioos
accouned for 11,844&nv (41.4%) of forest loss across the country, followeddmy@rsion tonatural
mosaicqg30.1%9, andcropland(17.8%. Conversion to shrubland, urban, water and other forest types

accountedor the remaining 18% of losgFigure 5)
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Whilst conversion tomosaic cropland, cropland anghtural mosaicsremained the top three
contributors to forest loss throughout the firdiree periodsaccounting for >84% of all Igdsoth
cropland and mosaic cropland reduced in their contributiover time, whilst natural mosaiesd
shrubland increase®y the2010-2014 period,cropland and mosaic cropland accounted fo¥a6 the
loss,whereasnatural mosaicsnd shrubland accounted fol5% This was a 34% reduction in the
contribution of croplanebased land cover types to forest losses compared to the previous periods.
During 20182019 there was a slight increase in the contributionsropland and mosaic cropland
(driven by increases in mosaic cropland), however, this was still lower, at 42%, than the contributions

of natural mosaics and shrublands which was 56% (Figure 5).

Cropland Mosaic Cropland Natural Mosaics
501 b
401
301 —
L 201
w
8101
g
8°
= Shrub & Grasslands Urban Areas Water Bodies
°©
« 501
o
5
o 401
(O]
a
301
201
10 S
_______.—-—'_'__—\
0
[e)] < (2] < D D < [o2] < (o] D < [¢2] <t D
[} o o — )5 (2] o o = = D o o NS -
[} o o o o [} o o o o (o)) o o o o
T o o Q@ o N oy Al o Q b o N o o8
Yo} o Yo} o (o] e} o Yo} o Vel Vo] o Vo] (@] Vo]
[} o o b = [} o o = o0y [o)] o o 7 5=
[} o o o o [} o o o o [o)] o o o o
= N N N N = N N N N = N N N N

Figure5| Percentage of national forest loss to differemdaovers categorised by period.

The types of land cover associated with forest loss varied regionally (Figure 6). Oveydhes 24
natural mosaics and mosaic cropland had similar contributions to forest losses in the CNE, HILLY and

WC regions. Whereais,the PEN and NE region, contributions of natural mosaics to forest losses were
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much greater than mosaic cropland. In five of the six regions, conversion of forest to urban areas and
water bodies was rare but in the NW they had considerably higher lmatidris to forest loss.
Conversion of forest to croplands was also common irrghisn andassociated with the majority of

loss in the first two periods and the last period.
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Figure6| Percentage of forest loss to different land covers categorisedrydpn each monsoon

region

Results from théinear mixed effects modetd the national scale revealed that there was significantly
more forest lost tomosaic croplandnd natural mosaicthan to other categories over the42year
period(Table 1), but that these two main drivers did not contribute to significantly different amounts
of loss(contrastestimate:-0.02, SE: 0.122, {0.219, p >0.05)(Table 8). Conversiorof forest to
cropland was the third largest contributor to foresgtdon the countryTablel). Thefixed effectsn this

modelexplained23.1% of the variance, with 58.1% explained by the random efleditel).
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Table 1|Linear mixed effectsnodel output of the relationship betweemeaof forest cover lost (k@
in a districtto sevenland cover predictors. The intercept represents the land cover category of

cropland. Significantypalues are shown in bold.

National
Predictors Estimates [e/4 r
Intercept -5.09  -549--468 <0.001
Mosaic Cropland 0.58 034-083 <0.001
Natural Mosaics 0.61 037-0.86 =0.001
Shrubland/Grassland -0.76  -1.02--0.51 <0.001
Other Tree Type -237  -266--208 <=0.001
Urban Areas -2.00 -230--1.70 <=0.001
Water Bodies -148  -185--112 <=0.001
Random Effects
o2 213
T00 District:State 0.9
Tg0 State 0.94
ICC 0.46
N Distriet 368
N state 34
Observations 1515

Marginal R2 / Conditional R2  0.229 /0.586

Conversion to mosaic croplamatural mosaicend full croplancconversionsvere consistently the

land covetypeswith the largest contributions timrestloss across all regiondosaic croplandesulted

in more forest loss than natural mosaics and croplatillyand CNE regionwhereas conversion to
natural mosaics causelddg majority of forest loss in PEN and NE redibaisle 2). Conversion to mosaic
cropland in the WC region resulted in a higher model estimate for forest loss but this was not
significantly different from forest loss to natural mosai@b(e 3). Fixed dects in the regional models
accounted for between 10.8% and 36.4% of the variation imetfgonse variable (Table ZheNW

region was the only region where conversion to full croptesdited in the largest amount of forest
losseawith little contribition from other categoriebut was excluded from the models for having too

few data points.
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Table 2|Regionaimodel output of the relationship between forest lokg k) per district andseven
land cover predictors in each of the six monsoon regions. The intercept represents the land cover
category of cropland. Significant/plues are shown in bolGaps in the table occur where there are

<10 instances of a predictor in a region. Thesalts remain on the log scale.

NE CNE wcC PEN HILLY

Predictors Estimates  CI p  Estimates CI p  Estimates CT p  Estimates CI p  Estimates CI P

Intercept -5.77  -655— <0001 497 -604- <0001 -565 -640- <0001 491 -546- <0001 -533 -625- =0.001
-4.99 -3.89 -4.89 -4.36 -441

Mosaic Cropland 015 -039- 0584 129 0.79- <0.001 1.13 064—- <0001 -039 -092- 0140 0.90 039—  0.001
0.69 1.79 162 0.13 142

Natural Mosaics 1.14 059- =0001 050 -001- 0054 038 -012- 0139 119 067— =0.001 008 -044- 0768
1.68 1.01 0.89 1.70 0.60

Shrubland/Grassland  -0.14 -0.72- 0644 -089 -145- 0.002 -109 -160- <0001 -0.73 -126- 0.007 -070 -122- 0.009
0.45 -0.34 -0.57 -0.20 1

Other Tree Type -194  -259- <0001 -325 -393- <0001 -250 -323- =0.001 -222 -279- =0.001 -218 -273- <=0.001
-1.29 -2.58 -1.77 -1.66 -1.63
Utban Areas -1.92  -255- <0001 -181 -258- <0001 -228 -300- =0.001 -1.73 -235- <0001 -287 -346- <=0.001
-1.30 -1.03 -1.56 -1.11 -2.28
Water Bodies -245  -328- <0001 -1356 -217- <0.001 -09 -167- 0.009
-1.61 -0.96 -0.24
Random Effects
o2 1.97 1.84 1.92 1.85 1.69
Too 0.58 District:State 0.73 District:53tate L District:State 158 District:State 0.24 District:5tate
0.80 State 108 State 0.48 State 0.07 State 0.83 State
ICC 041 0.50 045 047 0.39
N 75 District 76 District 74 District 63 District 51 District
8 State 5 State 6 State 5 State 5 State
Observations 290 274 312 302 267
Marginal R2/ 0.254/0.561 0.348/0.671 0.284/0.608 0.247/0.603 0.364/0.610
Conditional R2

3.4.3Understanding the extent of forest loss for different forest types

By far the largest forest losses across thgedr period were in broadleaved deciduous (closed to open
>15%) forests (Table S8). This typfost lost B,14%n?, which was twice the amount of the next
category needleleaved evergreerfclosed to open>15%) which lost 5,91kn?. For broadleaved
deciduous (closed to open >15%) forebts equates to a loss 6f4% andor needleleaved evergree
(closed to operr15%f¥orests it equated to 5®lossof their 1995forestcoverage These are also the

highest percentage losses of forest cover across the forest types.

Broadleaved deciduoug&losed to open >1%), also had the highest gains amountimd 9,289km

(7.4% of 1995 coverage), resulting in net gains overall. The tigpeswith the second largest gains of
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8,591kn? (8.4% of its 1995 coverage) was broadleaved evergreen (closed to open >15%JHerest.
largest percentage increases were found in needle leaved deciduous (closed >40%) forests which saw
a 195% increase in coverage, alongside incurring no losses. This increase occurred exclusively in the
20152019 period before which no change occurnethis forest type, and it is worth noting that this
corresponded to only a 15Krincrease in area. Prior to 2015, the forest type with substantially larger
percentage increases in forest coverage than any other forest type was flooded saline forelts, whic

saw a 15% increase in area between 12054,

Most forest types increased in area over theyRars, after accounting for both losses and gdihs.

forest types that experienced the largest net gains were broadleaved eve(giesed to open >15%)

and needle leaved deciduous (closed to open >1k#@st types, which experienced net gains of
4,89%n? and 325kn?. Though these values have very different meanings in terms of expansion of
these forest types, whergroadleaved evergreefelosed to open >15%xpanded by 8.4% but needle
leaved deciduous (closed to open >15%) forests expanded by 45%. Only two forest types experienced
net losses over the 2fears, these were broadleaved deciduous (closed >40%) and needle leaved

evergreen (closed >40%), losing@dand 0.18 krrespectively.

It is important to note thabroadleaved deciduou&losed to open >15%)eedleleaved evergreen
(closed to open >15%and broadleave@vergreen(closed to open >15%drests, which have the
highest forest losand gainsalsoconstitutethe largest coverage of forest, accounting f6r3 of
LYRAIFIQa F2NBad O2@SNW

Regionally,lte major type of forest lost was broadleaved deciduolosed to operr15%)in half of
the regionsCNE, NW, W@OD-96% of the loss was frothis category of forest. The NE anithegions
predominantly lost forest frordifferent typesthe NE lost mostly froforoadleaved evergregfelosed
to open>15%) accounting for ~#gof total lossand Hilly region predominantly losteedle leaved
evergeen (closed to open>15%) forests accounting for 93lof total loss The PENregion
predominantly lost broadleaved evergre@tosed to operr15%)andbroadleaved deciduouslosed

toopenhMpP2 0 nm: YR nm: 2F GKS NBIA2yQa 201Kt f2a

Therewas also an interesting trend in the types of land cover that different forest types were lost to,
and land use categories did not contribute evenly to losses across forest types. The two forest types
with the largest lossesrdadleaved deciduou&losedto open >15%gand needleleaved evergreen
(closed to open >15%prests had the highest contributions of agricultural land uses to loss. For both
types, croplands and mosaic croplands contributed to >64% of their losses. The only other forest type

which bst predominantly to agricultural land uses was broadleaved deciduous (closed >40%) forest
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where 73% of loss in this type could be attributed to cropland and mosaic croplands. This type of forest
was one of the only types to still be experiencing net fo$3ther forest types lost <35% to agricultural

land uses and mainly lost coverage to urban areas and shrublands.

3.5Discussion
This study aimed to characterise forest change during the period 289, to assess the primary
cause of forest loss, as wedl # investigate whether different forest types and geographical regions
were experiencing disproportionate forest changes. These findings show that although rates of forest
loss remain concerning in India, areas of forest gain are more numerous, arautiey das been
experiencing overall net gains between 2@039. Conversion of forest to mosaropland was the
primary cause of loss across the period, indicating that agriculture remains the biggest contributor to
forest loss in the country. The studlso found that forest losses were not distributed evenly across
forest types and regions. The study provides detailed information on forest changes during a period
currently unaccounted for in the literature and provides novel indications of a shiivénsdof forest

loss over time in India.

These analysegrovide supportive evidence to past studs&sowingthat forest loss continued to
decline postl995 (Royet al. 2013;Sudhakar Reddy et a2016). Despite reductions in forest losses,

there was a netleclinein forestnationally in three of the five periods. This is largely due to forest gains
reducing faster and on a larger scale than losses, e.g., iR2B04@osses reduced by 12.3% but gains
reduced by 59.7%. KA & A ada & dzZNLINA aAy 3 O ZofefokeR&Bididoyehigendo®R A | Q&
and the averageannual net gains of 0.4% reported by the FSI ovetithes (FSI, 1995; FSI 2015).
However, rapid increases in forest gains comparedsse®during the 2018019 period resulted in

overall net increases of 0.05% in forest cover over the 24 years of the study. These net increases and
lower rates of forest lossuggesthat forest policies may be starting to take effdémit the tendency

towards small increases in lessn half of the regionsy the final periodis concerningOur analyses
estimate that Indidost ~63% ofits original forest cover ovehe 24 yearsof the study.Though
comparative studie®f a similar length of tim&ye limited,a study bylhaet al.,(2000)showed a 25.6%

loss in forest cover in the 20 yeareceding this studf19731995) We show a considerable reduction

in the forest loss in more recent times in comparisbine study by Jha et al., (2000) focused on
guantifying forest loss across the Western Ghats area (part of our Peninsular, redjion)in this

chapter we show to be experiencing net forest increases across maost of its districts during the last 10
years.This further shows the importance, and need, for more frequent reesetarch on changes in
LYRAIQa TF2NBald OayabdvdaghifidesaappgaOis be @Hargjingirapidig S O

111| Page

O«



The net change in forest cover reported in this study (+0.05#spEmall compared to the FSI reports

of the same periodThough FSI do not publish rates of change, using the forest cover estimaies for t
years we can estimate the annual rate of change t61b89% between 1995 and 205!, 1995; FSI
2019) but are similar in scale to past reseangtthe country, which showed aet change 0D.05%
during2005-2007 (Sudhakar Reddy et al., 2016yr forest research in India, it has been common to
record large differeres in rates of change between studies due to differences in the definition of forest
and the resolution of data usg@Reddyet al, 2013) In addition, several studies have criticisieel
efficacy of the FSI reports in producing a representative rate of forest change andflatien of

forest change is a concern in these repdisiyravaud et al., 201®oy & Joshi, 2010pDverall,
nationally these analyses show trends of a net increase in forest cover and a greater rate of gain
compared to losses which is potentially positive for biodiversity protection in the country and could be

a sign that conseation policies are beginning to work.

Interestingly, most forest gains over the 24 years were a result of loss of shrubland, which has been
found in other studie$Sudhakar Reddy et al., 2016; Téaal, 2014)and is thought to be a response

to government advocated schemes targeting wastelands and degraded forest areas for afforestation
(Sudhakar Reddst al, 2016. Though increases in forest coverage are likely to be beneficial to many
species, it raises concern for the conservation of species specific to shrubland habitats, shrublands and
grasslands have been shown to be globally at higliBiskner & Farley, 2010; Newbold et al., 2016)
Furthermore, the interplay betwednrest Isses and gairis important in reaching target amounts of
forest cover but forest gains may not provide the same benefits, at least in the short term, to
biodiversity that were provided by the lost forest especially if a different forest tgpaed(Coleman

et al., 2021; Kimberlest al, 2019; Puyravaud et al., 2010; Watts et al., 20P@bestinsurance for
biodiversityremainsthe maintenance and future survival of -@rbwth forests vaere possibléGbson

etal., 2011)

Regionally, the rates of forest losses and gains were highly variable and support the chapter hypothesis
that regional variation would be foundlhe two regionsvhere forest is most threatened atee WC

and CNEegions both of whickexperience large net lossesver the 24year period and consistently

in the first 20years. TheWC and CNEgions also have some of the highest percentage lesgbthe

highest rates of loss acrake 24-year periocat 0.32 % (WC) and 0.50% (CMEview paper analysing
previous estimates from smallecale studies in the areas of high loss in these regions found annual
rates of loss in these regions between 6318 (Deccan Peninsular, WC) and .88 (Odisha, CNE)
(Reddy et al., 2013pur rates are similar in comparison and on the lower end which is unsurprising

given the reductions in loss seen over the last 24 y@d@esetwo regions are often overlooked in
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regional studiesn favour of themore biodiversity rictNortheast andVesern Ghatsareas, despite

them containing large tracts of tiger and elephant habitdiBGA, 2008 Theyarealsokey agricultural
zoneswhere maintenance of natural forest cover coglidy a role in ensuring soil stability and water
retention to prevent agicultural losses in the futurénother region where the rate of forest loss is
concerning is the Hilly region. Despite this region generally showing increases in forest cover and lower
rates of loss, when visualising the area of forest change on thietdestel it was clear that there are
several districts in the Western part of the region that have experienced some of the largest net
declines in forest cover. This has been found in other studies of this region where deforestation is
markedly higher ithe Western portion than the Eadue to highepopulation densitie§Panditet al.

2007). Qur resultscontrastwith earlier reports of highest levels of forest loss in the NE rébela et

al., 2008; ele & Joshi, 2009; S. Reddy et al., 2@h8kuggest that in recent years it is one of the least
affected areas of the countrin these analyses, thisgionexperienced the largestet increase in

forest coverand had the lowest percentage loss afjoral coverlosing2.9%between 1995 and 2019

This studyanalysedecent forest change trends across Ingdl@aowing that agriculturbased landise
changes are stilargelyresponsible fo forest loss across Indi@during the period 1992019. This
supports the chapter hypothesis and earlier studies showing the importance of agriculture in forest
changgGupta, 2007; Meiyappan et al., 2017; Padalia et al., 28@@)ever, despite agricultufgased

land cove changes accounting for 59% of the forest loss across tedé4, the majority of loss was

not as a result of complete conversion of forest to cropland and more forest wasrtastaa cropland
conversions and natural mosamnversiongnationally ad inall but one othe regions. The only region
whereconversion taropland was associated with the largest amounts of losses was in the NW region
but due to this region containing very low levels of forest cover, this could not be confirmed in the
modek. Distinction between the two types of croplandsosaic cropland and croplarid,important
because mosaic cropland, retainegroportion ofnatural vegetation, likely supporthaherlevel of
biodiversity and forest intactness (depending on the proipn of natural vegetation remaining) than

full conversioro cropland(Roy et al. 203,3Anand et al., 2010; Haddad et al., 2015; Oliver et al., 2016;
Raman, 2006)This finding also likely supportsepious researciwhichhasshown thatmany areas of
forest that are lost t@griculturebased land cover conversiomsindia are due to shifting cultivation

encroachmenand smalscale agriculturéLele et al., 2008; Meiyappan et al., 2017)

The findings also show previously undetedtaticationsthat the main causef lossis changing with
time, identifying ashift towardsforest loss driven byonversion tonatural mosaicsshrubland and
grasslandsvhich by the final period account for a larger proportion of the loss compared to agriculture

based conversions. This is the first documented shift in the main driver of nationdossestiay from
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agriculture in the country, though increases in the contributions of shrubland conversions to forest loss
have been found in previous studi@deiyappan et al., 2017; Sudhakar Reddsl.e2016) This study
cannot identify the casual factors behind this shift,iphtd L2 daAiof e | adz00Saa 27F
forest policies reducing forest losses from lasgale agricultural expansiofigan et al., 2014; National
Forest Policy, 1988The location of the remaining forests coalgo be a factor since it is likely that
much of the cultivatable land has already lost itedbcover and the remaining forests are in harder

to reach locationsr those less suitable for growing crg¢gsJ. Liu & Slik, 201¥)any areas where the
practice of shifting cultivation is present often have areas of shrubland in between cropping phases due
to the start of forest regrowthvhich could be contributing to this trerflant & Katwal, 2003¢le et

al., 2008) The unique patterning and shortening rotational cyclesluofting cultivation practices
(Kundu et al., 2015; Nikhil Lele & Joshi, 2068)d also result in an undestimation of the effect of
agriculture if it is classed instead as natural mosaics or shrublatebu\further informdion from
groundbased and social surveyaongside repeated studies from this time periadit difficult to
conclude why this shifrom agriculturebased forest los&s occurring and whether it will continue

given slight increases in agricultdraseal contributions in the final period of the study.

The highest areal and percent coverage losses of forest were consistently found in the most prolific
forest type nationally, broadleaved deciduous (closed to open >aB#l)his was also the case in half

of the regions. This supports previous studies which find broadleaved deciduous forests to be at high
risk to human exploitation in Indi€oleman et al., 2021; Ramprasadl, 2020; Wakeel et al., 2005)

This forest type also had disproportionately higher losses as a resadiriofiltural conversions.
However, encouragingly they also experienced the largest increases in forest area and are expected to
be more resilient to a warming and drying clim@guirreGutiérrez et al., 2020; Esquidluelbert et

al., 2019; Suréset al, 2010) The high increases in broadleaved area may also be due to its selection
for afforestationprograms in some areas. These programmes sometimes use broadleaved genera such
as Eucalyptus Quercus and Acacia because of the high yields bktjnfluelwood and fodder they
provide which could reduce pressure for resources orgmwth forests(Kesari & Rangan, 2010;
Kohlin & Parks, 2001; Ramprasad et al., 20RB8jween 1992014, the largest percent coverage
increases o# forest type were in flooded saline forests, which saw a 12% net increase in coverage
which was over twice that of any other forest type. Net increases of this forest type were seen in all
regions and could be an indicator of increased conservationseateével rise. The increase in flooded
forest area in India has beéound in other studies and has been primarily attributed to restoration
activitiesin place to tacklé&t S £ S@S{t N &(Shorit al, JOREs MuBthy etCaR, RGLS a
Prasad et al., 2017)
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Interestingly, there is considerabléasamatch betweeithe typesof forestbeinglost andgainedacross

the study period. Firstly, though most forest types experienced net gains in coverage on the national
level, there were differences in the magnitude of these gains between types. For example, needle
leaved evergreen lost 5.2% of its 1995arage and gained 5.3%, leading to a net gain of around 0.1%.

In contrast, broadleaved evergreen forests lost 3.6% of coverage but gained 8.4%. Secondly, at the
regional scale there were mismatches between the types of forest lost and gained. For exsmple, t
Central Northeast region predominantly lost forest from the broadleaved deciduous forest type but
gained needldeaved deciduous forests. Whereas the Hilly region predominantly gained broadleaved
deciduous forests and lost needé&aved evergreen forest These regional differences between types

of forests being lost and gained can be overlooked when looking at national totals depicting mainly
gains in all forest types. However, differences in climate, habitat types, predation, and food, among
many factes, mean that both different types of forests and forests in different areas, protect different
speciegKaranttet al, 2010; Utkarsh et al., 1998)d so losing forest in one area and gaining in another

is likely to impact biodiversity. This is particularly concerning in regions such as the WC and CNE which
lost a lot of forest and experienced lower forest gains. tisddilly, the shift in the different types of

forest being gained compared to those being lost could be due to natural causes such as climate, due
certain species being more competitive in the successional stages of new forest growth or to
reforestation peferencegAlexandeet al, 2015; Asher & Bhandari, 202Relocation of some types

of forest is expected across the country in response to climate cli@hgale et al., 2014; Ded al,

2017; Ravindranath & Sukumar, 199)r example, many regions will be more favourable to dreught
tolerant species and previously dry regionaynbecome more hospitable to forest growth where
precipitation increases are projectéRavindranath & Sukumar, 1998; Bha et al., 2017)In these
instances, potential reforestation schemes could plan for future climate change effects on species by
reforesting in regions that may have more favourable climate in the future or by using tree species
better suited to the chnging climate. This futwgroofing of the forest could, if appropriate habitat
corridors are ensured, protect species that might otherwise suffer under climate change. Due to
increasing human pressures on the lamdorestationand afforestatiorschemesre alsolikely to be

limited in where they have access to laatd may not have the luxury of choice of forest type and
location of the afforestation which could be contributing to the observed mismafClodsman et al.,

2021; Ramprasad et al., 2020)

Chapter2, which also assessed forest loss across the country during a similar time period (though
covering 20022018 rather than 1992019) showa different trends in forest loss than those found in
this chapter,and it is worth highlighting the extent of these differences and the potential reasoning for

this. In Chapter 2, the analysis used a different dataset for forest change (Global Forest Change by
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Hansen etl, 2013 than this chapter which used the ESA CCI land cover prodacthapter 2 analysis

found forest loss in India to be extensive between 20018 averaging 1,204khper year. Whereas

using the data from this chapter for as similar time period as possible-2PQ90, loss is estimated at
766knt per year. This is still extensive but a much reducedFatghermore, the two datasets showed
differinglocationsof concernfor forest losssince Chapter 2 showed the NE to have the greatest rate

of loss,but this chapter showed drastically lower forest loesomparisonand for the CNE and WC
regions to have the greatest areas of Id3® diffeences seem to lie in the classification of shrubland

and forest pixels, where the Global Forest Change dataset used in Chapter 2 tends to classify more
pixels as forest than the CCI land cover dat&aie of theforest pixels classified as forest in the
Global Forest Change dataset are classified as shrubland in the CCI land cover dataset likely due to the
similar composition of vegetation and hence likely a simsjpactral signaturanaking it hard to
distinguish between the twdt is concerning to sesuch a disparity between two regularly dse
datasetswhichcould result in a misunderstanding of the magnitude of the profdsmvell aseading

to different management strategies between tiegyions without a true understanding of which needs

greater potection This is discussed further in Chapter 5.

This study has provided novel insights intogbale and main drivers of forest loss in recent times in
India.However, there are some key limitations and areas of future study that are necessary to further
this work. Firstly, the study would benefit from a locally derived land cover classification instead of
relying on a global dataset which is likely to have raoms and misclassifications on a local sidle

et al., 2018; Péreloyoset al, 2017) This could also provide greatnfidence in the classification
given the disparity between datasets discussed eafferther analysis should be undertaken to
measure the accuracy ofdhe classification for India, sincehe scale of the datenay be masking
smaller scale transitioms land cover possibly resulting inlarderestimatiorof loss As such,tie study

was constrained by lack of available and accessible data classified famictlizs commonly cited as

a problem(Davidar et al., 2010; Pandit et al., 2007; Tsarouchi, Mijic, MouBigyt&ert, 2014and a

lack of comparable studieSecondly, further local knowledge is needed to ascertain the exact causes
of loss beyond solely what the land has been converted to. Understanding the underlying drivers of
conversion to these land caveypes is essential for mitigating forest loss in the future. The same
conversion type can be driven by completely different drivers e.g. conversion to natural mosaics could
be due to shifting cultivation, logging, other local uses of the forest producksas villages with a

main trade around wood producf§leiyappan et al., 2017)

Overall, this study psents a much needed ansiyof the trends of forest change in India in the two

most recent decades. The study importantly highlights a shift towards net forest increases in recent
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years but cautions over increases in forest losses in recent years. dyeatoludes that conversion

of forest to agriculturabased land cover remains the primary concern for forests across yeapg)

but also highlights a potential novel shift towards increases in contributions of Hzaseal land cover

in the future. More research needs to be done to comparatively assess this period, to examine the
consequential effects on biodiversity and the mechanisms behind the changes in these broad land cover
types. This study paints an encouraging picture for the conservatitorests in India following
extensive net increases in forest cover in recent years. Howgver2iNRSNJ 2 YIFAY Gl Ay Ly
of biodiversityand forest coverappropriateland covemplanning on both a national and regional level

will benecessaryand as such, recent research such as this on the trajectory and main contributors to
forest loss is much needed. The findings suggest that additional conservation action is needed to reduce
forest loss within the West Central and Central Northeagions of the countrythe areas with the

greatest forest losseand to account for disproportionate losses to broadleaved deciduous forests.
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3.7 Supplementary material

TableS] Summary of the FAO Land Cover Classification System used by the ESA CCI Land Cover

Dataset with the simplified categories generated for analysing land cover change across India.

FAO Land Cover Classification System Types Simplified categories

Cropland rainfed

Cropland rainfed - Herbaceous cover
Cropland rainfed - Tree or shrub cover
Cropland irrigated or post-flooding
Mosaic cropland (>50%) / natural vegetation (tree/shrub/herbaceous cover) (<50%)
Mosaic natural vegetation (tree/shrub/herbaceous cover) (>50%) / cropland (<50%)
Tree cover broadleaved evergreen closed to open (>15%)
Tree cover broadleaved deciduous closed to open (>15%)
Tree cover broadleaved deciduous closed (>40%)

Tree cover broadleaved deciduous open (15-40%)

Tree cover needleleaved evergreen closed to open (>15%)
Tree cover needleleaved evergreen closed (>40%)

Tree cover needleleaved evergreen open (15-40%) Tree cover
Tree cover needleleaved deciduous closed to open (>15%)
Tree cover needleleaved deciduous closed (>40%)

Tree cover needleleaved deciduous open (15-40%)

Tree cover mixed leaf type (broadleaved and needleleaved)
Tree cover flooded fresh or brakish water

Tree cover flooded saline water

Mosaic tree and shrub (>50%) / herbaceous cover (<50%)
Mosaic herbaceous cover (>50%) / tree and shrub (<50%)
Shrubland

Shrubland evergreen

Shrubland deciduous

Grassland

Urban areas Urban areas
Lichens and mosses

Sparse vegetation (tree/shrub/herbaceous cover) (<15%)
Sparse tree (<15%)

Sparse shrub (<15%)

Sparse herbaceous cover (<15%)

Bare areas

Consolidated bare areas

Unconsolidated bare areas

Water bodies

Permanent snow and ice Water/snow
Shrub or herbaceous cover flooded fresh/saline/brakish water

Cropland

Mosaic cropland

Natural mosaics

Shrubland & Grasslal

Sparse/Bare
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Monsoon Regions of India

[ Central Northeast (CNE)
I Hilly Regions (HILLY)
[ Northeast (NE)

[ Northwest (NW)

[ Peninsular (PEN)

] West Central (WC)

FigureSl| The sibhomogenousnonsoon regionsf India as defined e Indian Institute of Tropical
Meteorology: Northeast (NE), Northwest (NW), Central Northeast (CNE), West Central (WC), Peninsular
(PEN) & Hilly
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Table S2|ist of excluded districts due to having less than @ bkfiorest cover at the start of the

study period

District State District Areal Forest Forest | Percent of
(kn?) cover loss total forest
(kn?) (kn) cover lost (%
Churu Rajasthan 17,075 0 0 0
Jaisalmer Rajasthan 38,637 0 0.002 0
Bikaner Rajasthan 26,965 0 0.002 0
Jodhpur Rajasthan 22,842 0.0004 0.015 100
Patan Gujarat 6,026 0.001 0.011 100
Barmer Rajasthan 28,372 0.003 0.006 100
Hanumangarh | Rajasthan 8,912 0.006 0.017 100
Nagaur Rajasthan 17,676 0.012 0.015 100
Yanam Puducherry 31 0.043 0 0
Sirsa Haryana 4,236 0.072 0.022 30.67
Hyderabad Telangana 178 0.072 0.024 33.39
Bhilwara Rajasthan 10,469 0.076 0.039 51.03
Ganganagar Rajasthan 11,679 0.085 0.104 100
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Table S3p 2 NI Y Q&

a2Nl yoa L

autocorrelation). The closer a value istwr +1 the stronger th& LJ- G A | f

L -daliids frométhie fe€d onlm@del rdsiduals for spatial autocorrelation.

@ t d4S @egativilBpatial Salitdc@rBlgtion) and +1 (positive spatial

I dzi 2 O2 NNBf I G A

above 0.5 is considered an indication of strong spatial autocorrelation. A significdne pndicates

that the residuals are more spatially clustered than would be expected if spatial processes were

random. The NWegion is excluded here as no model was run on this data.

Region | Moran's | statistic | p-value
CNE 0.036 0.135
NE 0.001 0.445
HILLY -0.057 0.919
PEN -0.053 0.931
WC -0.06 0.958
NW NA NA
National -0.016 0.816

Table S4|Annual rates of loss arghin and net annual rate of change for each monsoon region and

nationally. Net rate of change is the average annual percentage change of forest ovetytize 24

period (19952019). Rate of loss/gain is the average annual percentage of 1995 forest coverage

lost/gained over the 24ear period.

Region Loss Gain Net rate of change
CNE 0.5 0.28 -0.22
HILLY 0.15 0.19 0.04
NE 0.12 0.56 0.44
NW 0.16 0.43 0.27
PEN 0.32 0.47 0.15
wWC 0.32 0.27 -0.05
National 0.26 0.32 0.05
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TableS§ Regional netorest change (kA in each period. Net losses are highlighted in red and net

gains in green.

Period NE PEN WC HILLY CNE NW
1995-2000 3746.7 | 264.1 | -911.1 | -1588.5| -4065.3| -306
2000-200% 533.9 | -729.8 | -282.6 | 1069.5 | -236.1 | 143.6
2005-201(9) -2.8 -491.5 | -185.1 | 265.8 | -186.9 CeLe
2010-201% 120.2 | -320.9 | -642.2 | -470.8 | -166.1 38.3
2015-2019 1982.3 | 3473.4 | 629.5 | 1654.1 | 1263.6 783
1995-2019 6380.4 | 2199.2 | -1400.5| 1229.5 | -3334.6| 764.5

Table S6[Comparison of estimated marginal means of the response for each land cover type in the

National model using Tukey pd&ic comparisofemmeans package in R).

Contrast Estimate SE df tratio | p value
Cropland - Mosaic Cropland -0.5845| 0.123 1199 -4.74 | <0.0001
Cropland - Natural Mosaics -0.6113| 0.125 1202 -4.875 | <0.0001
Cropland - Shrubland & Grassland 0.7622 | 0.13 1199 5.857 | <0.0001
Cropland - Other Tree Type 2.3704 | 0.15 1211 | 15.816 | < 0.0001
Cropland - Urban areas 2.001 0.154 1315 12.984 | < 0.0001
Cropland - Water Bodies 1.4844 | 0.188 1319 7.896 | < 0.0001
Mosaic Cropland - Natural Mosaics -0.0267| 0.122 1196 -0.219 1
Mosaic Cropland - Shrubland & Grassland.3467 | 0.127 1204 | 10.568 | < 0.0001
Mosaic Cropland - Other Tree Type 2.955 0.148 1212 | 20.007 | <0.0001
Mosaic Cropland - Urban Areas 2.5856 | 0.152 1328 16.987 | < 0.0001
Mosaic Cropland - Water Bodies 2.069 0.186 1319 11.11 | < 0.0001
Natural Mosaics - Shrubland & Grassland1.3735 | 0.129 1198 | 10.664 | < 0.0001
Natural Mosaics - Other Tree Type 2.9817 | 0.149 1209 | 20.043 | <0.0001
Natural Mosaics - Urban Areas 2.6123 | 0.154 1315 | 16.992 | < 0.0001
Natural Mosaics - Water Bodies 2.0957 | 0.188 1319 11.146 | < 0.0001
Shrubland & Grassland - Other Tree Typel.6082 | 0.152 1204 | 10.566 | <0.0001
Shrubland & Grassland - Urban Areas | 1.2388 | 0.158 1319 7.858 | <0.0001
Shrubland & Grassland - Water Bodies | 0.7222 | 0.191 1319 3.788 0.003
Other Tree Type - Urban Areas -0.3694| 0.174 1298 -2.128 | 0.3366
Other Tree Type - Water Bodies -0.886 | 0.206 1306 -4.303 | <0.001
Urban Areas - Water Bodies -0.5166| 0.208 1350 -2.488 | 0.1645
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Table S7|Resultant pvalues from the comparison of estimated marginal means (EMMs) of the
response for each land cover type in the regional models using Tukéyopagtmparison (emmeans
package in R)Rlues indicating aam-significant difference in the EMMs of forest lost to land cover

conversion types are shown in red.

Contrast PEN CNE NE WC HILLY
Cropland - Mosaic_cropland 0.76 | <0.001| 0.99 | <0.001| 0.009
Cropland - Natural_mosaics <0.001| 0.46 <0.001| 0.76 0.99
Cropland - Shrubland_Grassland 0.11 0.03 0.99 0.001 0.09
Cropland - Tree_cover <0.001| <0.001| <0.001| <0.001| <0.001
Cropland - Urban areas <0.001| <0.001| <0.001| <0.001| <0.001
Cropland - Water_snow 0.12 <0.001 NA <0.001 NA

Mosaic_cropland - Natural_mosaics <0.001| 0.03 0.002 0.06 0.02
Mosaic_cropland - Shrubland_Grasslahd 0.89 <0.001 0.9 <0.001| <0.001

Mosaic_cropland - Tree_cover < 0.001 0 <0.001| <0.001 0
Mosaic_cropland - Urban areas <0.001| <0.001| <0.001| <0.001| <0.001
Mosaic_cropland - Water_snow 0.73 <0.001 NA <0.001 NA
Natural _mosaics - Shrubland_Grasslandk 0.001| <0.001| <0.001| <0.001| 0.04
Natural_mosaics - Tree_cover 0 0 <0.001| <0.001| <0.001
Natural _mosaics - Urban areas <0.001| <0.001| <0.001| <0.001| <0.001
Natural_mosaics - Water_snow <0.001| <0.001 NA <0.001 NA

Shrubland_Grassland - Tree_cover <0.001| <0.001| <0.001| 0.004 | <0.001
Shrubland_Grassland - Urban areas 0.04 0.31 <0.001| 0.03 <0.001
Shrubland_Grassland - Water_snow 0.99 0.008 NA 0.74 NA

Tree_cover - Urban areas 0.77 0.03 1 0.99 0.23
Tree_cover - Water_snow 0.02 0.62 NA 0.27 NA
Urban areas - Water_snow 0.47 0.88 NA 0.58 NA

130 Page



Table S8Net changdkny) for each forest type in each regibetween1995 & 209. Cells highlighted
in red represent net declines in the extent of a forest type and highlights in green represent net

increases in the extent of the forest typé¢A represents where there was no loss or gain of forest in

GKFG NBIAZ2Y S ¢ mémeRhadige Wootkeraes LINB a Sy i a
Forest Type wC PEN CNE NE NW HILLY
Broadleaved deciduous clos
-0.45 -33.48 | -63.27 -7.2 69.3 15.03
(>40%)
Broadleaved deciduous clos - -
1359.45 978.3 540.9 2247.21
to open (>15%) 1797.48 3188.97
Mixed leaf typgbroadleaved
0 0 0 0 0 17.73
& needle leaved)
Needle leaved deciduous
0 0 0 0 0 15.66
closed (>40%)
Needle leaved deciduous
119.7 0 76.05 0.36 73.98 55.17
closed to open (>15%)
Needle leaved evergreen
0 0 0 0 -0.18 0
closed (>40%)
Needle leaved@vergreen
115.56 | 197.82 | -213.12 | 1399.05| 56.79 | -1386.54
closed to open (>15%)
Needle leaved evergreen
0 0 0 0 0 0
open (>15%)
Broadleaved evergreen closg
98.01 | 541.26 1.35 |3980.88| 10.98 262.71
to open (1540%)
Flooded saline 64.17 | 134.19| 53.37 28.98 12.78 2.52
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Table 8] Net changdkn¥) for each forest type in each regibetween1995 & 2015Cells highlighted
in red represent net declines in the extent of a forest type and highlights in green represent net

increases in the extent of the forest typé¢A represents where there was no loss or gain of forest in

GKFG NBIAZ2Y S ¢ mémeRhadige Wootkeraes LINB a Sy i a
Forest Type WC PEN CNE NE NW HILLY
Broadleaved deciduous
-1.17 0.54 14.85 2.25 67.68 192.69
closed (>40%)
Broadleaved deciduous
-2072.16| -1856.70| -4719.33| -266.76 | -236.79 | -220.05
closed to open (>15%)
Mixed leaf type
(broadleaved & needle NA NA NA NA NA 0.18
leaved)
Needle leaved deciduous
NA NA NA NA NA 0
closed (>40%)
Needle leaved deciduous
1.80 0.99 3.60 7.92 5.58 0.09
closed to open (>15%)
Needle leaved evergreen
NA NA NA NA -0.18 -0.45
closed (>40%)
Needle leaved evergreen
-144.18 | -210.15 | -36.90 | 649.71 | 32.40 | -1614.51
closed to open (>15%)
Needle leaved evergreen
NA NA NA NA NA 0
open (>15%)
Broadleaved evergreen
147.06 | 601.29 48.06 | 3972.78| 2.52 909.09
closed to open (180%)
Flooded saline 47.61 183.51 35.28 32.22 104.31 8.91

132| Page




Chapter 4: Dprecipitation deficitaffect

forest susceptibility to land use change?

Rice paddy planting near Chennai, India

Source: ADM Institute for the Prevention of Postharvest Loss via Flickr

(https:/Iwww.flickr.com/photos/phlinstitute/)
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4.1 Abstract

Climate changes such as increasing temperatures and variable rainfall are predicted to have major
effects on future forest distsution in India. However, the effect of climate changes on Indian forests
has been largely overlooked. The increasing incidence of drought in the country is particularly
concerning since droughts are known to have direct negative impacts on tropictd. fAtgzesent,
studies assessing the effect of droughts on forests in India are |dokirtiger regions, gbught events

have been shown to interact synergistically with land use changes to result in increased tropical forest
lossesL Y RA | Q& tidzMly heavilydh ddgicllture for their livelihoods aralightscouldhave
serious implications fagriculturein the country. The primary cause of forest loss is agrictiitiven

land use change and drouggtress on this agricultuuld resulin further indirect effects on forests.

The effect of interactions between land use change and droughts on forest coverage have not been
investigated in India before. Thiesearchaims toaddresgwo key knowledge gaps; whether drought
events have led tmcreased forest losses and whether there is evidence of an interaction with land use
change. The studyses spatial auttpgistic models tassess the relationship between forest loss and
five pastdroughteventsin Northeastndia Findings indicatanincreased probability of forest loss with
drought eventsin the region bbngsideevidence to suggest an interaction with land use changes
Probability of forest loss was found to increase ingke severe areas of a drought, where agriculture

is more lilkely to succeed. Our findings indicate that droughts in Northeast India are having both direct
and indirect effect on forest loasid cemonstratesan interactive effect of climate and land use changes

on forests in the region for the first tim@/ith climae projectiongpredictingincreased drought in the
future, dongside a greater demand for agricultural products from a growing popuylatis@arch
consideringboth the direct and indirect effects of climate change on foresgils be critical for
accuratelypredicting the effects on forests. The study glsavides evidence to suggest that inclusion

of climaterelated effects on forests will help to create more realistic and effective conservation

strategies for forests in the future.

4.2 Introduction

The reaens behind forest loss are often mikiceted and location depende(@urtiset al, 2018) The

main cause of forest loss globally is increasing commaditgn land use change, most prominently

as a result ofgricultural expansiofCurtiset al.,2018; FAO & UNEP, 20200t there are often other
factors such as extrenaimaticevents €.g.,drought and floods), diseasandpests(Allen et al., 2010;
Clark et al., 2016Recent studies have found that drivers of forest loss can interact with each other to

produce combined effects thatre different from those projected in models considering only one
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driver. Interaction effects between drivers of forest lassoften ovelooked particularly in the tropics
(Barlow et al., 2018; Franca et al., 2020; @ual, 2018; Laurance & Useche, 2Q0Bpwever,
considering these interactions could help to better predict effects of global changes on forests and lead
to more effective managemenstrategies(Cotéet al., 2016; Kulakowski al, 2011; Mantyk&ringle

et al., 2015; Oliver & Morecroft, 2014ropical forests are facing high levels of degradation and
conversion to other land uses. These losses of forest cover often result in particularly largengduc

in specialist and endemic forest species but can also alter the provision of forest ecosystem services
such as pollination, and the carbon and water digteokhuis & Hein, 2016; Franca et al., 2020; Giam,
2017; Pandiet al, 2007;Roseet al, 2016) The effects of land use change on tropical forest have been
studied for decades but there is increased concern about how interactions with escalating climatic
changes could affect forest survival and functiofitenet al, 2015; Barlow et al., 2018; McDowell

et al., 2018; Nobre et al., 2016; Siyum, 2020)

Research considering the joint effects of climate and land use changes in tropical forests is still scarce.
The majoty of studies have focused on the interaction between drought and forest degradation in the
Amazon. ncreases in the incidences of drought are a major concern for forest syAlleal et al.,

2010; Clark et al., 201@nd treesare known to be affected by drought directly through hydraulic
failure. This isvhere gas enters the water transport system and disrupts flow of water to the leaves
(Choat et al., 2012; Hanson & Weltzin, 200®) evidence so far suggests thafaest biomesare

likely to bevulnerabé to drought stresg¢Choat et al., 2012)ut that the most severe effects may be

felt in tropical wet forests which tend to lack the structural adaptations to cope with water stress
(Browne et al., 2021; Fauset et al., 2012; McDowell, 2018; Pulla et al., 2@lght often increses
mortality of individual trees leading to a reduction in canopy d@etts, 2007; Choat et al., 2018; Meir

et al, 2015) This can result in biodiversity reductions and a change in the provisioning of ecosystem
services(Dundaset al, 2021; Franca et al., 2020; Larsen, 201Rjought affects forest typesand
speciedifferently, with some more capabléhan othersof surviving drought even{Saleskat al,

2007; Siyum, 2020\Wet evergreen forest types are reported to be at increased risk to drought effects
due to their highwater needs and yeaound foliage, whexas deciduous species and -diffiliated

types are suspected to be more resilient to drou@iken et al., 2017; Asner, Loarie, & Heyder, 2010;
Pulla et al., 2015)

Defining drought
It is important to note that drought is defined, and calculated, in numerous ways. In general terms

drought isdefined ast  WLINRf 2y 3SR | 06aSyO0OS 2NJ YFEN]SR RSTFAOAS
precipitation that results in water shdi F 3S F2NJ a2YS | OGAQGAGE 2NJ F2NJ
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abnormally dry weather sufficiently prolonged for the lack of precipitation to cause a serious
K& RNR f 2 3 A Obyfthe iPC@"-assksgh@® eeportTrenberth et al., 2007Trenberth et al.
2014)). This generallsentres around a reduction in precipitation from the ncamd is commonly
referred to as meterological droughtbut some definitions imply a widemd often specifigffect on

a system e.g., impactinguman activities orvegetation This is where confusion ariseger what
droughtisa 2 84 &addzRASa {KI {toozerSo métkoologicsdl Nayugh Rghd@iltralK (i Q
drought, or occasionally ecological drougHbwever, these differ in both their definition and
measurement considerabland have different imphtionsfor the impacted syem (Duan & Mei,
2014;Trenberth et al., 2004 Agricultural drought differs from eteorological droughgenerallydue

to the inclusion o measureof soil moisturgo capturewhether the drought isufficient enogh to

impact the water availability torops {renberth et al., 2004 Ecological drought ia more recent
concept and is still defined in many differaratys Elette et al., 2009However, generallyit is defined

Fa WI NBRAzOGA2Y A ¥ tiniib dr figiribitidn ofzainfall thathislthé Bdentialy K
directly impact communityor ecosysteri S@St LI | yi 2 NJANA @NRDAHE LINROS
different from meteorological or agricultural drought as it does not see drought through a human
centric lensForthis, data onsoil moistures typically included as well as a good understanding of the
system beingtadied to beaware ofwhat specie§tolerances to drought mighie. However it is an
emergingconcept and there is currently no standardised metric that is readily used, thoughsreet

being developedlkthe time €.g.,Jiang et b, 2021) There are many constraints with motalored
drought metrics like this as they rely on a good understanding of the system and species that are
present there. For example, a drougbulddirectly impact a short rooted species Iatve little effect

on a long rootedspecies ocouldimpact eergreenspeciesut not deciduos speciegHasselquist et

al., 2010 Paz et al., 20)5Therefore classifying an ecological drought can be diffiEli#nget al.,

2021)

A recent review paper by Slette et al., (2019) found that most ecology papers define drought as simply
dry or differs fromnormal and avoid using standardised metrifiEs could be due to temporal
inconsistencies in metrieailable ol lack of knowledgen how to apply the metricsand a lack of
understanding and data availalade ecological drougt{Slette et al., 2019Many standardisethdices

have been created to help capture the multiple components of drought e.g.aRDSIPI whiclare
typicallyused to quantify meteorological drouglgither measuring precipitation and tenagure

(former) or just precipitatiorflatter). Another common metrits the SPEI which takes intocaant
evapotranspiration as well as is more typically used for measuring agricultural drdoglgver,
standardised indices can be harder to implenanthey often require access to regular kbeign high

resolution datasets
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Interactions
In addition to the direct effect of drought on tropical forests, drought can interact with land use change

to increase susceptibility of forests to negative effects as well as impacting their adaptive capacity e.g.,
by increasing stand density. The twovdrs have been shown to act synergistically resulting in further
loss of fores{Laurance & Williamson, 2001; Qie et al., 2019; Staal et al., Faz@xample, Longo et

al. (2020) found that degraded forests were more likely to be under water stress and experience
declines in productivity in comparisdo primary forests.Brando et al.,(2014) conducted an
experiment in the Amazon showing that drought and human degoadimcreased fire outbreaks in
forests. Another study finds that synergies between drought and land use expansion are likely to further

increase prevalence of forest fires under future scendtieage et al., 2017)

Currently,the geographic bias in studies omate and land use interactive effects in tropical forests

is limiting our understanding of how these interactive effects may manifest across the biome. Previous
studies have shown that there is a large variation in climate change, land use change #mesbow
changes might interact across different regi¢fsner et al., 2010; Brodet al, 2012; Turubanovat

al, 2018) As such, more research is needed to characterise these interactions in less studied forests

such as those in Africa and South flsiamar & Scheiter, 2019; Thaetcal, 2020)

Case study: India
In India, rates of forest loss occur at high, unsustainable levels, dasipigdower than their historical

averagesnd this has a direefffect on the biodiversity of the count(lpavidar et al., 2010; Puyravaud,
Davidar, & Laurance, 201Mdianforestsare currertly lost at a rate around 1-8.7% per yeafSheth

et al, 2020) Like other tropical regionsarid use changesygdominantly related to agricultay are
known to be the main cause of forest lassndia(Chakrabrty et al, 2018; Mahatcet al., 2021;
Wakeelet al, 2005) Agriculture is one of the most important industriesinthe country ands
responsible for between 1420% ofits GDRBana & Gautam, 2012averi et al., 201&s well as70%

of rural comnunities depenthg on itfor survival(Kala, 2017)Forestlosses areften incurred from
expanding existing agricultural land and encroaching on forest edges alongside full clearance of forests
for new croplandqChakraborty et al., 2018; Mahato et al., 2021; Meiyappan et al., .20h&)
traditional practice of shifting cultivation, pigularly prevalent in the Northeast of the countingve
led to large areas of forest lIo§&ipathiet al, 2016 FSI, 20191n the past shifting cultivation has been
a relatively sustainable practicallowingforests time to regrowbut in recent years due to soil
degradation, loss of financial security and climate variabilisethas been a noticeable shortening of

the regrowth periods which has resulted in more forest loss and a patchwork of shrubland, forest and
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bare areaglLeleet al, 2008; Teegalapalli & Datta, 2018he forests in which shifting cultivation take
place are also often protected from other land use changes due to topographical inaccessibility and less
fertile soils(Teegalapalli & Dtt, 2016) Other land use changes such as expansion of urban areas,
building of reservoirs, logging and clearing of forest areas for livestock rearing also contribute to
deforestation in the countryfMeiyappan et al., 2017While harvesting of forest products, e.g.,
collection of fuelwood and fodder, for heating of homes, food, livestock feed and ma#itsy cr
contribute to forest fragmentatio(Bhatt & Sachan, 2004; Davieaml, 2008; L& et al., 2008)

So far, the effects of land use change have been the primary focus of research exploring deforestation
in the country but there are likely to be other contributing factors. A particular concern is the rate in
which India is experiengrchanges in climate. A study®yggoi et al.(2019)found that in the Eastern

state of Odishghe mean temperature had increased by 0.3°C between 1981 and 2010, with the fastest
warming occurrig in thelastdecade. The occurrence of droughts Ab®increased substantially over

the country in the recent decadéuffhammeret al, 2011; Kala, 2017; Sharma & Mujumdar,7201

The monsoon rains hawecomehighly variable in the timing of their arrival and the provision of rainfall
(Dashet al, 2011; Guhathakurtat al, 2015; Pauét al, 2018; Ramesh & Goswami, 2007; Turner &
Annamalai, 2012Precipitation deficitsare particularly damaging during the mons@@asonwhen

more than 80% of the annual rainfabrmally occurs(Mishra, 202Q) This is because it is the main
growing season for natural vegetation as well as befakfor crop productione.g., more than half of

rice production in the country occurs during the monsoon seggarffhammer et al., 2011)
Precipitation deficits in this season also have significant effects on the productivity of crops throughout
the year(Zaveri et al., 2016 study byKala(2017)found that over 330 million people across the
country had been affected by a drought in 2016 caused by two years of deficit monsoons. The study
further reported that Cherrapuniji, renowned as one of the wettest places on Earth, had recently faced
drought br over six months, and in 20PB18 India experienced its longest drought in 150 years
(Mishra, 202Q)ThesechaB S&a Ay Of AYIF S I NB tA{1Sfte (42 0S FFFSC
been considered, and there is yet to be a study looking at the effects of climate change on past forest

distribution on a national scale.

Studies that have considered theefied 2 F Of AYF GS OKIFy3IS 2y LYRAIQ& 1
of future climate change on forest distributions. These stuade® found that >30% of forest areas

may see a shift in distribution in response to climate chafgepalakrishrmaet al, 2011; Upguptat

al, 2015) The Himalayan states, e.g., Arunachal Pradbsh)Nestern Ghats and central areas are

projected to experiencthe largestthanges iffiorest covemwith marked reductions in forest cover and

a shift in forest typdrom deciduous to evergreen species with increasing precipité@baturvedi et
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al., 2011) Across the country increases in temperature coupled with variable precipitation leading to
an increased prevalence of drought is also a key cor(€raturvedi et al., 201WMishra, 2019;
Ravindranatfet al, 2005) Many of these studiesighligh aconcern over the future effects of climate
changes on forests Indiaand call for more studies tassess the effects on forest surviil@imar &
Scheiter, 2019; Sharned al, 2015) Some also express conté¢hat increased land use changesuld

worsen the effects o€limate (Debet al, 2018; Gopalakrishnan et al., 2011; Upgupta et al., 2015)
However, to datethere are no studies assessing the impacts of ditsugh foress in India There
remains a significant lack of understanding of how climate changes are impacting forests and whether

interactions with land use changes are occurring.

Despite thdack ofresearch orthe impactof drought orforests in the coutry, there habeena wealth

of studiesassessing the effects on droughts on agricultureramdanhealth(Alguret al, 2021; Bana,

2014; Bandyopadhyast al, 2020; Ravindranath et al., 201Thesehavefound thatthe effects of
drought on agriculture in the country can be severe, increasing the probability of crop failure, reducing
agricultural profits and making crops more vulnerable to pests and diseases (Bana & Gautam, 2014).
For exampleAuffhammer et al.(2011)found that the monsoon drought in 2009 resulted in a decline

in rice yield of 14% and these effects are projected to worsen in the fRisbman, 2016;
Ravindranath et al., 2011y ulnerability of people to droughts in Indidikely to behigh due tothe

large proportion of lowncome smallholder farmers who have a stralegpendence on agricuite
(Bhatta & Aggarwal, 2015; Harvey et al., 2014; Janedlaiti2019; Xu et al., 202Ms such the effects

of drought are often felt throughout the community having far reaching societal impacts such as
reduction in educationa rise inhealth issuespolluted water supplies, a disproportionate effect on
women and aise in farmer suicidg@lgur et al., 2021; Bana & Gautam, 2014; Bandyopadhyay et al.,
2020) Adaptation strategies to drought effects on agricultural livelihoods vary greatly depending on
factors such as household income, education, and infrastru@tlas/ey et al., 20185ome farmers
expand theiffields to increase profit on less profitable laadme migrate to cities or other arets

seek more guaranteed ergyment, and otheslook todiversify their income sourceéten using forest
resources.g., collectingodderfor livestockand wood for crafting furnitur@ana, 2014; Belast al,

2017; Harvey et al., 2018; le¢ial, 2016; Li et al., 2021; Meiyappan et al., 2017; Rampedsdd2020)

Considering tb impact of drought, the evidence of interactions with land use change, the climate
change projections for India and te¥ong impact of drought on croplarad the countryit is highly
likely that Indian forests could not only be directly affected bughbbut also indirectly via shifts in
agricultural and associated land udesring drought years, the pressure on forests is likely to increase

as farmers require more land to make the same profits, require land that is experiencing less drought
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and potential diversification of income often caimg around the use of forest producihere could
therefore,be asynergybetween precipitation deficits and land use chaigdndiawith implications

for how and where forest is lost.

The Northeast (NEggion of Indidhashad some of the highest rates of forest loss in the predit

et al, 2007; Sheth etal., 20p@ KS NBIA2Yy A& | 1S5S& NBFdAS F2NIJ I ¢
forests and as such is an important region in terms of biodiyeesid speciesendemism(Chitale,
Behera, & Roy, 2014SlI, 2019Narwade et al., 2011; Sheth et al., 202ZM)e practie of shifting
cultivation in this region has caused large amounts ofdlites resulting in mosaic habitats with poor
species compositiofKundu et al., 2015; Lele & Jo&ti09) The region now has 30% of its forest cover
under high pressure from increasing land use chafigds & Joshi, 2009he region has some of the
lowest population densities in the countwth 82% of the population wgin rural areagRavindranath

et al., 2011)Agriculture is the main source of incofoe much of the regionparticularly in Assa&
Meghalaya The main crop is riceshichaccouns for 84% of cultivated are@arida & Oinam, 2015)
Due tothe highwater demand ofrice crops alongsidegenerallypoor infrastructure and lack of
irrigation facilitiesn most districtsthe regio®2 & LINJR Y | NeBparticula@yS/iifergi#eadiought
(Das et al.2009 Ravindranath et al., 201ahdfarmersin the regionare often less equipped to deal
with drought when it occurgParida & Oinam, 2015; Ravindranath et al., 20T high drought
vulnerability is alstikelyto be aggravatedby the relative wetness of the region compared to other
areas of the country whicmakes both its wateintensive agriculture and forest typesuah less
capable of dealing with drought stred@avindranath et al., 2011Jte heightened vulnerability of
agriculture in the regionncreases the probability that farmers will needdteersify their incomes to
account for losses during drought years. This could increase pressure on the surrounding fosests
vulnerability, along with the high contributionsaafriculturebased land use changes to forest loss in
the region(Lele et al., 2008; Padalia et al.190Srivastavat al, 2002) and the increased prevalence
of drought(IPCC, 2019; Ravindranath et al., 20fhdke this regioran ideal location to study the

relationship between precipitation deficits and human land usegghan forestin the country.

Understanding the multiple causes fafrest losses isvital for the protectionof specific habitats,
preservationof biodiversityandii KS @Al oAt A& 2F S02a2ai0SY aSNIIAOS
main incomefrom agiiculture. Given that extreme events are likely to worsen including increased
exposure to drought events, understanding the relationshgig/een drought, land use change and

forest loss will be critical to make informdedcisions that can better protectdian forestsAs such,

this study aims to understand how forests in NE India are affected by dreuplititly investigating

the links between this driver and land use char@@nsidering the above, | predict that more forest

140 Page



loss is expected in areagpexiencing precipitation deficits during the monsoon season due itbet

impact on trees through water stress, and associated fadoch as increased fire riglut also that

there will be an additional effect from land use change. However, bepaapéeare likely to respond

by relocating or expanding agricultutepredict forest loss to direct, natural causes will be more likely
in the driest areas during aalight but forest loss from indirect effects through land use change to be
more likely in the wetter areas that remain suitable for growing crops, looking after livestock and

supporting human livelihoods.

This study uses the meteorological defimitof dought (as a difference from the average) since the
focus is on understanding the responselarfe forest areas rather than specific species (where

additional information could be collected to look at ecological drought).

It is important to consider that there are multiple drivers behind the vulnerability and susceptibility of
trees or forestso stressors like climate changéulnerability frameworks highlightatvulnerability to
droughtstems from three key componentgnsitivity adgptive capacity and exposufieecinaDiazet

al., 2020;Shama & Ravindranath, 2019Thishighlightsthat the exposure, magnitude amehgth of

time that the species in the vicinity oftte stressor drivers vulnerability, as welttesimportance of

I AaLISOASEAQ OKINIYOGSNAAGAOA GKIG YAIKEG | FaRdSOU K2 6
the adaptive capacity of the species e.g., fasgproduction or ability to change root structure
(Hasselqist et al., 2010Paz et al., 2015Here, we talk about the exposure of forests to drought events,

as well as the possibility of the susceptibility being impacted by proximity to land use change. We
predict that the prevalence of land use change will lead to an increasesdeptibility of forests to
drought in areas that may have been less exposed. It is important that there are many other aspects
that contribute to the susceptibility of forests to drought, including their deciduoustiess size

among othe factorsand here we do notneasure the adaptive capacity of species to these drought

evens.
In this studyl aim to answer the following main questions

1. Do precipitation deficits result in a higher probability of forest loss?
2. Isforest loss attributed to anthropogenic land use changes more prevalent in the wetter areas

of adrought?

Further to thesequestionsthis chapteraims to increase understanding of the threat of drought and
land use change to forests in the regionebyloting the spatial extent of forest loss during drought
years, quantifingthe major types of forest lost, and asgegshe key land usand land ceerchanges

associated with forest loss.
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4.3 Methods

4.3.1 Data acquisition
Land cover

Global land cover data was obtained from the ESA CCI Land Cover project (v2-2018988d EC

C3S Land Cover project (v2.1.1 200%9) at fiveyear increments for th@eriod 19952019 at the

spatial resolution of 300m. Fiyear increments were chosen to capture the changing trend over time
while minimising the effect aimaller interannual fluctuationsThe data was clipped to the borders of

the Northeast region ondia using QGIS (version 3.16.0). The EC C3S product was designed to be
consistent with the ESA CCI dataset and as such, both iterations of the land cover product utilise the
FAO Land Cover Classification Sy$irnsregorio, 2016yhich is outlined in Table S1.

Mean precipitation

Total monthlyprecipitation (mm) was obtained from TerraClimdadgasetat a resolution of 4knThe

data was aggreged using the Climate Engine todilitps://app.climateengine.org/climateEngite

create a total precipitation for each 4km cell for thensoonseason (Jun&eptember) for each year
of the study 19922019. The monsoon months usgilineSeptemberhre those defined by the Indian
Meteorological Departmerthttp://www.imdpune.gov.in/Wather/Reports/glossary.pdf).

Human ppulation density

Population density data at the resolution of ~5km was obtained from SEDAC CIESIN for the period 2000
2020. The datavailability of5-year incrementameant that not every year of the study had an
associted population density dataset thuke closest timepointvas extracted for each forest loss

point in each year. Population density in this dataset represethie number of people per kin
Population density was included because it was consideredfadteyininfluencingland use change

(Kale et al., 2016; Palchoudheirial, 2015)

4.3.2 Quantifying forest loss and its associated land use types

Landuse landcover (LULCghange rasters were created from the annual land cover maps using the

Land Cover Change function from the SAmtbmatic Classification Plugin (v 6.4.5) (Congedo Luca,

2020) in QGIS. Rasters of forest loss for each year were created by masking olg afl laixe cover
OKFy38 GKEG RAR y20 NBadfd Ay F2NBad f2aa dzAy3
Analysis toolbaxRasters of forest cover were also created for each year by using the same method on

the original land cover maps andhsking out any pixels that were not classified as forest for each year.
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Theserasters offorest lossand forest coververe then converted to point data, where each point

represents a onpixelof forestlossor coverequal to an area di.09knf.

For eacHorest loss point, théand useor land covetype that replaced the forest after it was lost and

the type of forest that was lostas extracted using the Point Sampling tool in QBI&ategorythat

the forest was lost to was simplified to eitheranthropogenicland useggrouping cropland, mosaic
croplands, and urban areas. Table &l)atural landcovers fiatural mosaics, shrubland, grasslands
and different tree types Note that hesenatural categories could hide humaaused degradation of

the forest e.g., from harvesting of products, but detection of these processes is hot possible with the

available data.

Forest areas converted teater bodies, sparse and bare areas wakconsidered in the analyss it
could not be certain whether theseeve human driven e.g., reservoir developmentnatural e.g.,

flooding.
4.3.3 Creation of precipitation metrics

We created two metrics from the precipitation data to quantify for each forest loss apthe
difference in monsoon precipitation from the-g8ar average for that forest poiritereafter referred
to as temporal change or.R andb) the difference in monsoon precipitation from the average for the

district that the forest loss point is,ihereafter referred to as spatial change areP

Pime provides a measure of how different the precipitatioas when the forest pointvaslost, to the
average precipitation that poimeceived in the pastt is a measure of how dry or wet that point is
compared toits own 30year averagéVhereas Rea is a measure of how dry or watorestlosspoint
wascomparedto those around it. It uses the average precipitation for the same monsoon deason

the district that thepointis located iras a compar@n.

Pime Was created by subtracting the precipitation from each year from a raster containing-year30
averages using the Raster Calculator in #xkSwas created by obtaining the precipitation of the
forest point when the forest was lband subtacting this by the average precipitation of the district
that it the point is located within. This was done using the extract() function in R to get the precipitation
data for each point and then using simple math code to subtract the precipitation célomra

column containing district averages.
4.3.4 Selection of focal precipitation deficit years

There is no official designation of drought yearsthe Northeast region of India, so | used available
research papers to define the following precipitation deficit periods: 2000, 20052006, 2009
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2011, 2013 and 2018018(Das et al., 2009; Parida & Oinam, 2045hra, 2019)I then examined the

precigtation deficit trends in my own data identifying those years with the highest precipitation deficits

that matched the drought periods outlined in the literatuFdiis resulted in five years identified as

focal: 2001, 2005, 2009, 2013, and 20TIkHe analyis in this chapter focuses on a meteorological
RSTFAYAGAZ2Y 2F RNRAzZEAKGZ a I RAFFSNBYOS FNRBY (KS
WRNRAZAKGQ YR WLINBOALMAGEGAZY RSTAOAGQ AsEling NDK I y 3
period the 30 years before the study1960-1990). This method has been used elsewhere, most
relevantly by the Indian Meteological Department (e.g., Parida & Oinam, Z0&%)eneral definition

of drought and other drought definitions are discuksedetail in the introduction to the chapter.

Standard procedures for measuring drought such as using one standard deviation away from the mean
were not possible with this region due to the extreme variability in rainfall. Using this method with one
or two standard deviations away from the mean resulted in no years being classed as drought years.
The mean for total monsoon precipitation in the region wa84mm, with a standard deviation of+/
637mm.Similarly, traditionally used drought metrgigch as the Palmer Drought Severitgekwere

not appropriate becaus¢hey often work well on longimesales(>12 months)but do not capture
shortterm drought well(Dai et al., 2019they also often require soil moisture dathigh we did not

have access tdJsing @’ RA F T Sivig/n@8Q FINBLINER | CsitnpléayfalysisftoSaptuleow

deficits in precipitation could impact forest cover.
4.3.5 Modelling the effect of two precipitation metrics on the probability of forest loss

Twologistic regression models were used to determine the relationship between a binary response

variable, two climate metricsetedseparately) and population density.

The first model examined whether across the full 30 years of data that we had acd&8H20(019),

forest loss was more likely to occur in areas that were experiencing precipitation deficits in the
monsoon i.e., a negative value in fhge metric. The response variable in this model was binary, where

WnQ NBLNB&ASY( SR AYSNS dzy OKA Y SSR ¢ KRG WY INB LINB & Sy i ¢
The second moddbcused onthe key precipitation deficit years amimedto understand whether

forest loss to land usehangewas more likely to occur in areas that were wetter than thoserad

them i.e., a positive valua the Reametric. For these models, areas that were not in a precipitation

deficit were excluded from the moddlhe response variable in this model \adsinary metriavhere

WQ NI LINE a Joyt io sduraflahdliSes an) NI LINfBrestSwisiidStRo land usshange.

Both logistic models were run using the Ime4 package in R. Before modelling, the correlation between

the predictor variables were checked and there were no concerning dmmsldound Pearson
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correlation coefficient 0.3). After models were rumariance inflation factomsere also used to check

for multicollinearity and all returned values <Beflecting no issues.

Following logistic regression, the model residuals whezked for spatial autocorrelation using the

WE YOY2NI yiSadQ FdzyOlAzy Ay wd 2KSNB &LIF GAFE | dz
a2Nl yQa lautodbpidticzSodlel wag used instead of a logistic regression to account for the
autocorrehtion found. This model used a spatial autocovariate, appearing as an additional predictor
GFNAFOfSYT GSNY¥YSR Wil 3 NIisSQs Ay (GKS Y2RSt3x GKIG
account through creation of a spatial weights matrix fsegustinget al, 1996; Betts et al., 2017)he

spatial autocovariate was created using the spdep packagé&lm$e models were checked for spatial

autocorrelation again anidund toadequatdy account for the spatial relationskip

4. 4Results

4.4.1Distribution of precipitation deficits across the five focal years

Distribution of precipitation deficits ranged widely across the five focal years; 2001, 2005, 2009, 2013,
and 2017 (Figure 1). Theost widespread drought occurred in 2005, whararge proportiorof the

region experienced deficits greater than 250an 18% reduction from the regional average for the
season The year 2005 also experienced the largest defiaitross the five yearmsf 2,629mm which
occurred in the East Khasi Hills district of Meghaldgéably, h 2005 and 2000 areas showed
precipitation surplugmore rain than th&0-year average~igure 2A). The most severe defiditderms

of intensity,generally occurred in the state§Assam and Meghalaya.

Areas of forest loss were highly variable across the region betweetetiodt years and did not seem

to correlate with areas of high forest cover or high population density (Figure 2B & CReWgsitis

the most populous state, with an average df4b people per ki followed by Assam with an average
of 425 people per kinArunachal Pradesh contained the most forest cover at 69,50&kmest cover
was typically higher where population densitgs lower (Figure 2). There were also clear instances
where areas ofiighforest loss occurred iaprecipitation surplus. Examples of these are the States of
Sikkim and its border with northern West Bengal seen in the top left promontory in 2001 onlFigure

and the States of Mizoram and Tripura in the southeast of the region in 2017.

Generally, forest loss associated with human land use and natural land cover changes did not have
spatially distinct distributions. The exception being that loss in the &tatéest Bengal was wholly

related to human land use changes in every year (Figure S1).
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Figure 1Precipitation difference from a 3@ear average (1992019) in each focal rainfall deficit year.
Redder areas signify a more severe deficit of rainfallin@sitof administrative districts are shown in

black, and locations of forest loss shown in green.
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Figure 2| A)Average precipitation over a 3@ar period (1992019) in millimetres. State boundaries
are shown in black. Areas with a higher average precipitation over the period are shown B) blue.

Population density (people per Rnacross the region. State boumigs are shown in black. Areas with
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higher population densities are shown in a darker @)Forest cover (kA per district. District

boundaries are shown in black. Districts with a larger coverage of forest cover appear in a darker green.

4.42 Explorimg the distribution of forest loss within the climate space

Qualitatively, here was a clear relationship between the two climate variables of interest and amount

of forest losgn the precipitation deficit years (Figure B) every year there was more $os areas

experiencing precipitation deficits, and in the wetter areas of this déficd005 and 2009, thentire

region experienced precipitation deficits but the trend remained that those losses were greatest where

the deficit was lowest

In every gar, a higher proportion of forest loss was associated with naturattaretchangeshan

human land use changethis contribution was increased in the later three years compareheto

earlier years 02001 and 2005 (Table 1).

Table 1|Contributions ofinthropogenic land usend natural lan@overcategories to total loss in each

focal precipitation deficit year. In all years there was a higher contribution of losses associated with

natural land uses.

Total loss

Year _ Human land uses (% Natural land cove(@o)
(points)

2001 6599 49.9% 50.1%

2005 698 40.7% 59.3%

2009 2665 18.1% 81.9%

2013 758 36.1% 63.9%

2017 16486 33.6% 66.4%

Of the loss attributed to human land use change, a langgrortion of the lossvas consistently found

in areaghat were drier than the 3@ear averagénegative ) YR ¢SO GSNI 0 KI Yy

(positive Rey, in each yea(Table 2) Thiscouldindicate that these conditionmay bepreferred br

0 KSANJI

human land use changes, whether this result ofvhere people tend to live or where forest areas are

more desirable for cropland uncertain The difference in contributions of human land use changes to

these two categories of climate space increlgeth time. Similarly, drest losses associated with

natural land conversiongere alsomore likely inareas thathad negative R and positive Res but

these contributions declined with time.
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Table 2| The percentage of loss attributed tmman andnatural land changes in each area of the

climate space shown in Figure8. [ Q NX LINB a -&fyquadrarit 6f Sigu@viieie 2r¥as are

drier than the 368 S| NJ

I gSNJ 38

FYR RNASNI 0KIy GKS-righth & G NRA O

guadrant wkere areas are drier than the 3@ar average and wetter than the district average. The

remaining percentages show the amountlao$sin the top quadrants where areas anet in a

precipitation deficit(i.e., positive Rne). Numbers in red show the differee in the percentage of loss

occurring in drier areas of the districts compared to wetter areas for bottclaamyegroups.

Human Natural
Year BL BR Remaining BL BR Remaining
(Top) (Top)
38.9% 56.9%
2001 | 26.5% 34.6% 22.4% 20.7%
(+12.4) (+34.5)
50.0% 64.4%
2005 | 50.0% 0% 35.5% 0%
(+0) (+28.9)
69.1% 59.1%
2009 | 30.9% 0% 40.9% 0%
(+38.2) (+18.2)
80.3% 43.6%
2013 | 12.7% 7.0% 46.3% 10.1%
(+67.6) (-2.7)
44.5% 30.8%
2017 | 29.3% 26.2% 32.6% 36.6%
(+15.2) (-1.8)
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Figure 3|Representation of the relationship between the two climate variaBlgs;(difference in
precipitation from the 3§ear averageand Paea(difference in precipitation from the district average
and the effect on forest loss. Each tree represents fa%avall forest loss i.e., a quadrant with 4 trees
shows that 40% of the total forest loss occurred in those conditions. Percentagasuvetedto the
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human is shown in orange.
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4 4.3 Temporal change in forest loss and analysis of the land use associated with loss

Forest loss did not consistentfycrease over time, but it was greatest in the last deficit year (2017)
(Table 1). Loss in this yemas greater thamll other deficit years combine@dndaccounted for 36.7%

of the total loss in the region between B2019.

Across thefive precipitation deficit years, the forest type witlonsistentlythe highest percentage

f2aasSa 46Fa WONRBI Rf SI OSR% & eiNddas Svgre fom 2his Sakegoy2 2 LI

followed by 34% from the forest typ# 6 N2 | Rf S SR RS G Rt fdmist typds2 &4 S R
remained those with the largest losses for human and natural land changes, hdweadieaved
evergreen closed to opdorests were favoured by natural land cover changes where they accounted

for 63% of all losses, abdoadleavedieciduous closed to opdorests were favoured by human land

use changes, accounting for 54%ogkks (Tablely

Conversion tamatural mosaicsvas the primary cause of loss over the five deficit yEdr$% of loss

over the 5 years¥ollowed by conveisn to mosaic croplands (24.4% of loss over the 5 yeansdng

the losses associated with natural land cover changes, conversions to natural mosaics were associated
with >78% of forest losses in every year, with the second biggest contributor beingrsthréishong
humanrelated forest losses, mosaic croplands replaced? of the forest and was the most
common land use conversion each year. An exception to this was in the year 2005, where the largest
contributor was irrigated croplands. Over time, dtgbivards increased forest losses associated with

natural land covers was detected.

4.44 Model results
Do precipitation deficits result in a higher probability of forest loss?

The Rrne model revealed forest loss to be significantly less likely in Hrabsere wetter than their
30year average (estimate 2.58e04, std err= 1.42€5, z=18.28, p =<0.0001)n particular, the
model predicted a 1% lower risk of forest loss for each 10 mm indre@secipitation over the 30

year average.

Isforest loss attributed to anthropogenic land use changes more prevalent in the wetter areas of a
drought?

In the Reamodel, there was aonsistentlypositive effect betweenR.and the probability of forest

being associated with human land use chanigesg;ating ehigherlikelihoodof forest loss in areas that
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were wetter than the district averagelowever, lhere wasalsoa significant interaction between:&

and population density in every year except 2009 (Tablsugh thatat higher population ensities

there was a greater probability of forest loss associated with human land use change in areas with a
greater precipitation deficit. In 2009, there was a significant effect of both population density.and P

on the probability of forest being lio® a certain land use tydaut no interaction

Model residuals were tested for spatial autocorrelation, amtcorrelationwas found in every model
except 2009 4 2 NJ Yy Qldservadx0.58, expected92, variance=1.67, p=0.12). The spatial
autocorrelaton detected was positive in every case indicating that data points closer together in space

were more likely to be similar than those further away.

Employing autdogistic modelsvith a lag variable to account for the spatial autocorrelatisulted in

the interactions in three of the foif2009 not includedinodels becoming no longer significant. The
interaction remained significant in the year 2001 (Table&s@psequentlyPsyea N0 longer showed a
significant effect on whether forest loss was moreiltelbe associated with human or natural land

use changes in two of the years; 2005 and 2017. The effect of population density remained significant
in all years, with a positive effect directidrhisindicaiesthat increases in population density resulted

in an increase likelihoodof forest loss being associated with human land use changes. There remained
a significant effect of:Rain 2001 and 2013 in a positive effect direction, indicating that wetter areas

increased the likelihood of forest loss lpassociated with human land use changes (Table 3).
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Table 3 Logistic and autdogistic model outputs for each precipitation deficit year. ISigmificant
effects are highlighted in red. AIC values for each model are shown after predictblesarTde
LINBRAOG2NI @I NA I 0 Hdistit¥inddeds coidespddds tokhg adiditioS of b sétial lag

variable to account for spatial autocorrelation in the residuals of the model.

Logistic model Auto-logistic model
Year Pre_dlctor Estimate Std Err z P Estimate Std Err z P
variables

2001 | Intercept -0.83 0.04 -16.8 | <0.001 -8.87 0.23 -37.69 | <0.001
Lag rate NA NA NA NA 5.73 0.15 36.83 | <0.001
Precipitation
difference 1.56E03 1.63£04 9.58 <0.001 6.25E04 2.23E04 2.8 0.005
Population
density 2.59E03 2.00E04 12.97 <0.001 1.05E03 2.57E04 4.11 <0.001
Interaction -1.22E05 1.21E06 -10.12 | <0.001 -4.37E06 1.50E06 -2.91 | 0.003
AIC 5780 AlC 3170

2005 | Intercept 2.23 0.19 -11.61 | <0.001 -8.84 0.58 -15.1 | <0.001
Lag rate NA NA NA NA 541 0.41 13.21 | <0.001
Precipitation
difference 3.88E03 5.83E04 6.66 <0.001 1.34E03 7.59E04 1.77 0.07
Population
density 8.56E03 8.41E04 10.17 <0.001 2.61E03 9.53E04 2.73 0.006
Interaction -1.92E05 3.27E06 -5.88 <0.001 -6.44E06 4.08E06 -1.58 0.11
AIC 698 AlC 393

2009 | Intercept -2.75 0.1 -26.04 | <0.001 / / / /
Lag rate NA NA NA NA / / / /
Precipitation
difference 2.29E03 2.81E04 8.13 <0.001 / / / /
Population
density 7.24E03 5.61E04 12.89 <0.001 / / / /
Interaction -3.58E06 2.50E06 -1.43 0.15 / / / /
AlC 2020

2013 | Intercept -2.23 0.19 -11.38 <0.001 -9.04 0.66 -13.68 | <0.001
Lag rate NA NA NA NA 5.53 0.46 11.93 | <0.001
Precipitation
difference 4.79E03 3.62E04 13.23 <0.001 1.11E03 4.75E04 2.33 0.01
Population
density 4.57E03 8.51E04 5.37 <0.001 3.25E03 1.25E03 2.59 0.009
Interaction -1.43E05 3.51E06 -4.09 <0.001 -2.80E06 4.45E06 -0.63 0.53
AIC 640 AlC 407

2017 | Intercept -1.09 0.03 -35.49 <0.001 -8.31 0.13 -61.63 | <0.001
Lag rate NA NA NA NA 5.39 0.09 58.42 | <0.001
Precipitation
difference 3.34E04 9.70E05 3.44 <0.001 8.66E05 1.26E04 0.68 0.49
Population
density 2.53E03 1.09E04 23.23 <0.001 4.07E04 1.01E04 4.01 <0.001
Interaction 1.78E06 4.33E07 412 <0.001 3.55E07 5.20E07 0.68 0.49
AIC 13774 AIC 7717
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4.5Discussion

This study provides the first assessment of an interactive effect between a climate driver and land use
change on forest loss in India. The findings provide evidence for a combined effect of drought and land
use change on the distribution @drest loss in the Northeast region of India. Precipitation deficits
increased the probability of forest loss in the region, but smaller precipitation deficits resulted in an
increased probability of forest loss to land use change. Broadleaved evergessta $aw the largest
losses during the precipitation deficits years; however, the findings of this study show that broadleaved
deciduous forests were at a greater risk from land use changes than any other forest type. Overall, this
chaptercontributes toan increased understanding thfe relationship between precipitation deficits

and forest lossn Northeast Indiaas well as providing evidence of interactive effects between
precipitation deficits and land use change. The research also increases ther thoagledge of
interactions between these two drivers in the South Asian area of the tropical forest biome, a severely

understudied area in terms of climatnd interactions.

In this study, a greater probability of forest loss was found in areas exgiegi@nprecipitation deficit.

These findings supported the first prediction of the study as well as studies from other tropical regions
which have shown increased mortality of tropical trees in response to precipitation dbfaiiswell

et al., 2018 Meir et al., 2015; Phillips et al., 201The majority of forest in the Northeast region is
tropical wet deciduous and evergreen forests which have been shown to be particularly prone to
drought stresg¢Browne et al., 221 ; EsquiveMuelbert et al., 2019)and the prevalence of this forest

type is likely to have exacerbated the effects of the drought. The effect of drought on the forests in this
region is concerning as the Northeast forests are of national importaadeuring a large proportion

2F GKS O2dzyiNEQA NBYIFAYAYy3 Ayial Ot F2NBad ddkSe N
(Karanth et B,2009;Lele & Joshi, 2009The region is also considered to beedatively lowrisk for

climate effects due to its high biodiversity, contiguous forest cover and projections of increased rainfall.
Studies assessing the future climate effects on forests in India have predicted the region to be more
resilient and potentiy see positive effects of climate change on its for@Skaturvedi et al., 2011;
Gopalakrishnan et al., 2011; Ravindranath et al., 200&% is primarily as a result of predicted
increases in both precipitation and temperature without taking into account potential extreme events
on the forests in the future, including droughts,igthare predicted to increase in incidence and
severity(Kala, 2017; Sharma & Mujumdar, 200)mate change is rarely considered a current threat

to forests in Indian the literature or policy documents and often referred to as a future threat

however, the findings in this chapter suggest thatighiin oversight and that not accounting for the
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drought effects on forest distribution in the region could lead to a greater forest loss than expected
currently. This chapter finds that the Northeast region may be more affected by climate extremes than
previously considered. Assessing the effects of these events on forests in India is necessary to ensure

more accurate predictions of forest vulnerability in the future.

This study also found evidence of an interaction between precipitation deficits andskmthange,

where landuse change driven forest losses were more likely to occur in the wetter areas of a drought.
This supports the second prediction of the study as well as supporting studies from other regions that
have shown interactions between drougind land use changé€kongo et al., 2020; Qie et al., 2019)

In this chapter the majority of langse change driven forest losses were as atre$wonversion of

forest to mosaic croplands. As water resources are integral to crop production it is possible that
conversion of forest to cropland mainly occurred in locations with a smaller precipitation deficit
because these areas had the best chaoterop success during a drought. The findings have key
AYLIE AOIFGAZ2YyE F2NJ GKS FdzZidzNB 2F (GKS NBIAZYyQa F2N
further agriculture expansion are predicted to oc€dinz et al., 2020; IPCC, 2019; Mishra, 2019;
Sharma & Mujumdar2017) The interaction found in this chapter provides an opportunity to better
understand the mechanisms behind forest loss in the region and could lead to more accurate
predictions of forest loss in the future. This not only has implications foowngr forest and
biodiversity conservation strategies but also for climate change mitigation strategies. This is because
vegetation losses in the country have been shown to lead to localised wdfauggi et al., 2019;

Nayak & Mandal, 2019ncreased incidences of droudRioy & Hirway, 200,/flooding(Bhattacharjee

& Behera, 2017)and changes in the monso@8en et al., 2004 Considering interactions between
forest loss drivers could lead to more accurate predictions of vegetation loss and therefore, a better

understanding of the feedback effects on climate change.

It is notable that an intaction between precipitation deficits and land use change was not found in
every deficit year i.e.,aRawas not a significant driver in every model. The two years in which the
interaction was not significant showed unique attributes that could haveilsotgd to a difference in

trend. For instance, 2005 had the largest precipitation deficits of any year. Much of the major cropland
growing areas, such as Assam and Meghalaya, experienced a worse drought than the rest of the region.
The lowest number of fest losses across the five years were also recorded in this year. It is possible
that the severe deficits meant that conversions to cropland were not viable in 2005. In 2017, the region
experienced the most extensive forest losses which appeared indapesidfe precipitation deficit

trend. Though analysis of forest loss trends during the last decade in India is scarce, reports of increased

forest loss in India during 2016, 2017 and 2018 have been found global datasets (Global Forest Watch,
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2021), and tb Northeastern states are shown to be experiencing net losses during these years in
governmental reports (FSI, 2017, 2019). The global assessments attribute the large losses during this
time to increases in as forestry particularly in the states of MizamadhManipur. Whereas the
governmental reports attribute the losses to shifting cultivation practices and development projects.
As such, it remains uncertain why there was such a rapid increase in loss compared to previous years,
but it is not likely to beirectly a result of the drought. The precipitation deficit in 2017 was one of the
least severe, however, a previous study by Mishra (2019) reported repeated drought occurrences
during this period which could have an accumulating effRajsekhar & Gorelick, 2017; Ztsal,

2020) The accumulation of effects from multiple years of drought may have contributed to the

increased forest loss in this year but would not have been pickedthis study.

Thedistribution of thelargestprecipitationdeficitsacross the region in this study also prompts concern

for both forest conservation and human livelihoods. The largest deficitsred in the states of Assam

and Meghalaya which have been previously identified particularly vulnerable to drought
(Ravindraath et al., 2011)These states are key agricultural aredth a high proportion of the

population dependent of agricultu(@moako Johnson & Hutton, 20Db4jt they also have ecologically

important forests and several nationally important protected areas, such as Kaziranga National Park
(Sheth et al., 2020T heEast Khasi Hills distrintMeghalaya&xperienced a 188% rainfall deficit in 2005,

compared to the regional average for the season. This distiocte of the wettest places on Earth

extreme deficits likethi 2 OOdzNJ NB3IdzA NI 8X Ad Aa fA1Ste GKFG G
tropical wet forests that are currently reliant on consistent heavy rainfall. There would also be
consequences for agriculture as both Meghalaya and Assam are yypl@le areafor crop growth

and locafarmershave limited experience and infrastructure to deal with drought condi{ieasda&

Oinam, 201} Precipitation in these states feed into the Brahmaputra River, part of larger river system

which provides resources fampopulation of 78mnillion peoplgWhiehead et al., 2018yhichis vitally
AYLRNIFY (G FT2N G6KS 02 dzy (i MBh3 Zreadydlikdly toLoshR fadz0hing 2 y = & 2

effects.

Across all precipitation deficit years, natural mosaics and mosaic croplands were the major drivers of
forest loss. This is likely to be encouraging for forest biodiversity compared to if forest were being
predominantly lost to cropland or urban areas. T@maining forest cover in the mosaic habitats could
provide vital refuge for forest species and allow them to persist despite the loss of the wider contiguous
habitat (Bhagwatet al, 2008; Udawattat al, 2019) though this might not be the case for the most
sensitive speciefKeinath et al., 2017; Lead al, 2012; Magurat al, 2001) The network of forest

patches in the mosaic may also allow sonantenance of ecosystem services compared to complete
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conversion to another land cover type. However, fragmented forests are also likely to harbour lower
levels of diversity and reduced functioning than intact forest cover, with an increased likelihood of
further degradation(Haddad et al., 2015; Tracewski et al., 20T6e mgority (80%) of forest losses

were from boadleaved forestypes, with broadleaved evergreen forests losing a larger area than
broadleaved deciduous forests. The susceptibility of evergreen forests to drought conditions has been
found in other tropical reégns, where deciduous and daffiliated species are expected to expand in
range in the place of evergreefaguirreGutiérrez et al., 2020; Chavedi et al., 2011; Esquivel
Muelbert et al., 2019)Despite broadleaved evergreen forests losing a larger area of forest, the loss of
broadleaved deciduous forests could be more alarming given their lower areal extent at the start of the
study. In 200, broadleaved deciduous forests accounted for only 13% of forest cover, whereas
broadleaved evergreen forests accounted for 57%. The findings in this chapter show that broadleaved
deciduous forests were disproportionately favoured by huararen losseslikely due to this type
providing good harvests of fuelwood and fodfféoleman et al., 2021; Wakeel et al., 208%¢vious
studies have identified deciduous forests in the Northeast as most atoriskman degradation
(Srivatava et al., 2002; Wakeel et al., 200B) contrast, broadleaved evergreen forests were more
likely to be lost to natural land cover changes which could be indicative of their greater susceptibility to
drought effects(Ratnam et al., 2®; Vicoet al, 2017) The finding that these two forest types are
susceptible to different drivers is concerning in the context of the interaction found because it could
mean that a larger area and diversity of forest is lost when droughts and kwctargyes impact the

same area.

The results of this study produce compelling evidence that both extreme precipitation deficits and land
use changes can impact forests in tlertNeastregion of India. The two drivers are likely to be acting
synergistically to result in more extensive forest loss that the drivers acting alone. The evidence
presented here supports a drive towards understanding how these drivers are interacting within the
country and what this means for forests and biodiversity. Ther@ar@éimediate research directions

that would appropriately follow the evidence presented here.

1) Factors not considered in this study namely soil type, soil moisture levels, agiiqridderences

i.e., rainfed, irrigation or shifting cultivaticas well as thalistribution of protected areasre likely to

impact the susceptibility of these forests to drought and land use interactions. The ways in which these
factorsalter the riskof forests todrought and land use changtressors including whether these
factors alter how interactions between the two manifedtpuld be further exploredzor example,

higher baseline soil moisture levels may buffer forests from the negative effeictaight causing the
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direct effects of the drought to be less severe which could increase the capability of the forest to deal

with other stressors such as degradat{dguirreGutiérrez et al., 2020; &ir et al., 2015)

2) Further research is needed to understand whether there is an accumulating effect of droughts in this
region. Accumulating effects halieen found to exacerbate forest loss in other regigRajsekhar &
Gorelick, 201; Zhacet al, 2020) This is concerning for the Northeast region due to the increase in
occurrence of droughts and the short time periods between the precipitation deficit years identified in
this study.This is especially a concern during the lagary where multiple dry years were found in
other research (Mishra, 2019) and could be leading to a larger effect of forests not correlated with one
extreme year. Understanding whether there is a cumulative effect of drought in Northeast India could
be crwial in halting such high forest losses in the future, where additional protection may be required.
hiGKSNJ NBaSINOKSNAR KI @S y2G4SR GKFdG LYRAIFQa LIt AO)
where action is mobilised when droughts become sevanel start having visible effects
(Bandyopadhyay et al., 2020; Prabhakar & Shaw, 2007; Willaite2014) If there is an accumulating

effect over multiple years of drought, this is likely going unnoticed.

3) Quantifying the point at which drought causes stress on hurspesifically in this regiois also

vitally important to increasing our understanding of the mechanistic drivers behind land use change
driven forest losses. Exploring whether there is a threshold for drought stress on different populations
in the region ould facilitatebetter awareness of forest vulnerability different areas. This threshold
could also better informmanagement strategiewhich could use this threshold to support forest
conservatiorin advancausingclimate projections. This information could also be usembnjunction

with projected population and land use changepredict where forests might be lost in the future.

4) There is recent evidence to suggest that the {mrgn effects of drought onofests and their

associated species may be different from the skenn effects(Meir et al. 2018, Ovenden, 2021). For

example (Nepstadet al.,(2007) found that loss of large trees in a drought had long term effacts

litter fall, soil conditions and a reduction in biodiversity that was not observed in theatmoriThere
couldalsobeal@ySR NBaALRyaS Ay (KS SFFSOua 2F F2NBaid f 2a
apparent at a later stage (Meir et al. 2018, Bertrand et al. 2016). However, other studies have shown

an increase in tree growth following a drought in some specie® ugine years after the event

(Ovenden 202 Thus the longerm effects could be more positive than in apparent by the sieon

changes in terms of forest survival and biodiversity in the future even if individual trees @welost

et al., 2018; Ovendeet al, 2021) Further research assessing the effects of these drowghtsrest

coverage, tree mortality, and the associated biodiversity over a longer period of time is needed to
ascertainthe longi SNY ST¥¥FSOia 2F (KS&S RNRdAKGA 2y (GKS b2
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There are some key considerations that should be takeraggount when interpreting theesults of

this chapter Firstlythere may be a lag in the time taken for hgpactof drought s both humans and
forests(Wu et al., 2015; Zhao et al., 20Bhillips et al. 2009 Thiswas not accounted for in &study

asit can be hard to quantify and likely to be different for natural and human drivers afslogsll as
different locations along the soil moistugeadient (Meir et al. 2018venden, 2021 The presence of
repeateddroughts in this region arluring theperiod of study also complicat¢his, as introducing a

lag effect couldnake it difficult to differentiate between loss caused by a current vs previous drought
(Rajsekhar & Gorelick, 201A) fouryear lag was initially considered in this study hmwethese
difficulties prevented its inclusion in the chapter. Seconlgptecipitation deficityearsinformed by

the literature are predominantly based @uyricultural or meteorological droughthich are not
designed to capture the stress that forestay experienceEmploying metrics assessing vegetation
condition indices and soil moisture can help to ascertain whether forests are experiencing drought
stress and these methods should be employed in future studies specifically assessing the losses
attributed to natural land use changes following this study. Finalyssthe deficit years more loss

was attributed to natural land cover changes than land use changes. This could be indicative of the
additional stress that the forests are under due to piecipitation deficits leading to an increase in
mortality, but further research is needed to evaluate whether this is the causal factor. This is because
the study design only distinguishes definitive humredated causes from other types of land cover
change. Thus, climatic causes of forest loss such as drought stress and fire, cannot be distinguished
from humandriven activities that do not result in conversion to cropland or urban areas like harvesting
of forest products, plantations, livestock rearinglegging. For example, the practice of shifting
cultivation, which can be fairly robust to drougfieegalapalli & Datta, 2018¥sults in a mosaic of
F2NBad FyR AKNHzof YR gKAOK I LIISI NJ I-driveh. Asisghl, (0 dzNJ £ O
this study is likely to be underestimating the proportion of forest lost to anthropogenic influences. This
was expected and could not be accounted for without higher resolution data attte-gnound

surveys to better classify the land use changescéated with these losses.

Despite its limitations, this study is the first to consider how an interaction between drought and land
use change is affecting forests in the country. It bridges two main knowledge gaps, the first being how
droughts affect forest coverage in the Northieesgion of the country and the second of whether
interactions between these two drivers are leading to increased forest losses. This study provides novel
findings on both knowledge gaps which will contribute to a better understanding of forest vultyerabili

in the Northeast region. The research challenges previous studies that predict the region to be resilient
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to climate effects and recommends future studies and conservation policies take into account the effect
of extreme climatic events, and their indetions with land use change, on the forests of the region.
The study finds for the first time in the country that drought increases the probability of forest loss and
that there can be a relationship between precipitation deficits and the spatial diistrilmi forest loss
associated with human land use changes in the Northeast region of India. The study provides evidence
to show that the coupling of these two stressors threaten a larger area of forest, and diversity of forest
types, than either driver &ing alone. The research presented here provides an important starting point
for assessing potential interactions between drivers of forest loss in India, an interaction that has been
overlooked in the pastWithout accouning for likely relationships betwen drivers and actively
consideing new ones we risk inadequately protectingthe forest resourcesand placing sole
accountabilityon the agricultural community to reduce loss¥gith climate projections showing
increased drought in the futurehis reseech stresses the importance of considering the direct and
indirect effects of climate change on forests in future studies and provides information that could
inform the creation of more holistic and effective protection of forest resources, whilst rengghist

forest protection schemes will need to go hand in hand with ensuring adequate food provisions and

economic welbeing.
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