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Executive summary

To quote President Barack Obama, atlinged NationsClimate Change Summiih 2 0 1 4, ATher e

one issue that will define the contours of this century more dramatically than any other, and that is the
urgent threat of a changing climateo. Mounting
has on species, flora and fating can provoke changes in distributions, physiology, phenology, and
behaviours, which in turn can lead to extinctions within the natural world, and a subsequent loss of
ecological processes. The Brazilian Atlantic Forest (BAF), once stretching continfroosiyorthern

Brazil to northern Argentina is now heavily fragmented, and could be a portentous indicator for other
ecosystems that also experience degradation. As the forest is converted, endemic fauna and flora lose
their habitats, and various functiothat maintained the ecosystems are also under threat. The small
bodied, endemiteontopithecus chrysomelaan play a starring role in our understanding on what
happens to regenerative processes in heavily defaunated and degraded forests. This tdesss consi
potential impacts of climate change on tree species distribution in the BAF, focused on seed dispersal
and plantanimal interactions as a symptom of ecosystem functionality, and finally propose a method

to incorporate seed dispersal into vegetatiodetimg, and use the outputs to consider how to

implement various conservation and policy measures.

MaxENT (Maximum Entropy modéel an ecological nich&ased modelesults for two future
scenarios in four general circulation models suggest that u@tm7 the species risk losing more
than half of their original distributiolCARAIB (CARbon Assimilation in Biosphere dynamic
vegetation modeBimulations are more optimistie scenarios with and without accounting for
potential plarfphysiological effect of increased CQwith less than 10% of the species losing more
than 50% of their rang@otential gains in distribution outside the original area do not necessarily
diminish risks to species, as the potential new zones may not be easy to colonikalst @epend
on the tree s peThisesdrchdhighigphtethesnpdbrtanaebof chdogding the
appropriate modelling approach and interpretation of results to understand key processes.

Our resuls from the fieldsuggests that the disperbahaviour and short daityajectories ot..
chrysomelaggolden headed lion tamarins; GHLTeay play a small role in regeneration of the forest
because it is only a shendnge disperser. Nevertheless, it probably contributes to increase the
prevalencef its resource tree species locally, and thus likely to have a function in maintaining tree
diversity by preventing local extinction.

In this field site, we were fortunate to have observed, sometimes only briefly, sloths, toucanets, tayras,
kinkajous, havks, various snake species (including one potentially mimicking the coral snake), and

my field assistant (who had previously worked v8gmpajus xanthosterndisr 10+ years) confirmed

that he heard vocalisations of the capuchins one morning. Additiotiedlfew evenings when the

GHLTs were late arrivals to their sleeping sites, bats (unrecognisable to me at species level) were also
seen flying around the trees. It was also always amusing to see beautifully intricate little frogs jumping
up from puddles &kr rainy evenings. While defaunation and degradation are problems and must be
confronted, it can be hopeful to know that even these areas can be home to the intrepid, beautiful,
slithery, diversity that makes the BAF the hotspot.it is

The principal caclusion from both modelling and field work, is that conservation actions, both in the
field, and at policy levels are mandatory for the conservation and functionality of the Brazilian
Atlantic Forest.
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Sumario executivo

Na Cupuladas Nac¢8es Unidas soliveidanca Climética em 2014,presidente Barack Obama

expressou qué H 8 assumtajue definird os contornos deste século de forma mais dramética do que
gual quer outra, e essa ® a aAswecadémiassobrepeimpactos de um
das mudanca climaticas nas espéciesantona flora e na faun@stéo crescendoa mudanca

climaticapode provocaralteracds nas distribuicdes, fisiologia, fenologia e comportamentos que, por
sua vez, poglevar a extingdes ema subsequente perda de pssms ecoldgicos. A Mata Atlantica
brasileira(BAF em inglé$, que no passadmha uma distribuicdooninua do norte do Brasil até o

norte da Argentina, esta agora fortemente fragmentada e pode ser um iridipad@antepara outros
ecossistemas que taémh sofrem degradacdo. A medida que a floresta é convertida, a fauna e flora
endémicas perdem seus habitats, e varias fungdes que mantém os ecossistemas também estdo
ameacadas. Deontopithecus chrysomelasn macacale pequeno portendémico do Brasil, peda
desempenhar um pap®ls processos regenerativos em florestas altamente defaunadas e degradadas.
Esta tese considera potenciais impactos da mudanca climatica na distribuicao de espéciedarbéreas
BAF, focadh na dispersédo de sementes e interacO@sgdaimal como um sintoma da funcionalidade

do ecossistema, e finalmente propde um método para incorporar a dispersdo de sementes na
modelagemdindmicode vegetacao e usar os resultados para considerar como implementar varias
medidas de conservacamé uenciar goliticaambiental

Os resultados de MaxENT (modeloaropiamaxima- um modelo de nicho ecolégico) para dois
cenarios futuros em quatro modelos de circulacdo geral sugere que até 75% dasestpecieb

risco deperder mais da metade deadistribuicdo original. As simulacdes de CARAIB (assimilagcdo

de carbono na biosfera, um modelo dindmico da vegetacdo) sdo mais otimistas em cemaeos

sem explicagdo dos potenciais efeitos fitossanitarios do aumento,dec@0Omenos de 10% das
espe€ies perdendo mais de 50% da sua distribuicdo. Potenciais ganhos na distribuicao fora da area
original ndo diminuem necessariamente 0s riscos para as esgad@gueas novas zonas potenciais
podem nao ser faceis de colonizar. Dependera também dadeajgade dispersdo das espécies de
arvores. Esta pesquisa destaca a importancia de eszallbelelagem apropriada e a interpretacéo dos
resultados para entender os principais processuégicos

Nossos resultados sugerem que o comportamento de dispers&aortas trajetérias diariaslde
chrysomelagmico ledo de cara dourada; GHLT em ingiésdlem ter um papdimitado na

regeneracdo da floresta, porque € apenas um dispersor de curto alcance. No entanto, provavelmente
contribui para aumentar a predatia dealgumasespécies de arvorpseferenciaisgocalmente e,

portanto, provavelmente terd uma funcao na manutencgéo da diversidade de &rvores, evitando a
extingdo local.

Na area de estudo observarposguicas, tucanosara, juparas falcoes, variasspécies de cobras
(incluindo uma potencialmente imitando a cobra cpeat)eu assistente de campo (que ja havia
trabalhado con$apajus xanthosterny®r mais de 10 anos) confirmou que ele ouviu vocaliza¢des dos
capuchinhos uma manha. Além disso, nas pooodes em que aricoschegavantardea seusocos

0Ss morcegosgue nao reconhe@m nivel das espécies) também eram vjstoando ao redor das
arvoresEra sempre divertido ver pequenasiréisncadase delicadapulando de pogas apds as noites
chuvosasEmbora a defuracéo e a degradag;&ejam problemas e devam ser enfrentados

demorada esperanca que essassmasreagpossam abrigarzda umadiversidadgascinantebela,

e escorregadia que faz do BAR "hotspot”

A principal conclusdo da modelagem e do trabalho de campo é go@easde conservacgao, tanto no
campo quanto nos niveis de politicas, sdo obrigatdrias para a conservacao e a funcionalidade da Mata
Atlantica brasileira.



Résumeé

Lors du sommet des Natiobmies sur le changement climatique en 204 4résident Barack Qima

a exprimeé son inquiétudecil y a un probleme qui définira déroulementle ce siécle plus

dramatiguement que tout autre, et c'est la mepessante du changement climatiguk 6 ®vi denc e
croissante déimpact di changement climatique swafaure et la flore a montré que celai peut

provoquer des changements dans la répartition, la physiologie, la phénologie et les comportements,
pouvantconduire a des extinctions dans le monde naturel et & une perte ultérieure de processus
écologiques. La fot&tlantique brésilienne (BAEn anglaiy qui s'étendait jadis de maniere continue

du nord du Br®sil au nord de | 6Argentine, est ma
indicateurde mauvaisaugugour doautres ®cosy.Atfurmtasmes@gqée e men't
la forétest convertigla faune et la flore perdent leurs habitatsdiverses fonctions qui ont maintenu

les écosystemes sont également menatéestopithecus chrysomelasie espéce de singe

endémique et de petite tajllgourraitjouer un réledansl 6 ® vol uti on des processus
dans les foréts fortement défaunées et dégradées. Cette thése examine les impacts potentiels du

changement <climatique sur | a BAR entsegconcemtthbupnlan des es
dispersion des graines et les interactions pleam@saux en tant que symptome de la fonctionnalité de

| 6®cosyst me, et propose enfin une m®t hode pour
modélisation de la végétation et examinercommeatt t r e en Tuvre diverses me

et politiquesenvironnementales

Les résultats de MaxENT (modeéle d'entropie maximale modéle basé sur une niche écologique)

pour deux scénarios futurs dans quatre modeéles de circulation généralersuggejesqu'a 75% des
espéces risquent de perdre plus de la moitié de leur répartition d'origine. Les simulations de CARAIB
(modéledynamiqued'assimilation du carbone dans la biosphéffectuées aussi bievecquesans

les effets physiologiques potats de I'augmentation de G6ur les plantesont plus optimistes dans

les scénarios, avec moins de 10% des espéces perdant plus de 50% de leur aire de répartition. Les
gains potentiels de distribution en dehors de la zone d'origine ne réduisent pasirgioent les

risques pour les espéces, car les nouvelles zones potentielles peuvent ne pas étre faciles a coloniser.
Cela d®pendra ®gal ement de | a capacit® de disper
I'importance de choisir I'approche de modéimaet l'interprétation des résultats appropriées pour
comprendre les processus clés.

Nos résultats sur le terrain suggérent que le comportement de dispersiaroettkesrajectoires

guotidiennes dé. chrysomelagtamarin lion a téte doréeGHLT enanglais)pourraient jouer un role

peu importantdans la régénération de la forét car il ne s'agit que dlipersiora courte distance.
N®anmoins, il contribue probabl ementpréféréasugment er
localement, et dongrobablement joueit un rdle dans le maintien de la diversité des arbres en

empéchant leur extinction locale.

Sur ce site, nous avons eu |l a chance dobéavoir obs
des tayras, des kinkajous, des faucdngrses especes de serpents (dont une imitant potentiellement

le serpent corallien) et mon assistant de terrain (qui avait déja travaillSapajtis xanthosternus

pendant plus d&0 ans) a confirmé avoir entendu des vocalisations de capucins un negpiusDles

guelques soirées ou les GHédrrivérent tardivemersur leurs sitedortoirs des chauvesouris (lont

| 6esp ce mbnrégalement ééobseruées volant autour des arbres. Il était également

toujours amusant de voir des petites grelfes admirablement complexes sauter des flaques aprées des
soirées pluvieuses. Bien que la défaunation et la dégradation soient des prabiemissa confronter

sans délaion peut espérer quantémequeces zonepuissentbriter la diversitdelle etsubtilequi

faitdelaBAF le <otspote qu bel | e est

La conclusion principale de la modélisation et des travaux sur le terrain est que les mesures de
conservation, tant sur le terrain que sur le plan politique, sont obligatoires pour la conserlation et
fonctionnalité de la forét atlantique brésilienne.

Vi
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1 Introduction

Why study climate change
(AKA 1 why did I do this research again?)

To quote President Barack Obama, atUinéed Nation<Climate Change Summiit 2014,
i T her eissiieghatavil @efine the contours of this century more dramatically than any other, and
that is the urgent threat of a changing cli mateo
behind addressing climate risks. Instead, the researchesuiome of the tools and methods to

understand potential impacts of climate change on organisms in the Brazilian Atlantic Forest.

Answering the question, fAWhy study climate ct
shown the impacts a changing dita has on species, flora and faiuritacan provoke changes in
distributions, physiology, phenology, and behaviours, which in turn can lead to extinctions within the

natural world, and a subsequent loss of ecological processes.

Considering the facilty n answering Awhyo, we can already
as, AHow will species and ecosystems react under
First, uncertainties arrive with future climate predictions. Not only are theredéfgeences between
climate model outputs, but they also depend on the sacinomic conditions which will prevail in
the next decades. There are fewer dordgardinghe range of temperature increase, but confidence
on precipitation changes remains IRaeth et al. 2013pecond, the focus on the many phenomena
affected by climate change in the living world reveals incomplete knowledge or even understanding of
processes and interactions and affextr ability to make robust predictions for the future. The
phenomena include migratory processes, i.e. seeking climatically appropriate zone; the interactions
between the species, for example, pollination and budding; acclimation, the processes Iiyavhich
organisms adjust their metabolism and morphology more or less rapidly to prevalent conditions,
among others. An example is provided(Bgich et al. 2016)in their study, respiration only increased
by 5% in native juvenile trees grown under a 3.4 °C temperature warming while the incnedtse w
reach 23% in no@acclimated plants, thus an 80% difference; but the estimated acclimation was much
stronger than the effects observed in two other recent works (only 30% diffdderde Another
important aspect is that the world is changing inddpetly of climate change, including pollution,
land-use changes, technology, population grosridbr poverty progressiofMalhi et al. 2014)

Nevertheless, despite the difficulties, by studying the potentiadsf climate change on the

natural world, by setting milestones of possible futures for species and ecosysteans hakp c

11



conservation practitioners and other relevant stakeholder assess risks and vujnenathjlivhen

possible, take appropriateti@mns.

This |l eads us to a more challenging question
There are very large bodies of organized scientific knowlégugiean be used to study the effect of
climate change. The information on organism distributichtarir traits has increased substantially
thanks to collations of georeferenced data from herbaria, museums, research projsats) aghe
Global Biodiversity Information FacilitfJames et aP018) Tropicos, the botanical information
system at the Missouri Botanical Gard&RAINBIO coveringsubSaharan tropical AfricéDauby et
al. 2016)or TRY for plant trait{Kattge et al. 2011)These dta allow us to model the climate
conditions the organisms prefer, which could later be used to infer the future. In situ, large scale
experiments are conducted on the effects of elevated temperatures, incr€&seancentration,
reduced precipitations, etc. on organisms to understand their responses in the new conditions (e.qg.
Agathokleous et al. 2016; Duursma et al. 2(8&chezCarrillo et al. 2018; Purcell et al. 2018)
Ecosystem analysis studies explain, with growing precision, the consequences of human disturbances
in particular, like forestossand excessive hunting (eRessoa et al. 2016; RoeBantos et al. 2017;
Trolliet et al. 2017which are other key factors of major changes in tropical ecosystems and
influencing the distribution and interactions of organisms. Finally, remote sensing analyses map the
evolution of he ecosystem distribution and properties and allow understanding the dynamics of
fragmentatior(Mitchard et al. 2011; Taubert et al. 2018; Song et al. 2018)

Through this research, we present our method of choice to study the effects of climate change
on organisms and ecosystems, which is mechanistic modelling. Su¢halotegyprovides a
platform to integrate processes and quarttifcomplex interactionsccurring in eceystems as well
asin mosaic systems made of forest patches, crops, or intermediate Hluitagsne et al. 2014)

These are the reasons why we used and tested these tools.

Choosing the study species and region was relatively easy. Bagidesonal fondness for the
frugivore in questionl.eontopithecus chrysomeléat under 600 grams as adults, with anesgtehing
orangeyblack mane, they are easy to admire), there was also the dire interest in learning about
degraded ecosystems. Unfarately, the need to understand functional losses in degraded ecosystems
has become more relevant to design effective conservation strategies. The Brazilian Atlantic Forest
(BAF), once stretching continuously from northern Brazil to northern Argentinanisaavily
fragmented and could be a portentous indicator for other ecosystems that also experience degradation.
As the forest is converted, endemic fauna and flora lose their habitats, and various functions that
maintained the ecosystems are also undeathiThe smalbodied, endemit. chrysomelasan play a

starring role in our understanding on what happens to regenerative processes in heavily defaunated and
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degraded forests. This thesis considers potential impacts of climate change on tree spémiéismlist
in the BAF, focuig on seed dispersal and plartimal interactions as a symptom of ecosystem
functionality, and finally proposea method to incorporate seed dispersal into vegetation modelling,

and use the outputs to consider how to implemaribus conservation and policy measures.

In summary, the researchdnCl i mat e change i mpacts on the di
species used by Ilion tamarins in the Brawlilian A
9 discuss key modelling methodsailable to determine the links between climate and
distributions of several tree species in future climate scenarios (Chapter 3);
1 establish the potential role of an endemic primate species from the Brazilian Atlantic Forest
(BAF) in the migration or cagervation of tree species towards appropriate climates (Chapter
4);
1 propose methods to couple dispersal with dynamic vegetation modelling and recommend
conservation strategies to decrease vulnerability-oéktree species in the BAF, and protect
the hditats of several BAF species (Chapter 5).

In Chapter 3, we present the differences in the potential distributions of 94 tree species from
the BAF,which constitute the resourceslofchrysomelasusing two different modelling methods.
Each model has tda-offs in terms of data requirements, time, and resolution, and the choice of model
can be evaluated based on those criteria. A key conclusion from the different models is that neither a
statistical nor a mechanistic model can account for critical e@systocesses. Coupling a dynamic
vegetation model with dispersal events may provide a more complete picture for future distributions,

as climate is not the only factor that affects s

Accounting for the principal observation, our stiiiggrates field research (Chapter 4),
where observed behaviours relating to foraging and dispersal were translated into a deterministic
model of seed dispersal (MOST). The field work had two principal objectives, one to understand the
extent to which GHTE might play a role in seed dispersal, when confronted with seeds of the largest
size they are able to swallow, and secondly to understand how to parameterise their behaviours to be

replicated into a movement and dispersal model.

Chapter 5 discusses theupling of MOST with CARAIB. Timeconstraints precluded the
actual coupling, though the chapter outlines how even data from literature could be used to adapt
MOST and using the n@rrimary productivity output from CARAIB as a proxy for growth, we can, in
the future, simulate how long it could take for natural regeneration processes to occur in a fragmented

landscape. Unsurprisingly, when accounting for other anthropic pressures, we recognise the
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importance of conservation strategies, and policy adaptdtiahsould help restore and protect one of

the worldés biodiversity hotspots.

The Brazilian Atlantic Forest
(AKATpl aces to visit before itbds too | ate)

The original extent of the Atlantic Forest stretches from Rio Grande do Norte in Brazil, to
northen Argentina, and Paraguay, with more than 90% of the biome present in Brazil. This biome is a

biodiversity hotspofMyers et al. 200Q)with several endemic plant and animal species.

Source: WWF
Ecoregions of
the World

Figure 1.1 Original distribution of Atlantic Forest, including extent in Argentina and Paraguay.

The forests within the biome were classified into five types. Indekekira-Filho and entes
(2000) have demonstrated an influence of altitude and precipitation on the floristic compdsiyon.
et al.(2014)also made a case for describing the Atlantic Forest composition (dense ombrophilous,
open ombrophilous, mixed ombrophilous, semideciduous seasonal and deciduous seasonal) in a
detailed manner, in addition to describing various stesn services that the biome provides, linked

to this high level of diversity.
The key threats to the Atlantic Forest are habitat loss due to conversion for agriculture,

logging (both illegal and unsustainablafjdurbanisation. The Brazilian Atlantiorest (BAF) houses

approximately 100 million human residents, and contributes to 70% of the Brazilian gross domestic
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product(Martinelli and Moraes 2013; Scarano and Ceotto 2013 se factors have led to a high level

of fragmentaton up to 92%, increasing the biomeds vul ne

Habitat loss and hunting have led to decreased population of the BAF fauna. With such high
levels of fragmentation, BAF vegetation may be at additional risk from climatgehparticularly if
unable to colonise climatically favourable zones in the fuizméener et al. 2017)n the tropics,
vegetation depends on frugivorous fauna, as much asithalamely on plants. 800% of animal
biomass corresponds to frugivoi@$eming et al. 1987; Estrada et al. 1998hile climax forests host
a majority of zoochorous tree speciPeres and Roosmalen 200Phe BAF is no exception many
of the BAF tree species are zoochoric and rely on frugivorous fauna for its dispéregfiofal scale,
tree species diversity seems preserved despite loss of abundances. It is likely that degraded habitats
remain suitable habitats for many forest species, but mainly tree longevity may concéadjtjete
responses (Joly et al. 201¥Yhen defaunation is cougdd with fragmentatio(Bogoni et al. 2018)the
likelihood of vegetation being able to colonise new habitats is low. This poses a separate threat to the
fauna in the BAF, that depend on the vegetation for tugirivali as their habitat degrades with

increasingly atisk vegetation, their own risk increases.

Focal species (flora and fauna)
(AKA T cute and easy to spot: how to choose a study site)

Leontopithecushrysomela®r GolderrHeaded Lion Tamarins (GHIs) are small bodied,
arboreal primates occurring only in Southern Bahia and a small part of northern Minas Gerais, at the
northern end of the BARRaboy ad Dietz 2004) The eastern part of the GHLT range lacks seasonal
precipitation and consists of evergreen forests. However, moving westwards, towards the drier
caatingaarea, the vegetation is sedéciduous, largely due to the seasonality in precipitation
(Rylands et al. 1991 hey are frugivores, though a large part of their foraging activities is in search
of insects and small vertebrates, particularly within liana conglomerates oeltadsn They also
consume gum, flowers, and young leaves in a much lower proportion compared to fruits. They live in
multi-male, multifemale groups from 4 to 12 individuals, and both sexes eadulis are known to
emigrate. They are territorialandegga i n aggressive fiencounter o beh:
uncommon to see more than one group sometimes foraging in the same area at a given time. GHLTs
could be considered generalists, as they are able to survive in secondary foreqiRydbitds 1996)
as well as cacao agforestry systems, known aabruca Indeed, this latter ability is critical for their
survival, as more than 60% of the GHLT distribution is urcddarrucasystems. However, not all
cabrucasystems are managed to ensure the viability of GHLT pre¢@tizeira et al. 2010)In
various stidies focusing on GHLT feeding ecology, the species has been observed consuming fruits,

from up to 92 distinct species of trees, as well as flowers of several bromeliad §patéescci
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2008) They do swallow andefecate seeds of some species, but their role as dispersers seems to

depend on their habitat.

Figure 1.2 Photo ofL. chrysomelagaken in Bahia © Denruyter

With such rangeestricted endemic fauna, clxte change impacts can be tiodd 7 first on
the organism itself, though the principal reason for its endemism may not be due to the climate but
rather habitat characteristics as suggeste8dpajus nigritusanother small primate endemic of the

Brazilian Atlantic fores{Hendges et al. 201;73econd, due to impacts on it habitat.

We can reasonably hypothesise that threats such as climate change, that can decrease habitat
quality, will also impact species like tamarins. In the degraded biome, several forest fragments suffer
from local defaunation, i.e. lossof largero di ed f auna, l eading to the #de
can lead to loss of important services such as seed disgeitiaation, seed predatidda Silva and
Tabarelli 2000; Chiarello 2008)vhich maintain forest dynamics and on occasion, could be important
for regeneration or connectivity. This means that zoochoric vegetation can rely only on small or
mediun bodied frugivores that may remain, increasing the risks for tree species with larger seed sizes.
In suchacontext, the role of GHLTs may prove to be important in the maintenance of habitats, or to a
limited extent, regeneration, though functionally ytheay not be able to fulfil the entire range of

services lost.

The choice for studying the dispersal of seeds fronfPtheoumagenus was principally
linked to the seed size, besides other practical consideragiakesl to duration of fruiting season.
Pouroumaseeds measure approximately 1.1 cm in length and 0.9 cm iniwddig fruits consumed
by the GHLTs with larger seed sizes will have the seeds immediately discarded via spitting, most

commonlyunderthe parent tree.
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ThePouroumagenus isa Neotrgical one and a recent review indicates 43 species. The
genus is restricted to the Neotropics, with most diversity in the Amazon region, relative to the BAF.
The trees are dioecious, with stiftots and, entire to palmatilobed leaves. Mt@tiroumaspeces are
associated wi t-imundated secoadary forestrae alevationsoup to 1000 m. According
to (Neto and Gaglioti 2017k0me species, particulai®y guianensisare most ofterfoundin
degraded areas, while other rarer spedtegl{ipitca) are present in more undisturbed patches. In the
GHLT range, the three most common specieBafroumaincludesP. mollis P. veluting P.
guinanensisand the monkeys have been observed eating fruits and swallowing seeds of all three
species. The species tend to fruit synchronously, typically betweendDetodb April, and in some
years, there has been a much shorter fruit availability in July as well. The mature fruits are a deep
purple, quite pulpy, with sweet and sour tannin notes, particularly in the skin which can feel quite
astringent. One added advage of choosing this tree genus is that their saplings and seedlings are
extremely easy to identify, facilitating germination studies as well as counts of adults, saplings, and

seedlings within parcels.

3 W . W

Figure 1.3 Photos ofPouroumamature fruit (lef t), palmatilobed leaf (middle), and stilt roots (right). ©
Raghunathan

Additionally, by studying the uptake and possible influences that seed swallowing and
defecation may have on the germination rates andvalifor the largest seed size that the GHLTs can
swallow, we can maksomeinferences on whether or not areas with high hunting pressure for large
bodied frugivores suffer from loss of functional diversity and the possible role of GHLTs in

regenerationThis was not the principal question of the research however!

Some challenges in studying climate impacts
(AKAiresearch is hard and hereds why)

Capturing how a changing climate might impact species, irrespective of the taxon, is difficult.

Scientists andonservation practitioners typically rely on modelling, and each model has its own

constraints.
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Peterson et a{2015)describes in some detail the main modelling mashancluding their
advantages and drawbacks. There are ecological-haded models (ENMSs), or species distribution
models (SDMs) which use a correlational approach with varying degrees of statistical complexity
(Elith and Leathwick 2009)Another modelling approach is mechanistic, based on biophysics and
physiology, where the tolerances of a species under different environmental conditions are computed
(e.g.Barve et al. 2014Mechanistic or procedsased modelling also measures responses of species
based on their tolerances, but are also more complex as they can also include interactions
(competitior), dispersal/colonisation, etc. These kinds of probased models of vegetation are also
called dynamic vegetation models (DVM3yry et al.(2011); Snell et al(2014). Mechanistic and
processhased modelling is less developed for animals, with fewer studies demonstrating this approach
(Boyles et al2011) Few studie®n climate impacts on animals have incorporated the physiological
regponsegKearney and Porter 20Q9)ossibly because the physiology of mammals and their
competition may be harder to simulate. Additionally, prod¢essed modelling (plant or animal) is
definitely more time consuming, particularly with respectite tevel of data required on the morpho
physi ol ogi cal tr ai tamdwiahcomphbtiagitsefeci esd i n questi on

Bearing in mind the varying approaches, coupled with the differences in the climate data sets
developed for several economic scenariogetiean be high levels of uncertainty in estimating climate
change impacts. As such, conservation practitioners and denisikers could benefit from
identifying a range of possible climate impacts on their species of interest. Any consistent declining
trends predicted by several models, in a number of scenarios, with multiple climate datasets will imply

a higher risk of extinction due to climate change for those species.

Model ling the GHLTG6s physiological response t
chalenging, though as explainedkorstjens and Hillyef2016)(chapter 11), small bodied mammals
typically have higher metabaglrates, which are likely to increase with higher temperatures, and a
corresponding larger energy expenditure. This could increase their vulnerability to climate change.
However, a correlational approach may be impractical due to its endemic statusaasmoieknow
that climate reasons explain the endemism. Therefore, to understand the possible climate threats for
this endangered species, we chose to simulate the potential impacts of climate change on the
distribution of 94 tree species used by the GHa3 $ood or sleeping site resources and evaluate the
risks to the BAF habitat. Additionally, we studied the seed dispersal behaviour of the GHLTs in a

mosai c habitat to understand the monkeyds potent

18



The problem of seed dispersal
(AKA T collecting faeces is the easy part)

In tropical regions, the premise that habitats must be protected and resilient to climate change,
particularly for its fauna, is directly affected by seed dispersal. Zoochoddggeersal, which is a
procesghat tropical vegetation relies on, is a process where animals consume fruit, and either swallow
seeds that are defecated at a different time, and sometimes location, or store seeds in cheek pockets
and are spat at a differelocation and time. In a first application of the dynamic vegetation model to
some BAF tree species, we had identified that pdannal interactions are too important to ignore,
and as yet, are not adequately captimevegetation modelling, mechanistr otherwise
(Raghunathan et al. 2018rooker et al(2007)even argue that by not including dispersal interaction
in climate modelling, there is a risk of not accurately undading the pathways to collapse,
particularly citing lower rates of londistance dispersal that could drive extinction processes in
mutualistic species. While seed dispersal is, in and of itself, an extremely complex process, in some
instances it can b&tudied in a simplified model (as in this case, with one frugivore and one genus of
fruit tree) and still be relevant for further research.

Difficulties in modelling seed dispersal is mostly linked to insufficient data on animal
movements, gupassageimes, and other variables that are useful in predicting animal movement
patterns, and germination success. However, the effort required to collect some additional data while

conducting field work is only marginally more, while the added value of thetdathi$ quite high.

Combining MOST with a DVM. Whatould it produce?
(AKA T future research projects for incoming graduates)

The exercise in joining a dispersal module with a DVM is precisely to overcome the
limitations of modelling plant growthndy. Such a coupling could perhaps lend itself to scenario
building, by creating landscapes of fragments and measuring dispersal rates of key species towards
appropriate climates. Even if we were excluding an analysis based on climate change, CARAIB
modelshave reasonably reproduced pressmy distributions of various species, and such an exercise
would be relevant to understand where to place corridors or stepping stones between patches, and even
identify the appropri at etives ueatso fom a gfroductivityan fAattr ac
perspective. Such detailed tests were beyond the scope of this particular research and is therefore
included here as an open invitation for further investigation. After all, they say a thesis is only as good

as the numlreof new questions it produces.
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2 Research approach

First,

start by effecti ve

putting together an

joint endeavour

The research question had two mairthmeological components: Modelling & Field work.
While the field work does not entirely offset the outcome of bad seated postures, high screen time, and
a sense of complete inadequacy (when confronting
very useful to improve the model and helps the memory. Precisely when you continually ask the
i Wh a t t hi

we need all hands esheck. This section provides an overviefithe research methods.

question, am | doing §sifosofbobhecbhnekdwa

CARAIB: CARbon Assimilation in the Biosphere
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Figure 2.1 Diagrammatic representation of the CARAIB dynamic vegetation model (DVM).

The diagram is a schematic representatiai@iCARAIB dynamic vegetation model (DVM),
which was first created in the early 90s by researchers iratheratory for Planetary and
Atmospheric Physicsat the University of Liege, Belgium. CARAIB can simulate plant growth using a
dynamic and mechanistimethod that calculates key processes and interactions in the biosphere
(terrestrial realm)Dury (2015)provides an excellent summary of the CARAIB modules and the

specific calculations behind each. Previous models of CBR¥alve been improved to highlight the
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transient responses of ecosystems to future climates, rather than focusing only on carbon flows. This is
reflected in updates in the modul esd interaction

mortality of the plants of interest.

Each module captures specific interactions and dynamics, that are linked to other modules,
and can affect the outcome of plant growth. For example, the hydrological bodgainentmodels
the water cycle, considering aspects @gpitation, evapotranspiration, soil water levels (stored or
runof f ). When water | evels are | ow, CARAIB simul a
conductance, which in turn affects photosynthesis, itself taking into account atmospheric CO
corcentration, light and temperature. Soil water is influenced byesdilre which is an input in the
CARAIB model. These dynamics have a direct impact on plant respiration and photosynthesis balance
and finally on plant growth. Thisiiturn is directly Inked to the carbon cycleand is perhaps also an
interesting tangent into why the phenomenon of i
negative effects of increased €4 least in the shoeterm. Trees, both during respiration and
photosynthesissie Al eft over o glucose molecules from both
components. Thephliygsiaoltec®i oal momphact eri stics of
simulations, because each species behaves differently with respect tegpeirses to environmental

factors and to their allocation of carbon molecules to leaves, roots, stems (trunk).

Each run within a CARAIB simulation grows plants, and the biogeography model captures the
ecosystem dynamics, by having the plants competégfirdnd water. Besides the competition
between the species, CARAIB also calculates other stresses, in addition to water stress, like thermal
stress (i.e. temperatures beyond the thresholds for survival or even germination). These factors can
leadtomorthi ty, and possible changes in a speciesd ne
what is used to create potential distributions of the species of interest. One main improvement of
CARAIB simulation would be the implementation of a migratiordoie. Indeed, in the present
version, there is no dispersal limitation: all the plants to simulate are allowed to grow everywhere
even allowed to have seeds everywtlierthe selected area and the absence of one particular species

only reliesonthe fetthati t s pr oduct iorthat germinagion&ntesia aye ndt met 6

In the model, the first components are finat ur
anthropic influence, there was some dynamic equilibrium that would maintainpemsition of
species within a given biome. Of course, in a vegetation model with tropical species, this is still
simplistic, because it is known that plant species composition is also influeno#ftebynteractions,
such agrazing and parasitism. The memodule is a fire module, where natural frequency and
intensity of burning events can be adapted to reflect human infliiexamnple, slash and burn

agriculturei and can heavily sway the final distribution and composition of species. This particular
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module within CARAIB is especially relevant to consider management scenarios and the impacts on
future distributions in areas of higdine risk. Of course, the fire module also relies on the output from
the other modules litter (respiration), drier soils fldrological budget), and some mechanism to light

a fire (lightning, slash & burn intensity, human density and behavior) to calculate the probability of
fire and its effectlt is worth noting that thus far, CARAIB has not ysied factors such as slash &

burn, or human density in their fire ignition probability.

For this study, we narrowed down our choice of BAF species of interest to 94 tree species.
They were selected using the same criteria describ@dghunathan et g2015) and even included
species important to another endemic frugivorous primate in Southern Bal8aptjes
xanthosternusAs CARAIB is a gridpoint model and can be run at any resolution, we ran the
simulations for the entire BABiome at Sminute resolution. This also meant that the resulting
rectangular delimiter included portionsazatingaand the Amazon biome. The climate data needed
to run CARAIB includes: daily average air temperature; daily amplitude of air temperagtwe¢b
night and day); precipitatiomjr relative humidity; percent of sunshine hours; wind speed. The other
input for CARAIB included samples of presence data for the tree species of interest which allows to

extract several climate thresholds consideredpecies traits.

While in Raghunathan et gR015)we already described the importance of using species
specific values for morphphysiological traits, the updated values were not easily availatite in
literature for the species simulated here. As a result, the simulations were run using average values of
Plant Functionality Types (PFTs). Ongoing research has suggested that the outputs of CARAIB are
greatly improved when specispecific traits arencluded(Paillet 2018; Francgois et al. 2019;
Hambuckers et aR019; Paillet et al. 2019y he fire module was not used for this region, because fire
is not a particular threat in the GHLT distribution per se. However, it may be a valuable next step in
considering the role of fire particularly in the western disiibn, as we move towards a drier,

Atlantic-forest tocaatingatransition ecosystem.

Maximum ENTropy: MaxENT

There have been several uses of Maximum Entropy (MaxENT) modelling to determine
availability of suitable habitats for species, based on climgtacts. MaxENT uses presence only
data and environmental variables (predictors, linked to the presatiogate, anthropic pressures,
distribution of prey have been used in different analydesparlez et al(2008; Bouyer(2015;
Collins and du Toi{2016) to produce probabilities of distributions. MaxENT assumes that the
probability is uniform over a geographic area of interest and moves away from this probability based

on the constraints meagar from the predictor variables. MaxENT treats background points as
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ipseaubdsoenceso, which means that if the sampling
unfortunately the more common scenario), then the predicted distributions are also lbelyiased

(Phillips and Dudik 2008; Merow et al. 201BJith et al.(2011)provides an excellent overview of

MaxENT and cites in more det ai Imentih2004aTheylargueat i ons
that presencenly data can be modelled in a similar way to presefisence data, but naturally imply

that where presenadbsence is known, they can eliminate issues in sampling bias and models using
presenceabsence are a betubstitute. Limits of the background taken into consideration has to be

set, for instance by checking the increase of fit when increasing the background extension as suggested

by VanDerWal et al(2009).

In di fferent words, MaxENT finds the Al argest
geographic data related to species presence, against a set of environmental variables (which are a part
of the background). This procedure is similar to maximisingdgdikelihood of the background data
associated with presence, with a penalty. The penalty is that each environmental variable is weighted
based on how much complexity it adds to the model and the sum of the weights of all the
environmental variables is \ahdetermines how much the ligelihood should be adjusted to avoid
overfitting (i.e. a potential ovegsrediction of possible distributionBhillips and Dudik2008). This
process of adding the weights to calculate the penalty uses a regularisation pavelmeiaran be

adjusted by the user.

MaxENT specializes in predictive accuracy at the cost of biological interpretdibon
example, there may be a reason other than climate for a species not to be present in an area. However,
several studie€Elith et al. 2006; Elith et al. 2011; Merow et al. 20b&ye shown that MaxENT
modelling, compared to other methods, works better, and is therefore one of the preferred analyses
used for species distributions. However, studies have also sloonencs the disadvantages in
presencenly modelling(Gomes etal. 2018) parti cul arly when sufficient
Acommonness or rarit idetal(2016)tested mapheds foresalectmga | nt er e s
logistic threshold and summarized the challenges with respectqoi@iet conservation planning: in
rarer species, models tend to increase omission errors rather than commission errors, meaning that
suitable locations might be left out in predictions and could be inadvertently lost to poor territorial
management. For conan species, the inverse is usually the case, potentially leading to poor resource
allocation for conservation planning and management. Omission aredirsked to correctly
predicting presence records ( olinked®emestiyt i vityo),
predicting absences (fAispecificityo). Typically,
anot her , but more i mportantly, are independent o)
species are considered as preg¢8habani et al. 2018This is of course valid for MaxENT or

CARAIB, andwe calculated these parameters for both models.
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Most studies addressing climate i mpacts on s
which can be available for free at worldclim.org or created in R. For this research, we calculated the
bioclimatic variables from the four GCMs, for both the RCP4.5 & RCP8.5 scenarios.

A quick comparison between CARAIB & MaxENT

While this is dealt with Contraggingiclimasterisksbi t of de
predicted by dynamic vegetation and ecologitehe-based models applied to tree species in the
Brazilian Atlantic Forest, t hi s section provides a quick summa
Both models use presenoaly data and can simulate multiple species at once. Barring that, there are
few similarities between them. Perhaps the most interesting feature to explore is the relative
consistency with which MaxENT produces more pessimistic outcomes under future climates,
compared to CARAIB. There could be two ways approach this concernf améch was not done in
this research. Apply a different fregularization
Anoi sedo, rather than appreciable differences in
Aprecauti onar y ptodonsanatipn deasions.iOnehappreeiablp difference that may
be considered is the relative amount of time it takes to run simulations. Because the processing
(statistics, interactions) in MaxENT are much less complex relative to CARAIB, simulations on a
similar geographic area, for the same number of species are appreciably quicker in MaxENT
compared to CARAIB. However, at a slevel, where orthe-ground conservation measures are
typically applied, CARAIB may prove more reliable precisely for its gbititsimulate plant growth,

and for the future opportunities to consider dispersal by fauna.

SDMs, including MaxENT predict potential ranges and merit being updated as new data are
available, in terms of distribution but also with respect to any chamggsdated environmental
variables that may influence their distributions. The same way that CARAIB would benefit from using
species specific morphological traits, both CARAIB and MaxENT could benefit from including key
interactions and other biologicalnables, rather than focusing mostly on climate and physical

variables in the environment.

We compared CARAIB and MaxENT outputs by calculating True Skill Statistic (TSS), Area
under the curve (AUC), specificity, and sensitiiBhabani et al. 2018)

Observing GHLTSs in the field

This section describes the field theds, though a detailed description of the methods is

provi ded i metdarningsticenbdeling & seed diBpersal based on observed behaviours of
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an endemic primateinBragil. The group | observed was one of a
broacer research programme that is led by the Royal Zoological Society of Antwerp (RZSA). In this
thesis, the group is referred to as the ACol 1ni a
behavioural observations obtained from other studies. Theod®tised to observe the group are

exactly the same as those describe@atenacci et al. (2009); Oliveira et al. (2010); Cardoso et al.

(2011) Two adult individuals in the grougadradio collars, ad using telemetry devices, we followed

them from sleeping site to sleeping site (i.e. winay left their sleeping hole in the morning, until

they went into the same or different one in the evening) 5 to 8 times a month. Positions were recorded
every 20 minutes, and all behaviours linked to feedigitoriality, predator presence, and

resting/grooming, sleeping site use were recorddePouroumagenus fruits between OctobApril,

and this coincides with GHLT reproductive season.

Besides collecting data on the behaviours, considerable effort was dedicated to learning about
the physical ad biotic environment. We established parcels throughout the seasonatdngee
These were inputs to learn more about the factors affecting GHLT trajectories, and to parametrise
dispersal within their seasonal homamge. Defecated seeds were collecaadiin-situ germination
studies were conducted. Another, entirely4gonclusive study on seed predation wasugeas well.
The first challenge was identifying sites within the home range where there weosimuma
individuals within a 50m radius. Oneee successfully identified 10 sites, a seed predation experiment
was designed, with i) exposed seeds with 1 m of nylon threads attached, in an attempt to test seed
removal, and ii) an fAopend pile of acmwmlssi bl e se
design, because the results were generally inconclusive. After one year of visiting the sites of the
predation experiment (once a week for the first 6 months, and then once a month up to a year), the
seeds were lost and untraceable, or remained i thane s i t e, and dried, wi t h
had the appearance of being gnawed. While the missing seeds may have been lost to predation or
possibly secondary dispersal events, it is hard to draw any reasonable inferences. Pitfall traps for
terrestral mammals, and surveys on dungetles, or other secondary dispersers or predators may be
interesting in this regiorCulot et al.(2009)showed thaPouroumagenus seeds have been buried or
predated upon following dispersal eventsSaguinusalthough, at much lower rates compared to
othertreespecies that were observed in that study.

naddi tion to the actual Adata of interesto,
infant carrying behaviours. One particular event that was quite unusual was that the secondary female
also gave birth, within 10 days of the alpha. How odd andiegdibr two females to carry, within the
same group? This is not a regularly documented incident among GHLTs. We also witnessed a blatant
attempt at infanticide, during the course of an encounter, approximately three weeks following the

birth of this inteloper. Following ethical considerations, when the adults were directing alarm calls
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towards us, as we inched away from the scene of the crime, sshatiour observations, expecting

to return the following day, to four adults and one infant. This wafrowd. When indicating that at

the end of my research period, there were four adults and 02 infants, this is because GHLTs can have
up to two birth events in one reproductive season. Of course, it was the alpha female who had her
second infant. We wouldnlow the exact date of the birth, because one day, four adults and a juvenile

were | eft at their sleeping site, and the next,

Perhaps the biggest gap in terms of datecotécted is linked to lack of aomprehensive
phenology study, that would run for at least a few consecutive years. This is because the site was a
new site. The RZSA, with a broad research focus
ant hropic pr esenc e &ofhe Una Biologicat Reserfve ta ilnpgovee n vi r o n
understanding on the minimum necessary conditions for GHLT survival. The phenology study was
beingsep at the same time as this research started
time. Informaly, as | would stalk my group, it was interesting to note that during the few weeks where
my feeding behaviours would only haReuroumaandArtocarpusin the observations, the forest did
seem fiemptyo. What woul d hapmeWould&fewveeksgfac kf r ui t
dieting onPouroumaa | one suffice? A confounding variabl e i
group spent so much time hiding in liana conglomerates to search for food (insects, small amphibians
or small reptiles), or were thegsting due to the charges of infaaairing? The faecal samples did not
usually have telling signs of undigested insect material that could sometimes appear. But a genetic
study, as conducted by Oliveira during his field wqrkré. communicatiorwhere hesent faecal

samples to be analysed, would have been an interesting (though expensive) addition.

What is perhaps always missing in professional descriptions of methods descriptions is the
rich complement of fAdat ao t thisfieldsits wepwere foraumateéod wi t h
have observed, sometimes only briefly, sloths, toucanets, tayras, kinkajous, hawks, various snake
species (including one potentially mimicking the coral snake), and my field assistant (who had
previously worked wittBapajus xanthosternusr 10+ years) confirmed that he heard vocalisations of
the capuchins one morning. Additionally, the few evenings when the GHLTs were late arrivals to their
sleeping sites, bats (unrecognisable to me at species level) were alsgisgardund the trees. It
was also always amusing to see beautifully intricate little frogs jumping up from puddles after rainy
evenings. While defaunation and degradation are problems and must be confronted, it can be hopeful
to know that even these asegan be home to the intrepid, beautiful, slithery, diversity that makes the
BAF the hotspot it is.
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Abstract

Climate change is a threat to natural ecosystems. To evaluate this threat and, where possible,
respond, itisusefultoud er st and the potenti al i mpacts c¢l i mat
distributions, phenology, and productivityere, we compare futwgcenario outcomes between a
Dynamic Vegetation Model (DVM; CARAIB&and an EologicalNiche-basedModel (ENM;

MaxENT)to outline the risks to tree species in the Brazilian Atlantic Forest, comprising the habitats
of several endemic species, including the endangered primaieopithecus chrysomeléSolden

Headed Lion Tamarin; GHLT), our species of interest. ComparedtEMT, the DVM predicts

larger presentlay species ranges. Conversely, MaxENT ranges are closer to sampled distributions of
the realized niches. MaxENT results for two future scenarios in four general circulation models
suggest that up to 75% of the spediisk losing more than half of their original distributi@@ARAIB
simulations are more optimistilc scenarios with and without accounting for potential plant
physiological effects of increased g®@ith less than 10% of the species losing more than &i0%

their rangePotential gains in distribution outside the original area do not necessarily diminish risks to
species, as the potenti al new zohes may not be e
dispersal abilitySo far, within the arrent range ok. chrysomelasCARAIB continues to predict
persistence famost resource trees, while MaxENT predicts the loss of up to 19 species out of the 59
simulated This research highlights the importance of choosing the appropriate modellingcipproa

and interpretation of results to understand key processes.

Keywords
Climate change, dynamic vegetation model, primatesntopithecus chrysomeldsee species

distributions
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Introduction

Climate change is a threat to natural ecosystems. In rdelequately evaluate this threat
and, where possible, respond, it is useful to understand the potential impacts climate change could
have on speciesd distributions, phenol ogy and pr
area of interestsia biodiversity hotsp@Myers et al. 2000Mittermeier et al. 2005 with many
endemic plant and animal species, forming complex communities ofliependent organisms, that

may succumb to climate risks.

Traditionally, conservation practitioners and ecologists use ecologicalivéceel models
(ENMSs), also called species distributions models, to identify climatically appropriate regions for the
species in the futurglith and Leathwick 2009)Examples of such models are MaxENT (Maximum
Entropy ModelElith et al.(2011), GARP (General Algorithmic Rulset Productionf ownsend
Peterson et a{2007), or logisticmodels (seé&nnexTable3.1 and textfor data needed with ENMSs).
Typically, these models identify empirical relationships between values of environmental (or
predictor) variables for known species locations. These relationships are used to predict the likelihood
of presence, across an area of interest and allow ufetdan future (or past) areas under other
conditions. Their main advantage is simplicity of use, but they can be quite limited. Also, different
ENMs could produce different results, despite modelling the same species and the same zones.
Usually the ENMs d not include or control important physiological phenomena such astshart
acclimation, or genetic adaptatioddnfith and mkes 2013)While they simulate the niche, including
biotic interactions, they have to rely on the assumption that these interactions will not change when
projecting with new climate data, while these interactions and their evolution are important factors
governing species rangddréoker et al. 2007)Climate ENMs work with plant€Carnaval and Moritz
2008; Colombo and Joly 2010; Franklin et al. 2013; Khanum et al. Dt 3Jso with animal (e.g.
Collins and du Toi{2016)Bunokgos monticularisVasconcelos et a{2012)with terrestrial reptiles;
Carolan et al(2014)with hemipteran insects). Procdsased dynamic vegetation models (DVMs) are
apt toolsto study impacts of climate change on vegetatiaury et al. 2011; Snell et al. 201d)d
may be better suited than ENMs. A¥ s simulate the growth of plants, based on plant functional
types(Sitch et al. 2003)r biological affinity groupgLaurent et al. 2004}hey enable researchers to
monitor plant responses to changeryironments (seAnnexTable3.1 and textffor data needed with
DVMs). ENMs and DVMs allow for simulating several species at oncdevid¥Ms also include
species interactions (resource competiti®npcess based modelling is less developed for animals,
with fewer studies demonstrating this approg@®byles et al. 2011 )}ew studies on climate impacts
on animals havencorporated the physiological respongésarney and Porter 20Q9ossibly

becaisethe physiology of mammals and their competition may be harder to simiutitigionally,
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processhased modelling (plant or animal) is sometimes more time consuming, particularly with

respect to the level of data required (for instance with trait dathtomputation time.

In the tropics, vegetation depends on frugivorous fauna, as much as the animals rely on plants.
80-90% of animal biomass corresponds to frugivgréeming et al. 1987; Estrada et al. 1998hile
climax forests host a majority of zoochorous tree species, getatéon reliant on frugivorous fauna
for seed dispersg@Peres and Roosmalen 2008imulating climate change impacts on each
component of the BAF biome is difficult. This is due to the large diversity of species (and
corresponding lack of uniform spatial and trait data) with different degrees ofesmriomic and
ecological importance. However, we can still gather useful information while prioritising some species
(flora or fauna) characterized by defined criteria. The threat of extinction could represent one of these
criteria because threatened species are nemrg@ts/e to the degradation of their ecological niche than
the other species. Here, the tree species selected to understand the potential climate risks, are those
known to be important, as a food or sleeping site source, to an endangered frugivorogs primat
Leontopithecus chrysomelas GoldenHeaded Lion Tamarin (GHLT). The GHLTSs have a small area
of occurrence, decreasing due to habitat loss, in northeast Brazil, principally in southern Bahia. With
such range restriction, it may be hard to know whetiesiall range is a consequence of climatic
conditions, geographic barriers, or other reasons. Therefore, modelling the response of tree species
important to GHLTSs in terms of habitat and food resources may be more useful than trying to build a

climate ENMof the monkeys.

There is mounting evidence that climate change will have impacts on several Spfemieas
et al.(2004)used a speciemrea approach to understand the extinction risks of various taxa, under the
face of climate change, and projected that 28% of species (overall) could be extinct under amid
range climate scenario, with and without dispeiRabt et al. (2003) andhomag2010)conducted
metaanalyses that showed temperature related shifts in 68% of counlsige@es, that are also
consistent with their physiologivonzén et al(2011)provided several case studiesr different
ecosystem types, where climateluced range shifts led to species moving outside of protected areas,
thereby increasing their vulnerability to extinction. Otherwise, evidences of population expansion at
the | eading 6colfdrébe euegret atrlea muprho affog eof retr eat
(Thomas 2010) The BAF biome is already threatened with heavy fragmentation, with only 8% of the
original forest cover remaining/yers et al. 2000)In the GHLT distributia, there is only one major
protected area (Una Biological Reserve), and much of the GHLT habitat is convertedftoresjry
systems for cacao production. Climate change can therefore exacerbate the impact of fragmentation, as
well as threaten the BAF getation. Conversely, with much of the BAF biome lacking labyefied
frugivores due to hunting, GHLTs may play an important role in habitat maintenance, though it may

not functionally replace the losses.
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In Raghunathan et g2015) we found with th&CARAIB DVM thatthe potential future
distributions of various BAF tree species may be limited by soil water availability in the future.
However, under the pessimistic A2 climate scenario, the model pebggaficant range reduction
compared to the preseday for only three out of the 75 studied species, with no important losses in
the B1 and A1B scenarios. These DVM results were considerably optimistic compared to those of
Colombo and Joly2010) who ran two ENMs (MaxENT and GARP) for 33 BAF species and
obtained significant range loss in future predictions. Aldeaghunathan et g2015), we ran steady
state simulations with average climatological data, and identified the need to conduct fully transient
simulations. In a transient simulation, the weather changes each year, and the reaction times of
vegetation may not be quick enouglréspond to climate change, therefore incurring higher risks of
extreme climate events. We also stressed the value of using a range of general climate circulation
models (GCMs) to account for the differences in projected future climates. In additionudiése s
have conducted procebased simulations for vegetation on the many species in this region, and fewer
have compared different methods. Here, we compare the outcomes between a DVM (CARAIB;
CARDbon Assimilation In the BiospherErancois etl. 1998; Francgois et al. 2006; Dury et al. 2011)
and an ENM laxENT; Phillips and Dudik 2008)riven by climate predictions of a range of GCMs
under two Intergovernmental Panel on Climate Change Assessment Report 5 (IPE§C AR
representative concentration pattys (RCP) to outline the range of risks to BAF tree species, and

consequently the GHLTSs or sympatric fauna, in the future climate.

Methods

Climate data and species distributions

Themonthlyclimatic fieldsrequired to run CARAIB are thmeansurface & temperature,
diurnaltemperature rang@recipitation, wind speed, relative sunshine hoursaamelative humidity.
The presentlay temperature (minimum, average and maximum) and precipitation variables were

obtained from WorldClim version 1.4v(vw.worldclim.org. These monthly mean datapresentative

of 1951-2000period with a spatial resolution of 30 arcseconds (about 3 krare compared to
observed temperature and precipitation from meteorological satidghe BAF zone and were
estimated concordant (<5% difference in mean values). For CARAIB transient simulations, present
inter-annual varbility was derivedrom 0.5°Climatic Research Unit TS 3.0 datasaso used to get

the other climatic fields absein WorldClim.For the future (until 2100), several IPCC CMIP5 GCMs
(Coupled Model Intercomparison Projed@hase 5Taylor et al. 2012)vere selectetbr the quality of
thar reconstructed climate over BAF for hosical periodor for the extreme temperature and

precipitation changes they projected for the end of the ceMileclassified the outputs of 33 CMIP5
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GCMs,interpolated to a 0.5° regular grakcording to theiability to reproduce presedfty monthly
mean temperature and precipitation frotm@te Research Unit (CRWatase{version CRU TS
v.3.21;https://crudata.uea.ac.uk/cru/data/hrg¥e used CRU time series for the model selection
because of its spatialgelution closer to the coarse GCM resolutions and to be able to control the
GCM interannual variability. We evaluated the mean, katenual variability and trend over the
1980:19990f modelled annual and seasonal temperature and precipitation in temag of
correlations (coefficient correlation) and differences @metirsquare error) with CRU dataylor
diagramgqTaylor 2001)YSeeAnnexFig. 3.1 and Fig.3.2) that provide a concise statistical summary of
how well models match observations in terms of their correlation, theinreafisquare difference
(RMSE) and the ratio of their variancese presented in tiennex(RMS and standard deviation
were normalized)Following these criteria, the vegetation model was driven by four climatic
scenarios: HadGEM2O (highest concordance with present day values and also projdatitaygest
temperatte ris§, ACCESS10 (ranked 2nd and projecting intermediate climate changes), GNRM
CMS5 (ranked 18 and projectigthe largest increase precipitationand the lowest increase in
temperature), and CSIRO_Mk3_6_0 (ranked 32nd and projectingrgest redation in

precipitatior). The GCM outputs were interpolated torinute resolution and biarrected, to
correspond to WorldClim mean reference (temperature and precipitation) and to CRU for the variables
unavailable in WorldClimThe 19 bioclimatic varidbs necssary to MaxENT modelling were
derived from these climatic projections following WorldClim definitigAsnexTable3.2). Two
different scenarios ajreenhouse gdercing (Moss et al. 2010)ere used for CARAIB simulations:
the RCP4.5 and RCP8.5 scenarios. They represent 4.5(W5E88ppnv of CO,) and 8.5 W/rh
(~936ppnVv of CO,) of greenhouse gas radiative forcing at the end o2 tfieentury respectively

relative to preindustrial levels.

In addition to the 75 tree species citedRimghunathan et g2015) 19 other tree species
found in the GHLT habitat were added to the lishitexTable3.3). Several other BAF frugivores
also consume these resources. The occurrence data were obtained from the same sources cited in
Raghunathan et g2015) using the Tropics online database (wivapicos.com). Oftte non
endemic tree species many are also present in the Amazon region, and Central Americahtferests.
high levels of fragmentation demonstrate the potential challenges of species migration and

anthropogenic impacts (Fig.1 & 3.2).

41



Figure 3.1 Land cover image of parts of CentratSouth America, corresponding to area simulated with
MaxENT, obtained from GlobCover 2009 Project, published December 2010
http://dup.esrin.esa.int/page globcover.phpRed outline shows distribution ofLeontopithecus
chrysomelas© ESA 2010 and UCLouvain
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Figure 3.2 Land-cover in Leontopithecus chrysomesadistribution: level of connectivity of forest area is
sparse, potentially serving as a barrier to species colonisation in future climates. Same data source as
Figure 3.1 © ESA 2010 and UCLouvain
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Modelling

MaxENT generates species distribution proliéds over a number of sitéRhillips and
Dudik 2008. Review of ENMs conclude th&laxENT often surpassed other mod@Hith et al.
2006; Elith et al. 2011; Merow et al. 201Barticularly for predicting known distributions, though all
models have specific advantages and disadvansagesould also surpass MaxENXBedia et al.
2011) Merow etal. (20133 | so ci t ed -fNemdlyihheiTadesas aiksaspect of its success.
We used the versiaB3.3a from the opegource archive MaxENT jar v. 3.3.3a available at
www.cs.princeton.edu/~schapire/MaxENWodelling was only conducted with n@mdemic species
(59 out of 94) for which we had at least 15 presgpoints, at a-Bninute resolution. We selected auto
features option and obtained a logistic output. The geographic zone for the simulations covered most
of Central and South America, 87° W to 35°W and 15°N to 30°S, though the area of interest is the
BAF. MaxENT outputsvere generated using the following standards: Convergence Threshold:
0.00001; Maximum lIterations: 500; Aufeatures: yes; Regularisation multiplier:Simulations were
run for a zone larger than the BAF, to encompass the overall digirntnitthe different species, but

analyses were done only on the area of interest.

The CARAIB modelwasfirst developedvith the objective to estimathe role of vegetation
in the carbon cyclat global scal¢Warnant et al. 1994; &ard et al. 1999)-urther, it was usetb
determine th@otential vegetation distributiaimderpastclimates(e.g.Francgois et a2006; Henrot
et al.(2010; Francgois et a2011) andto simulatepotential vegetation and wild fires in the futime
Europe(Dury et al. 2011)In the NeotropicSCARAIB simulations of species growth providedher
consistentesults in tems of presentiay distribution(Raghunathan et al. 201%)etailed descriptions
of the modehre givenin Otto et al. (2002)Erancois et al. (2011); Dury (20159)/e used the same
species occurrence datasets for CARAIB as for MaxENT but modelled the 94 species. Threshold
values controlling germination and mortality under stress conditions are extracted from prescribed
percentiés in their actual climate distribution extracted from the occurrence safnptésnited to
South America)according to the method described.aurent et al. (2008 ndFrancois et al. (2011)
CARABBspeci esd distri but i ondlimaertheeshpldsjwhieihgral | 'y cont r
productivityis also dependent on the morpgptoysiological traitsin the absence of specific species
traits, we used plant functional typalues AnnexTable3.4). Thesimulations were run from 1901 to
2100 with transient climate and atmospheric;€@centration estving according to the selected

RCP scenarios. We also tested the effect of a constarat@G50 ppm.
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Modelling validation and comparisons

Simulations with MaxENT and CARAIB were validated by testing the level of overlap
between the simulated pregelay distributions and the known occurrences over the South America,
up to 30 ° S. We produced maps and also used 4 agreement @hiletiahe et al. 2008)Area under
the ROC curveAUCQC), true skill statistic (TSS), sensitivity é3proportion of presence data points
correctly predicted by the model) and specificity (Sp, proportion of absence data point correctly
predicted by the model). AU@nd TSS take into account a set of both presence and absence data
points; TSS, 8and Sp are threshold dependent. As absence data, we generateehpsendes at
random in 1,200 km buffers around the presence data points, keeping the total numberoef pseud
absences equal to that of presences. The buffer radius was selected after preliminary investigations
with an ENM, following the method &fanDerWal et al(2009)which consist of generatingpseude
absences not too far from the presences (this was an independent procedure of the modelling). As
threshold, we used the equal sensitivity and specificity logistic threshold given in the standard output
of MaxENT, which is one of the common metBaa fix a logistic threshold. For CARAIB, we used a
fixed net primary productionNPP) threshold of 150 g C fyr?, despite the fact that this value may
vary among the species according to their performance and biotic environment. Indeed, no field values
are avdable to infer such thresholds, while using the occurrence data and a set of alsseidces to
optimize the selection of thresholds would seem tautological. Prediction at random may provide AUC
of 0.5. Commonly, values larger than 0.7 let suppose adie@tgreementvhile values between 0.8
andl are considered as good to excellent. These reference values can be also considesadifor S
Sp TSS varies betweefl and +1, negative values indicating a level of agreement no better than
random. Accordingd Landis and Koch (1977kappa between 0.4 and 0.61 indicate moderate
agreement, with kappa above 0.81 indicating almost perfect agreement. These values can be used also
for TSS since it varies accordingly and equals kappa when the numbers of presence and absence are

the same. To compare future simulations with presentised the same thresholds as for the present.
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Results

Species modelling validation and comparison MaxEN-ICARAIB

For MaxENT models most of the agreement indicators showed at least acceptable agreement
with good to excellent agreement for most of theibfukated specie@~ig. 3.3 & AnnexTable3.3 for
Se, Sp, TSS & AUC valugsThis suggests that the predicted distributions for the prelsgntlimate
are concordant with known distributions. CARAlRve indicators wittower AUC, TSS and
particularly forSp while Se was higheAtnexTable3.3). Thecomparison for MaxENT and
CARAIB of the same 59 species over South America shows that the predicted areas were not fully
overlapping, as exemplified in Fi§.5 (andAnnexFig. 3.4 for CARAIB simulations withat
accounting for potential physiological effects of Z€rtilisation), for three speciesin general,
CARAIB seems to preditargerrangeshanMaxENT, in particular it tends to expand the range of
many species, for instance over the Amazon even wh@tcurrence data were available over this

area This explains why Sp was lower and Se was higher for CARAB¢x Table3.3).

Climate change

In the RCP8.5 scenariwvhich is the most pessimistithe average annut@mperature
increase is ~3°C alongdftoast, with a progressively bigger difference between present day and future
climates as we move inland, with CNRM_CM5 showing the least warmingh@G&ESS1 0 and
HadGEM2_AO highemcreases (Fig3.4a). In the GHLT range, all but CNRM_CM5 show between
~7 to 10% decrease in average annual precipitapicaséridayaverage annual precipitation is
~2000mm in the GHLTG6s distribution), while the f
southern part of the BAF zone (Fi§.4b). Differences in futureoil water levelgalculated by
CARAIB for each GCM follow the predicted changes in precipitation, with areas that experience loss
in precipitation potentially losing 20 to 30% of the original soil water levels g4g). The RCP4.5
scenario predictionare slightly more optimistic, with average temperature predicted to increase by
2°C, about ~7% less precipitation in the GHLT distribution, and up to 10% decrease in soil water
compared to the preseddy (AnnexFig. 3.3).

Species future ranges

With theMaxENT simulations for the future, all tHéCMs predicted range losses compared
to the predicted preseday distrbution in both scenarios (Fi8.5 & Fig. 3.6, AnnexFig. 3.4). In the
RCP8.5 scenario simulations, ACCESS1_0 predicted 100% range |lbssarspeciesQheiloclinium
cognatumMacoubea guianensisnd,Pourouma mollisi BIOCLIM variables with highest impacts

were temperature seasonality and precipitation in the driest quarter in ACCESShil®in all four
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GCMs, more than half the spectesd a predicted loss greater than 50% of their origimatdicted
distribution (Fig36a) . CARAI B6s pr oj e cincrieasingCQ fare consistendy f ut ur e,
more optimistic inérms of losses of ranges (F&6b). Only the HadGEM2_AO GCM had

predicted loss ohlmost50% of its currentlay distributiorfor one speciedManilkara maxima. In the
CARAIB simulations without Cfertilisation, the predicted losses were more important, with
HadGEM2_AO showing more than 50% loss in original distidn for 15 species, and ACCESS1 0

for 1 species@ampomanesia dichotomiig. 3.6¢). MaxENTsimulations show gains in potential
distribution, compeed to the original area (Fi§.7a), with substantial number of species doubling

their potential area ofistribution in the future scenarios in each GCM. The range gains weee mo
important with CARAIB (Fig.3.7b). Themoreoptimistic predictions in CARAIB may be due in part

to CO fertilisation. The proportionately lower levels of gains and losses are tsisth the known
effects of CQfertilisation on plant growthiZzooming into the GHLT distribution, CARAIB almost
consistently predicts presence in the preslagtsimulations, and in the future, while in MaxENT,

several species risk extinction. Partanly, for the RCP 8.5 scenario simulations in MaxENT, the
ACCESS1_0 GCM is most pessimistic with 19 species disappearing from the GHLT rangé,hd 8
specieslisappearing with the other three GCMs. The RCP 4.5 scenario simulatMagiENT are

similarly pessimistic with ACCESS1_0, with up to 16 species disappearing from the GHLT range, and
3 to 5 species with the other GCKfnnexFig. 3.6a and Fig3.7a). The RCP4.5 scenario simulations

for CARAIB with and without CQfertilisation remain more optimistthan MaxENT, both in terms

of numbers of losses and predicted gaksnexFig. 3.6b,3.6cand Fig.3.7a,3.7b).
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Figure 3.3 Differences between a) specificity, b) sensitivity, ¢) TSS, and d) AUC betweARAIB and
MaxENT, only for the 59 species simulated in both models.
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Figure 3.4 Annual mean temperature anomalies °C (a), annual precipitation anomalies mm/year (b), increase factor of soil water avhildy anomalies, in relative
units (SWi WP/ FCi WP; SW soil water, WP wilting point, FC field capacity) (c) between presentlay simulation and RCP8.5 scenario for 4 GCMs. The blue square
in ACCESS1_0 RCP8.5 temperature anomaly shows the approximalte chrysomelasdistribution (41° W to 39° W and from 14° S to 16° S)
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Figure 3.5 Comparison of changes in potential distributions between future and preseitay simulations for 3

species between MaxENT & CARAIB h RCP8.5 ACCESS1_0 GCM simulated climate. Grey indicates areas

where species was not predicted in the presedty nor future; light green areas are where the species was

predicted in the presentday and in the future (i.e. grey + light green = no change}lark green areas are

potential new sites to colonise (i.e. only distributed in future scenarios); red indicates areas where original
predicted distribution is |ostdaypy bbeufuéencesoYell ow p
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Figure 3.6 Percent loss of potential original distributions a. MaxENT, b. CARAIB, ¢c. CARAIB without CO:
fertilisation in RCP8.5 scenario
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Figure 3.7 Percent gain in potential future distributions in a. MaxENT, b. CARAIB, c. CARAIB without CO 2
fertilisation in RCP8.5 scenario
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Discussion

Annual mean temperature anomalies for the BAF area suggests that in the future, temperature
increases may be limited to approximately 2°C in the RGRcenarios, and between 2° and 3°C in the RCP
8.5 scenarios. Precipitation appears to decrease by up to 150 mm/month in the drieshrtfoatiarthern
part of the BAF, while the southern part seems to have an increase in precipitation in botbsstrameaich
GCM. The increased temperature appears to be consistent with other predictions for S. America as a whole.
Williams and Jackso007)s uggest ed that S. America is one of t
mi smatcho, thereby producing novel <climates and n
physiology of a given species is lesstpebed by an overall average increase in temperature, the
combination of the increased temperatures and potential difference in precipitation seasonality could lead to
drastic changes in the communities. In addition, changes in fire intensity and frequoelicbecome an
issue although much of the today fires seems linked with human activities and land corfdersimavjo et
al. 2012) In Gonzalez et al2010) results from dynamic global vegetation modelling using three GCMs
suggested that tropical evergreen broadleaf forests were less vulnerable in future climate scenarios,
compared to other regions.

Our results from MaxENT simulations for the 2 scenarios in the 4 GCMs suggest that many species
risk losing more than halff@heir original distribution in the future, though several also have gains in the
potential future distribution, outside of their original range. The CARAIB simulations for the same scenarios
and models are more optimistinder a CQfertilisation scenao, compared to no fertilisation, however the
differences do not appear to be drastic, with @&@ilisation. Only one GCM (HadGEM2_AO) had one
species with more than 50% loss in the original distribution. The gains underfart®ation scenario
werehigher, with more than half of the species showing at least 30% increase in potential distributions,
compared to less than half of the species in a scenario witheudeildsation. This is consistentith
Cramer et al(2001) where the simulations from 6 DGVMs suggested an overall increaseecosystem
producion with increasing C@! It is also consistent witHickler et al.(2015) who demonstrated that NPP
can increase due to increased-@Ctheir freeair carbon dioxide enrichment experimer@snilar results
were repated from the Amazon region Rammig et al(2010) Within the GHLT range more specifically,
the CARAIB simulations are still more optimistic compared to the MaxENT

We supposed that the dramatic differences in the results be@#deAIB and MaxENT is a
consequence of the fundamental difference between both modelling strategies. The ENM identifies and uses
as model a sets of suitable climate conditions in which each species occurs, corresponding at best to the
realized climate niagh(Guisan and Thuiller 2I5). However, this procedure is unable to take into account

suitable climate conditions where the species are rarely present, for instance owing to biotic interactions
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because their frequency in the dataset is too low to infludseceesult. The DVMs havalso to derive

climate information from the datasets but the procedure concentrates on the extreme values in temperature,
heat and water availability. These values only act as thresholds which induce mortality episodes reducing
biomass. In addition, th@mulation of growth in the DVMs also limits the species ranges. Indeed, to be
present, a species may reach a minimum NPP value, because there occurs competition for water and light
between the species pooled in the same simulation. Thus, rather thafittegiran the core of the climate

data as in the ENM, the DVM captures more of the fundamental climate niche of the species and tends to
overestimate the presetiay range.

What is currently observed in some undisturbed places is rather enrichmentaafria and flora
(e.g.Walther et al. 2005; Steinbauer et al. 2018)is, nevertheless, should ultimately result in new
equilibria between speciesdindubitably in species loss in the initial communities through the mechanisms
of species interactior(¥Valther 2010) Here, it is tempting to consider that the DVM provides more
consistent results than MaxENT because it better conserves the initiaNeatheless, we stressed that
both approaches are unable to give information (1) axt wight happen inside the conserved initial
(possibly overestimated) areas where new species arrive, and (2) whether the species are able to reach the
predicted new suitablereasindeed, ENMs suppose that all the effect of factors influencing the bange
not taken into account (at least biotic interaction and airc@@centration) play negligible roles. The DVM
tells nothing about biotic interactions (except competition for water and light) and both approaches ignore

the migration processes.

Thereapear to be three factors that wildl i nfl uen
temporal changes (flux) in the environmental variables that limit a geographic or local distribution of a
speciegHelmuth et al. 2005he ability (physiological) of a species to endure or recover from
environmental stress ovéme (Deutsch et al. 2008 and the varying weather patterns resulting from climate
changgHelmuth et al. 2005)These can determine the vulnerability of a species to climate change
Increased C@can lead to higher productivity in plants, however, this is not a guarantee that they can
colonise areas with appropriate climatanditions, and the productivity may also be limited by nitrogen,
phosphorous, or water, despite increased (C@veland et al. 2011; Reich et al. 2014deed Pan et al.
(2014)suggests that under a efertilisation scenario, global NPP might increase by 12 to 13% and begin
declining or gabilising from the 2070s onwards, due to &@turation and nutrient limitation. Reproductive
phenology of vegetation has been shown to respond to changes in temperature, particularly in temperate
regions. While the temperature response in the tropicdmégss apparent, shifts in rainfall seasonality
could lead to disruptions in phenology, resulting in similar cascading effects on pollination, fruit production
or other ceexistence mechanisni€leland et al. 2007)This confirms the need to improve the dynamic

vegetation modelwith more simulated processes and the usefulness of a dynamic vegetation model like

54



CARAIB relies on its ability to study whether a plant species is physiologically able to germinate and

survive under future climate scenarios.

We cannot really prediché future. However, studying the outcomes of different models and
scenarios can help us identify potential patterns or tendencies that can inform conservation practitioners or
decision maker@-ranklin et al. 2016)Iit seemed evident that not all species (irrespective of the taxa) a
able to disperse enough, even if there are climatically appropriate zones identified in the future, outside their
original distribution. Those whose dispersal is limited either due to natural or anthropogenic barriers, or other
inherent behavioural, pBical, or morphological traits are potentially at higher risk if they are unable to
reach climatically appropriate arg@&oot and Schneider 2006; Williams and Jackson 2007; Williams et al.
2008) Climate changempacts coupled with humded habitat degradation may lead to higher risks for
species (flora and fauna) compared to climate change impacts alone.

The 2009 global landover data shows a high level of fragmentation in the BAF region and in the
GHLT range(Fig. 3.1 & Fig. 3.2), creating a mosaic landscape with different degrees of permeability for
species (flora and fauna). Thus, a region that might still be climatically appropriate in the original
distribution of a given species, may not necessarily igranimination, recruitment, and survival. In these
regions, measures to mitigate potential climate change impacts, particularlyiébrtate species may
require direct reforestation, assisted regeneration, or protection efforts. While the GHLTs beanidsk
of complete extinction if a part of the tree species is lost (as in our MaxENT results), we can reasonably
hypothesise that the quality and abundance of resources may impact GHLT survival in-teenoimpis
highlights the need for proactie®nservation efforts to mitigate climate change impacts, as the loss in
species distributions6é is considerably | ower in a
1.5°C increase in temperatures could imply potential to maintain soméekid of diversity and

functionality.
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Annex: Contrasting climate riskpredicted by dynamic vegetation and ecological nidiesed
models applied to tree species in the Brazilian Atlantic Forest

Table 3.1. Annex.Input data requirements for MaxENT and CARAIB models:

ENM CARAIB

Distribution Multiple species; laton Multiple species; laton
coordinates (does not model coordinates (will model
interactions) competition for light and water)

Climate varables Typically, BIOCLIM variables Monthly meteorological variableg

from past to present (see detalil
below)

Other variables Landuse (roads, urban areas, Soil colour and texture;
agriculture, topography, prey Plant traits (PFTs or species
densities, etc.) optional for specific);
habitat suitability modelling Fire management regimes

(optional)

ENMs modelling can use raster files of environmental variables (climate data averaged like annual
precipitation, mean temperature, humidity index or extremesgdike minimum temperature of the coldest
monthi typically BIOCLIM variables; laneusei roads, urban areas, agriculture, topography; prey densities

T often considered in habitat suitability analyses; etc. are some examples of environmental Variables
depending on the nature of the question being asked) largely covering the known distributions of the species
of interest. The samples of distribution are supplied as latlardgtude coordinates, and multiple species

can be simulated in one run but withdnteractions between the simulated species. Raster files of the same
environmental variables are used for projecting into the future in the case of climate variable, the predicted
changes in the future), or into a different geographical scope (in waseh the same resolution for a larger

or different zone of interestdr both The resolution of the models is the same as the resolution of raster of
data.

CARAIB inputs include distribution samples as latittdegitude coordinates for species of inttreand

multiple species may be included which induces competition for light and water. The inputs include also a
continuous record of a set of monthly meteorological variables from the recent past to the future (e.g. 1901 to
2100), over the study area inadhe selected GCMs. These variables are: mean air temperature, diurnal
temperature amplitude, precipitation, wind speed, relative sunshine hours and air relative humidity. The soil
colour and texture are also necessary. When possible, sppeigfc trats for specific leaf area, carbon

nitrogen ratios of leaves & wood, rooting depth, height, can be provided for each species; when these values
are not available, the mean values of the plant functional types are used. Thedagstintatic data allows

to fix bioclimatic thresholds such as the lowest temperature supported by the species or the minimum
requirement in growing degremys above 5 °C. The climate of the earl{ 26ntury is repeated several

times as a spiap of the simulation, then the malds integrated transiently until 2100. There are options for
landuse management and fire ignitipropagation to be simulated, if data are available/pertinent for the
species and areas of interest. Typically, the model could be run on up to 60,0Gepeltsling on the

resolution of the available data inputs.
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Table 3.2. Annex.Percent contribution of each bioclim variablstithates of relative contributions of the environmental variables to the Maxent model

Biol = Annual Mean Temperature
Bio2 = MeanDiurnal Range (Mean of monthly (max temmin temp))

Bio3 = Isothermality (Bio2/Bio7) (* 100)

Bio4 = Temperature Seasonality (standard deviation *100)
Bio5 = Max Temperature of Warmest Month
Bio6 = Min Temperature of Coldest Month
Bio7 = Temperature Annu&ange (Bio5Bio6)
Bio8 = Mean Temperature of Wettest Quarter
Bio9 = Mean Temperature of Driest Quarter
Bio1l0 = Mean Temperature of Warmest Quarter

Bioll = Mean Temperature of Coldest Quarter

Biol2 = Annual Precipitation
Biol3 = Precipitation of Wettest dth
Biol4 = Precipitation of Driest Month
Biol5 = Precipitation Seasonality (Coefficient of Variation)

Biol6 = Precipitation of Wettest Quarter

Biol7 = Precipitation of Driest Quarter
Biol8 = Precipitation of Warmest Quarter
Biol19 = Precipitation of Cold# Quarter

MaxENT Contribution of each bioclim variable

Species biol biol0 bioll biol2 biol3 biol4d biol5 biol6é biol7 biol8 biol9 bio2 hbio3 bio4 bio5 bio6 bio7 bio8 bio9
Anacardiumoccidentale 0.00 16.00 056 068 16.88 0.75 544 0.77 194 766 200 11.4 6.10 1251 121 0.74 1358 0.61 1.11
Anomospermunmeticulatum| 0.00 9.77 0.79 0.27 13.24 0.04 043 044 3.08 27.00 2226 3.05 062 6.67 167 343 516 0.02 2.05
Artocarpusheterophyllus 050 0.00 0.00 000 0.00 1097 031 7.86 3.72 523 315 565 0.00 1757 557 12.01 8.42 19.05 0.00
Bauhiniapulchella 0.00 1526 0.03 0.05 000 4313 003 335 267 241 081 212 8.67 6.20 038 097 171 11.79 0.42
Brosimunrubescens 037 241 065 46.13 000 1922 063 081 252 134 643 437 318 799 032 191 059 1.02 0.10
Calyptrantheducida 0.00 0.00 000 000 423 020 092 000 121 0.00 7510 0.00 0.00 1354 0.00 0.00 0.00 4.90 0.00
Campomanesiguaviroba 11.77 883 000 000 153 007 001 0.00 036 16.04 0.66 10.27 10.09 2405 6.02 9.08 0.05 0.02 117
Caseiroadecandra 120 865 219 822 427 2337 266 033 1025 0.18 1057 155 508 699 244 892 071 178 0.65
Cheilocliniuntognatum 241 442 289 6.72 126 187 105 799 6.68 10.06 3.05 281 6.30 27.32 1093 1.15 0.81 121 1.08
Chrysophyllunsplendens 000 0.00 000 489 541 000 000 0.08 106 000 336 3361 093 3739 0.00 9.18 0.00 355 054
Cordiabicolor 158 6.10 481 0.00 1133 0.18 566 351 354 547 263 473 396 1581 030 0.09 1812 1.90 10.28
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Cordiaecalyculata
Cordianodosa
Diospyrosispida
Diplooncuspidatum
Ecclinusaamiflora
Eugenianvolucrata
Ficuggomelleira
Garciniamacrophylla
Guapiraopposita
Guetarda viburnoides
Helicostylisomentosa
Henriettasuccoa
Ingaaffinis

Ingaedulis
Ingasubnada
Licaniadiscolor
Macoubeaguianensis
Marliereaparviflora
Marliereasubacuminata
Miconiahypoleuca
Miconiamirabilis
Microphilisguyanensis
Micropholisvenulosa
Musaparadisiaca
Myrciafallax
Myrciarostrata
Myrciariafloribunda
Neeaverticillata
Orthomeneschomburgkii
Posoqueridatifolia
Pouroumaguianensis

0.57
2.89
0.39
1.70
0.02
0.88
1.43
2.23
0.15
0.00
4.65
0.93
1.42
11.05
16.02
0.00
0.29
0.00
0.00
0.55
2.49
3.00
3.92
0.24
1.33
16.95
0.04
0.00
0.08
0.51
0.34

0.62
0.83
17.98
14.17
12.19
14.63
3.07
10.19
5.81
13.00
3.05
5.23
1.84
2.75
0.64
26.47
3.72
3.36
0.00
10.18
0.32
3.00
3.58
5.43
6.37
10.35
3.65
7.21
1.50
3.81
5.79

2,71
8.01
4.95
12.77
0.03
47.67
5.10
221
0.20
0.58
10.87
0.18
0.00
2.03
2.76
13.56
2.85
0.00
0.00
0.93
7.05
5.76
1.96
26.70
0.66
2.75
5.26
0.94
0.41
1.73
4.70

1.76
0.29
0.75
0.00
0.10
0.38
0.00
0.71
0.40
23.29
1.25
0.12
0.00
6.08
0.01
6.77
16.42
1.29
0.00
0.13
0.09
12.58
29.31
2.65
1.06
2.24
0.56
0.32
1.18
17.90
0.02

0.60
1.14
0.00
0.00
1.22
0.00
0.00
0.32
1.35
1.27
0.28
17.04
0.06
2.71
0.30
0.00
1.37
0.00
0.00
0.00
0.27
1.07
1.46
0.04
16.40
0.98
12.46
0.00
11.01
18.51
0.10

6.26
19.59
8.13
8.95
5.23
0.75
0.29
43.81
8.79
4.27
6.32
0.14
10.58
0.58
2.24
0.00
6.99
0.00
0.00
17.12
3.95
5.12
3.64
1.37
9.78
0.76
1.36
68.79
1.62
0.14
24.35

7.90
3.59
0.00
0.00
0.36
2.56
3.01
411
0.07
1.45
0.48
1.74
0.47
0.45
0.91
4.69
1.72
14.83
1.04
0.37
5.38
11.29
2.53
1.69
0.87
2.92
3.55
2.32
15.99
1.56
0.05

0.29
7.61
1.97
0.00
0.00
0.00
4.57
6.52
0.07
2.12
11.76
1.06
0.00
0.39
0.73
2.58
0.00
0.00
0.00
1.48
0.00
2.36
5.94
0.92
2.98
0.00
4.03
0.09
0.25
5.87
0.05

14.82
25.79
2.23
24.78
20.86
0.14
9.59
2.38
0.32
3.75
20.52
0.51
17.40
18.40
0.03
0.00
23.15
0.00
0.00
0.43
0.92
19.31
13.20
0.00
9.30
0.00
6.66
0.80
15.61
0.79
4.44

7.58
0.27
12.77
4.85
22.20
0.35
0.39
2.54
1.67
6.88
9.13
6.01
1.52
1.07
0.00
3.77
0.01
0.00
15.70
4.99
3.23
5.66
7.31
1.76
0.20
0.00
4.06
0.24
1.70
6.30
11.28

0.00
7.61
21.29
0.00
17.06
0.10
36.14
2.48
1.10
0.95
4.60
19.13
0.28
11.47
0.83
0.00
14.11
0.00
19.06
1.18
14.21
0.92
1.29
8.72
1.95
6.04
2.96
7.55
1.83
0.61
4.13

1.09
1.81
4.00
7.78
1.60
0.00
1.26
0.78
11.09
6.22
4.15
37.59
3.70
1.11
36.16
4.97
1.18
0.00
6.25
48.49
42.04
1.06
291
3.00
2.14
8.47
15.94
0.00
4.38
20.37
0.05

2.10
1.54
0.59
0.00
0.37
0.08
16.70
1.40
1.90
16.46
5.00
1.46
0.90
9.49
4.49
0.42
1.08
0.05
47.73
0.40
0.00
1.46
1.19
1.87
0.62
3.79
8.51
0.00
0.15
3.57
1.80

49.01
8.75
6.22
9.61

13.88

30.58

16.43
1.83

30.61
4.46

11.47
7.99

45.13
455

10.48

12.89

14.08
0.00
4.61
5.13
2.55

23.21

16.28

15.80

14.74

16.36
9.52
1.78

15.29
1.48

17.26

1.20
291
6.98
14.48
0.00
1.86
0.00
0.22
18.26
0.49
2.74
0.05
5.28
4.45
13.93
0.00
0.00
0.00
0.32
0.12
0.00
0.05
0.85
8.26
13.84
27.43
11.29
0.10
5.16
5.80
6.36

0.00
0.02
17.77
0.00
0.09
0.00
0.50
7.97
2.48
5.64
0.25
0.20
0.00
4.08
9.78
23.88
5.05
79.85
0.00
0.57
0.51
0.89
0.91
4.28
0.76
0.00
0.67
0.00
8.69
0.55
11.49

0.00
5.80
0.00
0.08
0.04
0.02
0.00
6.88
2.42
0.42
2.25
0.05
0.00
5.97
0.00
0.00
7.81
0.00
0.16
0.22
10.71
1.08
1.45
14.53
14.05
0.36
1.16
9.66
10.22
3.35
3.11

0.18
0.75
2.66
0.17
0.00
0.00
0.34
0.00
10.81
7.52
0.69
0.50
3.70
2.04
0.69
0.00
0.00
0.00
0.00
7.72
6.28
1.10
0.40
2.44
1.29
0.01
3.36
0.00
1.88
411
0.18
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3.33
0.81
1.34
0.66
4.75
0.00
1.18
3.40
2.48
1.22
0.57
0.07
7.72
11.33
0.00
0.00
0.17
0.61
5.12
0.00
0.00
1.08
1.87
0.30
1.66
0.59
4.96
0.20
3.06
3.03
4.50




Pouroumamollis
Pouroumavelutina
Pouteriabangii
Protiumaracouchini
Rheedidrasiliensis
Rheediamacrophylla
Rinoreaguianensis
Sarcauludrasiliensis
Simaroubamara
Symphonigylobulifera
Tapiriraguianensis
Terminaliadichotoma
Theobromacacao
Thyrsodiunmspruceanum
Vismialatifolia
Xylopiasericea
Zanthoxylunrhoifolium

9.98
0.00
0.54
1.65
0.00
2.46
0.04
1.54
1.09
157
6.19
0.11
2.40
6.59
2.67
13.73
19.23

10.99
9.68
24.06
7.18
19.49
17.42
52.16
1.96
153
1.16
2.49
0.00
2.99
1.29
1.66
5.28
2.67

0.46
0.01
5.22
2.47
0.00
4.59
1.72
0.58
10.10
6.30
4.33
8.62
4.60
0.72
2.72
2.50
4.99

0.68
0.00
0.08
14.36
0.10
0.20
0.32
0.95
10.70
36.96
20.71
0.33
2.62
0.03
0.34
1.49
0.88

0.08
0.31
0.01
1.17
0.01
4.25
0.00
1.34
4.55
0.28
1.22
0.00
0.82
2.33
15.35
0.51
6.16

44.01
0.62
25.09
1.99
0.00
3.57
34.80
20.30
1.37
0.65
6.02
6.02
0.33
31.01
0.14
0.07
0.96

1.02
0.69
1.47
1.74
0.06
1.53
0.00
1.92
5.02
0.53
1.41
6.73
2.53
1.49
2.61
1.05
1.29

0.00
0.60
5.08
6.82
0.00
0.00
0.00
0.00
1.42
5.12
0.86
0.00
14.27
0.01
0.02
0.30
4.97

0.10
0.65
3.58
16.88
16.89
26.65
0.14
19.17
1.01
2.21
21.20
26.75
13.28
0.46
3.42
0.19
1.40

0.13
11.72
2.98
0.99
0.00
2.00
0.00
30.85
5.78
13.44
4.73
0.01
1.34
0.26
281
26.08
11.47

2.20
2.76
0.04
1.64
5.05
26.68
0.86
0.02
6.63
5.85
0.86
19.85
3.69
9.40
9.81
3.87
6.62

0.83
31.85
0.01
2.27
0.26
0.00
0.02
1.60
8.82
6.67
3.43
0.00
20.23
14.42
38.76
25.99
3.83

3.48
6.39
0.56
0.87
0.00
4.00
0.00
4.43

10.41
2.84
8.72
7.86
5.04
4.95
6.99
4.01
1.06

22.78
8.46
16.24
12.66
29.70
5.75
5.87
6.77
9.89
7.56
11.35
14.07
6.35
12.87
0.21
9.50
13.84

0.12
9.08
0.01
0.31
5.44
0.00
0.00
1.36
0.44
6.69
0.72
0.25
4.32
2.62
0.00
2.67
2.72

0.10
1.61
14.20
0.79
22.60
0.83
0.00
1.83
11.97
0.96
1.90
7.52
8.41
2.29
9.56
0.46
0.40

1.22
1.40
0.30
20.43
0.00
0.00
3.98
5.19
7.19
0.57
3.16
0.00
4.34
4.85
0.02
1.01
5.50

0.99
10.98
0.53
4.04
0.31
0.00
0.09
0.05
1.54
0.36
0.33
1.87
0.33
0.00
0.04
0.80
3.55

0.81
3.19
0.00
1.75
0.10
0.07
0.00
0.14
0.54
0.26
0.37
0.00
2.10
4.39
2.88
0.51
8.47
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Table 3.3. Annex.Agreement indicators: sensitivity, specificity, True Skill Statistic (TSS) and Area Under the ROC Curve (AUC) values foB C¥RA
species) & MaxENT (59 species, missing values implies species not simulated in MaxENT)

CARAIB MaxENT
Species sensitivity | specificity | TSS AUC sensitivity | specificity | TSS AUC
Anacardium occidentale 0.98246| 0.12281| 0.10526| 0.60572| 0.54688[ 0.89062| 0.4375| 0.83447
Annona salzmannii 1 0.17391] 0.17391| 0.54253
Anomospermum reticulatum 0.91837 0.2449( 0.163Z | 0.67576| 0.70175| 0.80702| 0.50877| 0.84518
Artocarpus heterophyllus 0.85 0.25 0.1| 0.6325| 0.66667[ 0.85714|0.52381| 0.82426
Bactris sedosa 0.92857| 0.35714| 0.28571| 0.66071
Bauhinia pulchella 0.95775[ 0.21127| 0.16901| 0.50952| 0.84848| 0.80808| 0.65657| 0.91511
Brosimum rubescens 0.66071] 0.55357| 0.21429| 0.63855| 0.78571| 0.85714| 0.64286| 0.89867
Calyptranthes lucida 0.92857| 0.14286| 0.07143| 0.68878| 0.76923| 0.53846| 0.30769| 0.74852
Campomanesia dichotoma 0.4 0.6 0 0.52
Campomanesia espiritosantesn| 0.66667 1| 0.66667| 0.66667
Campomanesia guaviroba 0.97561| 0.09756| 0.07317| 0.68233| 0.84906| 0.81132| 0.66038| 0.90513
Caseiroa decandra 0.96262| 0.15888| 0.1215( 0.64477| 0.79699| 0.90226| 0.69925| 0.88108
Cecropia hololeuca 0.86667 0.2| 0.06667| 0.57111
Cheiloclinium cognatum 0.91241| 0.29927| 0.21168| 0.71472| 0.69192| 0.86364| 0.55556( 0.88627
Chondrodendron microphyllum 0.875 0.625 0.5(0.92188
Chrysophyllum splendens 0.85714 0.35714| 0.21429| 0.65561| 0.80952| 0.80952| 0.61905| 0.93878
Cordia aberrars 0.9 0.3 0.2 0.59
Cordia bicolor 0.95082 0.2459| 0.19672| 0.69927| 0.66197( 0.92958| 0.59155| 0.92125
Cordia ecalyculata 0.75862| 0.31034| 0.06897| 0.43163| 0.92453( 0.86792| 0.79245| 0.9717
Cordia magnoliifolia 0.78261| 0.13043| -0.08696( 0.53875
Cordia nodosa 0.82427] 0.37238| 0.19665| 0.66165| 0.80299( 0.85287| 0.65586| 0.90612
Dialium guianense 0.91176] 0.48529( 0.39706| 0.75527
Diospyros hispida 0.90909| 0.29091 0.2 0.55934| 0.83607| 0.81967| 0.65574| 0.90876
Diploon cuspidatum 0.88235| 0.23529| 0.11765| 0.64187| 0.89474| 0.89474| 0.78947| 0.97784
Ecclinusa ramiflora 0.9| 0.16667| 0.06667| 0.64278 0.75 0.85 0.6 0.88219
Elaeis guineensis 0.6 0 -0.4 0.4
Eugenia involucrata 0.84 0.44 0.28| 0.7784| 0.81818| 0.72727( 0.54545| 0.85847
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Eugenia robustovenosa
Faramea bracteata
Ficus gomelleira
Garcinia macrophylla
Guapira opposita
Guettarda viburnoides
Helicostylis tomentosa
Henrietta succosa
Hydrogaster trinervis
Inga affinis

Inga edulis

Inga nuains

Inga subnada

Licania discolour
Macoubea guianensis
Manilkara longifolia
Manilkara maxima
Manilkara salzmannii
Marliera parviflora
Marliera subacuminata
Marlierea regliana
Mendoncia bahiensis
Miconia cinnamomifolia
Miconia hypoleuca
Miconia latecrenata
Miconia mirabilis
Micropholis venulosa
Microphollis guyanasis
Musa paradisiaca
Myrcia fallax

Myrcia ilheosensis

0.6
0.18182
0.925
0.91935
0.9403
0.925
0.91803

1

0.5
0.875
0.87582
0.7
0.82353
0.84615
0.91429
0.55556
0.66667
0.86957
0.75
0.6

0.8

1

0.875
0.88571
0.95652

1
0.89116
0.86364
0.92308
0.92982
0.66667

0
0.72727
0.2
0.25806
0.14925
0.3
0.28689
0.28571
0.66667
0.4375
0.24837
0.6
0.35294
0.69231
0.45714
0.22222

1
0.52174

0

1

0.5

0.5
0.20833
0.14286

0
0.06667
0.22449
0.26136
0.23077
0.21637
0.8333

-0.4
-0.09091
0.125
0.17742
0.08955
0.225
0.20492
0.28571
0.16667
0.3125
0.12418
0.3
0.17647
0.53846
0.37143
-0.22222
0.66667
0.3913
-0.25
0.6

0.3

0.5
0.08333
0.02857
-0.04348
0.06667
0.11565
0.125
0.15385
0.1462
0.5

0.15
0.54959
0.62031

0.7288
0.70483
0.6142
0.73267
0.83418
0.68056
0.54883
0.62506
0.6
0.71972
0.68639
0.77388
0.2963
0.94444
0.8242
0.25
0.88
0.765

0.75
0.60851
0.63878
0.63422
0.73056

0.6367
0.67465
0.69822
0.69654
0.86111

0.7907
0.83
0.87736
0.85799
0.8172
0.70588

0.92857
0.77376

0.80952
0.70588
0.81132

0.8
0.8

0.83333

0.86842
0.77982
0.79508
0.80556

0.8

0.72093
0.83
0.84906
0.7929
0.88172
0.82353

0.78571
0.8733

0.95238
0.70588
0.84906

0.8%417

0.78947
0.87615
0.86066
0.80556
0.87083

0.51163

0.66
0.72642
0.65089
0.69892
0.52941

0.71429
0.64706

0.7619
0.41176
0.66038

0.4
0.8

0.6875

0.65789
0.65596
0.65574
0.61111
0.67083

0.80882

0.9187
0.90517
0.91611
0.92391
0.90484

0.94452
0.91369

0.95805
0.80969
0.92043

0.76

0.95182

0.9214
0.91027
0.91911
0.89468
0.89743
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Myrcia racemosa
Myrcia rostrata
Myrciaria floribunda
Neea verticiata
Neomitranthes obscura
Ocotea nitida

Orthomene schomburgkii

Passiflora galbana
Philodendron williamsii
Posoqueria acutifolia
Posoqueria latifolia
Pourouma guianensis
Pourouma mollis
Pourouma velutina
Pouteriabangii
Pradosia lactescens
Protium aracouchini
Protium warmingiana
Psidium cattleianum
Rheedia brasiliensis
Rheedia macrophylla
Rinorea guianensis
Rollinia dolabirpetala
Sarcaulus brasiliensis
Simarouba amara
Solanum rupincola
Sorocea hilarii
Symphonia globulifera
Tapirira guinanensis
Terminalia dichotoma
Theobroma cacao

0.95238
0.85246
0.95556
0.38889
0.75
0.7
0.94565
0.92308
1
0.76471
0.9589
0.91045
0.88889
0.82759
0.63636
0.83333
0.91667
0.75
1
0.78125
0.83333
0.9375
0.95833
0.85714
0.90833
1
0.86207
0.91971
0.92926
0.92308
0.94505

0.19048
0.2459
0.19444
0.77778
0.625
0.26667
0.15217
0.07692

0
0.11765
0.20548
0.1194
0.18519
0.31034
0.40909
0.44444
0.39286
0.75

0
0.34375
0.38889
0.4375
0.25
0.2619
0.25833
0.53846
0.13793
0.30657
0.28939
0.61538
0.16484

0.14286
0.09836
0.15
0.16667
0.375
-0.03333
0.09783

0

0
-0.11765
0.16438
0.02985
0.07407
0.13793
0.04545
0.27778
0.30952
0.5

0

0.125
0.22222

0.3%
0.20833
0.11905
0.16667
0.53846

0
0.22628
0.21865
0.53846
0.10989

0.73583
0.57847
0.69435
0.54012
0.64844
0.40222
0.65406
0.69231
0.48438
0.57093
0.7333
0.62119
0.58985
0.66409
0.56818
0.82407
0.72307
0.8125
0.78
0.54834
0.70563
0.65234
0.67535
0.61593
0.64455
0.92308
0.53092
0.70624
0.717
0.81953
0.62486

0.8764
0.72653
0.93103

0.79675

0.68333
0.83505
0.79167
0.83333

0.7451

0.78319

0.83721
0.73333
0.78947

0.79032
0.68047

0.73077

0.73321
0.8

0.81203

0.83146
0.83265
0.86207

0.85366

0.87778
0.90722
0.76389
0.94444
0.76471

0.83186

0.88372
0.71111
0.73684

0.96774
0.86982

0.91827
0.85605
0.85714
0.84962

0.70787
0.55918
0.7931

0.65041

0.56111
0.74227
0.55556
0.77778

0.5098

0.61504

0.72093
0.44444
0.52632

0.75806
0.5503

0.64904
0.58925
0.65714
0.66165

0.91844
0.85932
0.96195

0.9068

0.87268
0.91859
0.85928
0.9402
0.8564

0.90567

0.93186
0.80568
0.87396

0.92963
0.8722

0.91558
0.88517
0.90735
0.90356
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Thrysodium spruceanum
Tibouchina elegans
Vismia latifolia

Xylopia sericea
Zanthoylum rhoifolium

0.94872
0.90909

0.9375
0.92683
0.78571

0.15385
0.36364
0.46875
0.29268
0.23214

0.10256
0.27273
0.40625
0.21951
0.01786

0.67324
0.77273
0.76416
0.61243
0.55712

0.7693

0.84906
0.71154
0.74658

0.76923

0.90566
0.82692
0.84932

0.53846

0.75472
0.53846
0.59589

0.85521

0.96102
0.87999
0.89025
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Table 3.4. Annex.Plant Functional Types (PFT) traits for CARAIB simulations, when species specific traits

are not uniformly available.

- on | EN
_ Specific Leaf| Root leaves wood & Height
Plant Functional Types Area Index | Depth (mol roots (m)
(m2/g C) (mm) 1 (mol
mol”) mol?)

C3 herbs ("humid") 0.035| 910 16 32 0.2
C3 herbs ("dry") 0.035| 910 16 32 0.2
C4 herbs 0.035| 1200 16 32 0.2
Broadleaved summergreen arctic shrubs 0.035| 910 20 300 1
Broadleaved summergreen boreal/temp cold shr| 0.035( 910 20 350 1
Broadleaved summergreen temperate warm shri 0.035| 1700 20 400 1
Broadleaved evergreen boreal/temp cold shrubs 0.035| 910 25 400 1
Broadleaved evergreen temperate warm shrubs 0.035| 1700 25 400 1
Broadleaved evergreen xeric shrubs 0.03| 1700 25 400 1
Subdesertic shrubs 0.03| 1700 25 400 1
Tropical shrubs 0.03| 910 25 400 1
Needleleaved evergreen boreal/temp cold trees 0.02| 580 50 300 20
Needleleaved evergreen temperate ctveks 0.02| 1040 50 350 20
Needleleaved evergr supra_mediterranean trees 0.02| 1710 50 500 20
Needleleaved evergr meso_mediterranean trees 0.02| 1710 50 500 20
Needleleaved evergreen subtropical trees 0.02| 1040 50 500 20
Needleleaved summergr boretdip cold trees 0.02| 580 30 350 20
Needleleaved summergr subtropical swamp tree 0.02| 1040 30 400 20
Broadleaved evergr meso_mediterranean trees 0.03| 1710 50 400 20
Broadleaved evergr thermo_mediterranean trees 0.03| 1710 50 400 20
Broadleaved evergraesubtropical trees 0.03| 1040 25 400 20
Broadleaved summergreen boreal/temp cold tree 0.03| 580 20 300 20
Broadleaved summergreen temperate cool trees 0.03| 1040 20 350 20
Broadleaved summergreen temperate warm tree 0.03| 1210 20 400 20
Broadleaved raigreen tropical trees 0.03| 1440 20 500 20
Broadleaved evergreen tropical trees 0.03| 910 20 500 20
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Figure 3.1. Annex.Examples of comparisons of GCM outputs to meteorological data in the form of Taylor diagrams to analyse spatial \(@)iaday:
temperature, (b) mean temperature standard deviation, (c) mean temperature trend. The GCMs results are set in thdiptpteethesdPearson

correlation coefficient with the observational data (skhaghed lines) and their normalized standard dewidlongdashed lines). Perfect agreement between
model output and observational data would bring a model on 1aaisxIn red, the GCMs selected for this study. Below, table of GCM rankings.

a. b. C.
e G RN e G,
@ /%; ; @ {?’}é . @ /%;
: % % N %
o . o o
01' 0.5 1.0 7 1.5 7 2.()m 1:) 1 2 7 3 4 5]” 0:(' 0.5 1.0 1.5 7 2.0 2:5 3.0“]
Normalized Standard Deviation Normalized Standard Deviation Normalized Standard Deviation
Ranking | GCM Ranking | GCM Ranking | GCM Ranking | GCM Ranking | GCM
1| HadGEM2_AO 8 | HadCM3 15| CMCC_CM 22| MRI_CGCMS3 29| GFDL_ESM2G
2| ACCESS1 0 9|IPSL_CM5A LR 16| MPI_ESM_MR 23| GFDL_CM3 30| BCC_CSM1 1
3| HadGEM2_CC| 10| FIO_ESM 17| IPSL_CM5A_ MR 24| ACCESS1 3 31| GISS E2 R
4 | FGOALS g2 11| BNU_ESM 18| MPI_ESM_LR 25| CanESM2 32| CSIRO Mk3_6_0
5| HadGEM2_ES 12| CESM1 BGC 19| MIROC_ESM 26| IPSL_CM5B LR 33| GFDL_ESM2M
6| CCSM4 13| CNRM_CM5 20| MIROC_ESM_CHEM 27| MIROC5
7 | FGOALS s2 14| MIROC4h 21| NorESM1_M 28| INMCM4
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Figure 3.2. Annex.Examples of comparisons of GCM outputs to meteorologiatd in the form of Taylor diagrams to analyse spatial variability: (a) mean
precipitation, (b) mean precipitation standard deviation, (c) mean precipitation trend. The GCMs results are set iratttoqlangeto their Pearson
correlation coefficient wh the observational data (shaldshed lines) and their normalized standard deviation-dasged lines). Perfect agreement between
model output and observational data would bring a model on lagisxIn red, the GCMs selected for this study.
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Figure 3.3. Annex.Annual mean temperature anomalies °C (a), annual precipitation anomalies mm/year (b), increase factor of soil watr availabil
anomalies, in relative units (SWP/ FQ WP; SW soil water, WP wilting point, FC field capacity) (c) betweas@nday simulation anéRCP4.5 scenario
for 4 GCMs
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Figure 3.4. Annex Comparison of changes in potential distributions between future and pdesent
simulations for 3 species between MaxENT & CARAIB in RCP4.5 ACCESS1 0 GCM simulated
climate. Grey indiates areas where species was not predicted in the pdasenbr future; light green
areas are where the species was predicted in the pdeseand in the future (i.e. grey + light green =

no change); dark green areas are potential new sites to cdianismly distributed in future

scenarios); red indicates areas where original predicted distribution is lost in the future. Yellow points
are fAdayrenturrenceso
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Figure 3.5. Annex.CARAIB without CQ fertilisation predicted distributions bedwn presentday
and future simulations in RCP8.5 and RCP4.5
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Figure 3.6. Annex.Percent loss of potential original distributions a. MaxENT, b. CARAIB, c.
CARAIB without CQ; fertilisation in RCP4.5 scenario
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Figure 3.7. Annex.Percent gailin potential future distributions in a. MaxENT, b. CARAIB, c.
CARAIB without CQ fertilisation in RCP4.5 scenario
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Abstract

In humanmodified landscapes the likelihood of maintaining seed dispersal services mediated
by animal's decreases, which in turn can threaten forest regeneration. With the objectigellirigno
their movement and their seed dispersal behaviour, we evaluated the role oflzosiaall
endangered, and endemic primas®ntopithecus chrysomelass a seed disperser, in the Brazilian
Atlantic forest. To test their potential role in maintagpregeneration patterns in their heraage,
through seed dispersal processes, we collected information on movement, seed swallowing and
deposition, use of habitat, and characteristics of this habitat. We also analysed the daily trajectories
using hidderMarkov modelling. Our result suggests that the dispersal behaviour and shert daily
trajectories oL.. chrysomelasnay play a small role iforestregeneration because it is only a short
range disperser. Neverthelesschrysomelaprobably contributes timcrease the prevalence of its
resource tree species locally, and thus likely to have a function in maintaining tree diversity by
preventing local extinction. The collected information allowed us to build a deterministic Model of
Seed Transfer (MOST)whickas successfully able to replicate t
deposition patterns, as observed in the field. This model combined with a dynamic vegetation model
could be further used to test hypotheses of tree species survival by simulating tneeategeand

growth at regional scale.

Key words
Seed dispersal, frugivore, Atlantic forest, regeneration, Markov model
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Introduction

We are facing the sixth mass extinction e @arnosky et al. 2011)his current wave of
species extinction could be attributeda synergy among processes such as habitat loss, habitat
modification, and climate change. The ability to reliably foresee how these threats could affect
biodiversity in the future is of paramount importance for conservation plarnitigeory, such
information could be produced for terrestrial ecosystems with the help of Dynamic Vegetation Models
(DVMs) allowing to spatially simulate plant distributions under different transitory environmental
conditions (see for instané&aghunathan et al. 2015, 201BVMs could be coupled with agebased
models predicting landse to take into consideration land use chdRgataine et al. 2014However,
owing to inadequacy of dispersal data, specifically linking the relationship beplaagts and their
dispersers, vegetation modelling suffers very often from low to no inclusion of plant dispersal and
population dynamics. Accounting for seed deposition patterns is useful to predict the evolution of
forest ecosystem&Reid et al. 2015)This task is particularly complex mainly in tropical forests, where
a large proportion of trees (up to 90 %) have their seeds dispersed by dHiovedsand Smallwood
1982; Willson et al. 1989; Jordano 2000hus, vegetation modelling would benefit from combining
information from frugivorous animal behaviour (movement, foragingtrguasit time of seeds) and

DVM science.

Several studies have shown that the movement of animals (or groups of animals) within their
homeranges depends on the spatial distribution of resources like fruiting tree species, or more
generally, their foodesources, water bodies or sleeping sites fdlgert et al. 2013a; Plante et al.
2014) Other factors, such as canopy cover limiting visibility to predators, connectivity, presence of
liana conglomerates offering protection from rain and high temperatures, proximity to humans, and
seasonaliy or weather conditions m@.g.Brattom®etdl.2fl4 uence
Granier et al. 2014; Neumann et al. 20F9)r territorial species, potential conflict zones with other
neighbouring individuals or groups can also influence their daily trajec{@#teman et al. 2015
the specific case for frugivorous animals, this
environmental factors, coupled with the body size, will finallyed®ine seed deposition within the

environmeniHolbrook 2011)

The seed dispersal process is affected by habitat loss and fragmentation, and ultimately
climate change. As habitats shrink, it in turn causes disturbances in frugiveraiodies for
example, decreased abundance due to limited habitat availakiiigh carry over on plant
communities, due to reduced dispersal. For exarBaleweteera and Brown (2008¢monstrated that
the loss of largebodied frugivores decreased the assemblages of {segeled, climax tree species in

disturbed forest fragments. This was due in part to the specific dependency that larger seeded species
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had on the presence of largedied frugivores, and because the sngalinediumbodied frugivores
dispersed the seeds at smaller distances. The scalerofitagion can affect how individuals or

groups interact with distances to find habitat, and therefore alter their typical behavioural states
(Cattarino et al. 2015Animal species that may be highly territorial, or have emigrating individuals,
that end up with a large density in a small patch of habitat may suffer from local extinctions if they are
unable to broagh their homegange(Henle et al. 2004)Additionally, in fragmented or degraded
landscapes that limit the animal movement, due to varying degrees of permeability within a mosaic,
the seed dispersal services can be strongly altered both by loss of vegetation prodgits{Rg$fsoa

et al. 2016pr change in fruits characteristif®essoa et al. 2018yt also due to behavioural

constraints of frugivore€Trolliet et al. 2017a)Finally, climate change might alter availalyilaf plant
resources for the frugivores in the futRaghunathan et al. 201&hd it might eventually directly
challenge animal survivéBoyles et al. 2011)

It is well established that many frugivorous primates are efficient dispersers. Primates
disperse seeds of several species, including\waatied species, in several habitat types like mature
and secondary forests, or even savannahs and abandoned g@€stapssan and Onderdonk 1998;
Albert et al. 2013b; Bufalo et al. 2016; Trolliet et al. 20I®) build a deterministic model of seed
dispersal based on observed data, wedeshtether the endangerkdontopithecus chrysomelas
(Goldenheaded lion tamarins, GHLTS) in Brazilian Atlantic Forest (BAF) is an efficient seed
disperser of the genturouma The choice of studying GHLT dispersalRduroumaseeds was due
to the fact tht the seed size is one of the larger seeds that GHLTs are able to swallow (~11.9 mm by
10.5 mm), and thBouroumaspecies have a long fruiting season each year (typically from mid/end
October to late April). Additionally, we were able to understand tiengial role of GHLTs in forest
regeneration in the study area. We first established the daily trajectory of a habituated group of
GHLTSs, and recorded fruit consumption and seed deposition events and other behaviours, in
combination with environmental vables. Then, we analysed the movement in the hramge using
a hidden Markov model (HMM) in relatido environmental variables. Finally, we conceived and
coded, using FORTRAN, a deterministic model of seed deposition with random components by
combining HMM, habitat characteristics and gastrointestinal transit,twhéch was able to simulate
seed deposition. This model could further be coupled with a DVM and adapted to other animal and

plant species.

Methods

Study sites

The 2015 study took place in Colérde Una, Southern BahiBrazil( C U ; 15U 1786 80 ¢
86 10; SI SBI O p-&)rThefdrestisclasbified as Wwlahd/ABlantic rainforest. The
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region has an average annual precipitation of ~2000 mm/year, and average annual temperature at 24
25%C. Thestudy sitehabitat is comprised mostly of regenerating areas, that were formerly rubber
(Hevea brasiliensis or rubber and cacadlfeobroma cacgmlantations. Some areas within the

mosaic are still active for shadeown cacao harvesting or bangmaduction.De Vleeschouwer and
Oliveira (2017)describe the characteristics of the rubber plantations in this area, suggesting potential
reasons for th&HLTSs to frequent such areas, despite anthropogenic activity that occurs within those
parts of the habitathe forested area is interspersed with some manioc plantatiamsht

esculenty that are not used by the GHLT, and therefore not considepattasf their homeange.

Position data were from the two other GHLT groups came from a 2006 study that took place in the
Una Biological Reserve (UBREatenacci et al. (200@escribes the habitat in UBR, which is similar

to CU habitat, however, with less anthropogenic activities, and a larger proportion of advanced
secondary, largely due to its protected status.

Primate groups

All applicable institutional and/or national guidelines for the care and use of animals were
followed. Data from three GHLT groups from two different studies were evaluatedl®ti€ da
Una, we studied one group of habituated monkeys. Atabginning of this study, the CU group
comprised of 4 adults (2 males, 2 females), and at the end of the study, four adults, one juvenile, and
one infant. With the two grougsom the biological reseryeach group had 6 individuals (group 1: 4
adults, Jjuvenile, 1 sukadult; group 2: 3 adults, 1 juvenile, 2 sadbults). The habituation process was
the same for the three groups and followed the protocol desinibeetz et al. (1996)At least one
adult individual in each group had a radidlaoaffixed, to follow the groups using radielemetry.
The groups were observed from sleeping site to sleeping site (i.e. from when they left the sleeping site
in the morning, until the end of the day when they went into the same or different ong)2&ver
minutes, we noted the coordinates using a Garmin etrex 30 GPS. Only complete observation days

were used for analyses (26 days for CU group, 46 and 50 for the two UBR groups).

For the CU group, all behaviours relating to feeding, territoriality, poegeesence, and
resting/grooming, sleeping site use were recorded. Additionally, for the CU group, faecal samples
were collected ad libitum. THeouroumaseeds obtained from faecal samples were positioned in
different areas of the seasonal haraege, wiere the samples were collected, along with two control
samples (with and without pulp) to test the effect ofgagsage on seed germination and survival.
Locations of all scat deposits wilouroumaseeds were marked, and dispersal distances from parent
trees were estimated, based on averagérguosit time in GHLT{Mufioz Lazo et al. 2018nd the

visited trees before the defecation. Using ArcMAP v. 10.5.1. the seasonaléwogeearea was
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calculated using the minimum convex polpgthough we also identified the 95% kerhéle. the

zones with the probability of encountering the group is 0.95 (P95%).

Environmental data from Col6nia de Una (CU)

To test for possible environmental variables that could influence GHLT movement indCU a
later test the model, we installed seventy 15m by 15m plots located along transects spaced 30 m apart
in the entire seasonal hommange of the group. In each plot we evaluated the basal area of fruit
resources (BA), and the leaf area index (LAI). Wénestied LAI by taking hemispherical pictures of
the canopy. We took the pictures using Sigma 8mm f/4 circular Fisheye lensa(iemler projection)
following the methods described Bequet et al. (20129t 9 points on the 15m by 15m plots; the
pictures were analysed with Hemisfer v.2.h8(://www.schleppi.ch/hemisféi/In the plots, the trees

were identified (at least to family level) for all individuals with a DBH > 5¢cm and the BA of the
known fruit trees was calculated based on the DBH.

Additionally, within the seasonal hormnange of the O group, over a onweek period, we
identified and mapped more than @6uroumaindividuals and calculated the Fournier score
(Fournier 1974jo obtain a snapshot Bouroumafruit availability during the season. To obtain a
Fournier score hie percent of fruit (ripe and unripe) available on the tree is scored on a scale of 0 (no
fruit at all) and 1 to 4 (25% to 100%). Less than 25% oPtheroumaindividuals have mature fruit at
any given time during the fruiting season. The fruit availghifidex (FAI) was calculated by
multiplying the Fournier score for presence of ripe or unripe fruit with the diameter at breast height
(DBH) of all fruit trees that the GHLTs consumed. Finally, we interpolated FAI, BA and LAl over the

entire seasonal horrange, using ordinary kriging in ArcMAP to obtain continuous maps.

Note that for the two other primate groups, no environmental data were available.

Effect of gut passage on seed germination and survival

ThePouroumagenus control (with & without pulB0 seeds each) and treated (defecated; 85
seeds) seeds were distributed in 16 locations in the seasonatdrugee based on where scat samples
were collected, in cages for protection. They were monitored each week, for the first 6 months of
fi pl a nto obsey@®whether they had germinated, died (predation or parasite), or were missing
(evidence of removal observed from small holes found where the seeds were placed, within cages).
After 6 months, the 16 locations (245 seeds) were monitored monthlyudhar 6 months, for a
totalofoney ear of observation since fAplantingo. Afte
analysed, in a mixed logistic model with the function 'gimer’ of the Ime4 R patlatgs et al. 2015)

and the likelihood ratio test. The missing seeds were not considered iralygsarso the sample size
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of the firecoveredo seeds included 14 seeds that
and 31 seeds that did not survive for the full year. The model included seed treatment (defecated
seeds) and the two controls {wi& without pulp) as a fixed effect, and the location within the

seasonal hommnge as a random effect of the intercept.

Movements in the home range

HMM requires positioning data at regular time slices. For each primate group, we prepared a
single time series and trajectory, by joining etodend the coordinates of all the complete observation
days. We applied the functions from the MoveHMM v1.2 R packilyehelot & al. 2016) In this
analysis, the time series of positioning data are processed to obtain angle and step time series. These
new series are used for the identification of changes in behaviour (step lengths, and turning angles)
and the computation of probitities of switching between stat@Batterson et al. 2009; Langrock et al.
2012; NabeNielsen et al. 2013; Pyke 2015Ye wsed the gamma distribution for the step lengths and
on the von Mises' distribution for the angles for which we easily found starting values {ayrial
error, by comparing the Akaike information criterion (AIC) of the possible models. Environmental
varialdes (FAI, BA and LAI from the kriging maps) were tested as covariates, also with the AIC, for
increased model fitness. The transitions between states are computed by the package with the
equations provided iNichelot et al. (2016)

Deterministic Model of Seed Transfer (MOST)

The model (MOST for MOdel of Seed Transfer) was written in FORTRAN 90 to allow spatial
extensions anturther coupling with the CARAIB DVM also written in this langug&aghunathan et
al. 2015) Most of the constants describing the home range, the movements and the animal behaviour
and physiology, may be changed in a parameter file before prograntiered/hile the GHLT
groups do pass through tree covered areas, includirsgtimgaand plantation zones, it is only used if
there are important fruiting specieéyiocarpus heterophylluis this particular zone, or bananas, etc.)
or sleeping sites. IMOST, t he plantation and agricyglbdur al z
zones, though the monkeys may venture under the exceptional circumstances indicated above. In the
case of the CU group, the principal sleeping site was also situated at ¢hef edglantation area, and
the trajectories reflect the short paths that traverse a small part of¢feezone The model (Fig4.1)
starts by reading coordinates of heraege and kernel 95 % as well as sleeping site positions. A day
path counts a suession of 35 steps (successive positions separated by 20 minutes), corresponding to
an average dalength of 700 minutes, outside sleeping sites. The initial and the next selected nests
were drawn from the rase frequency. The simulation is initiated lejtisig the initial state of the
HMM to one (note that we selected a tatate HMM) to know which of the distributions to use for

angle and step. Accordingly, the first step and the first angle are drawn to reach the first position from
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the starting sleepinsite, using the gamma (step) and the Von Mise's (angle) distributions. As with
first step, the procedure verifies that each position is located within the kernel 95 % using the

"Winding Number" algorithm (Sunday 2004itp://geomalgorithms.com/ad3

inclusion.html#wn_PnPoly))if it is not within the kernel but still in the home range and maximum

count out of kernel 95 is not reached (see below) then position is validatedvi®theew angles and

steps are redrawn until it becomes successful. The characteristics of the attained position are recorded
and allow to draw the new state and accordingly to this state, the next angle and step to reach the next
position. To simulate thend of the day, i.e. arbitrary after 26 steps, corresponding to the moment

where the animals seemed to head to the slegjitiagthe drawn angles are progressively restricted

from 360° to 22.5° to reach the selected sleeping site while the last steaacady drives on the

selected nest position; possibly, they can arrive sooner when their position are less than 10 m. To be
able to match the generated position frequencies within the P95%, we first analysed the density
distribution of the number of piti®ns of the observed trajectories outside the P95% using the

fitdistrplus R packagéDelignetteMuller and Dutang 2015)'he obtained distribution with its

parameters was used to generate a table of probable numbers of positions outside P95%. MOST
records the trajectories, anmies for each of them its number of positions outside P95% and finally
keeps only a subsample of trajectories providing the same numbers of positions outside P95% as in the
table.Pouroumaseed swallowing was provoked if the position was within a distaht@ m of a
Pouroumacoordinates, and if pixel value Bburoumamature fruit score was above 0.30. The

distance has to be introduced as the likelihood that a given generated position will coincide directly
with a fruit tree is highly infrequent. We exarad the normality of the observed gransit time

(ShapireWilk normality test). For simulation, the procedure draws random values with corresponding
distribution in the 95 % confidence interval of the mean of the observed values. The simulated spatial
dispersal kernels could finally be calculated by recording the distances between the fruit trees and the

defecation events.
For the wvalidat i onsquarkd tdgt@osfieguencyrwasscaldulated,to a ¢ hi

eval uate t he mod engthesobsenwed digances ohseeds irefapeces fdom parent

trees, as well as the distances to the closest conspecific.
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Figure 4.1 Deterministic Model of Seed Transfer (MOST) algorithm used in Fortran programne.
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Results

CU study site, group behaviour, and seasonal honrrange

The seasonal horrange for the group in CU was approximately 18.77 ha, composed mostly
of secondary forest in various stages of succession4Rig.Six sleeping sites were observedise
with one sleeping site used more than 75 % of the times during the study, i.e. the group returned to the
same sleeping site as they left in the morning 75 % of the times. The seasonal average of the daily path
length for the group was 1,867 m, whillee recorded positions outside the 95 % kernel could be
considered as following a zenoflated Poisson distribution (Fig.3). During thePouroumafruiting
period, over the 26 complete observation days, we observed the group consuming fruits from 148
individuals and flowers from 21 individuals, from at least 30 identified species. Only four species had
more than five visitslfiga affinis I. thibaudiana Pouroumaspp, as well aértocarpus
heterophylluy with onePouroumafruiting tree having 26 visitduring the observation period. Of the
169 foraged individuals, 73 were visited only once during the observation period.
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Figure 4.2 Seasonal homaange of CU group. Coloured lines show some examples of daitgjectories of
group (complete days) used for HMM analyses, blue areas show the 95% kernel within the seasonal home
range.
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Figure 4.3 Density of positions outside of the 95% kernel (black) and adjustezero-inflated Poisson
distribution (r e dvalugnfgooddessd-fit ghi-sguared t€st=DAHR), P
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Figure 4.4 Observed (bars) and adjusted normal distribution of seed transit time (red line, mea= 75.20,
standard deviation = 19.50, Pvalue of the goodnessf-fit Shapiro-Wilk test = 0.1432)
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CU Environmental data

In the seventy plots, we recorded 2,216 trees, from more than 42 families. From those
identified species, almost 50 % are speciesumed by GHLTs, and thouroumagenus
represented 3% of the sampladividuals. LAl ranges between 0.088 and 2.005, BA between 0.08
and 0.26 rflha andPouroumaFAl Fournier score varied between 0 and 1.99 fseeexfor kriging

maps of LAl, BA, and?ouroumadensity)

Faecal collection and germination data

Average gut transit times clearly follows a normal distribution (#i¢). During the
Pouroumafruiting season, the CU group visitBduroumatrees daily. Average dispersal distances of
Pouroumaseed was 111 m, with peak number of seeds deposited between 60 and 904%)Fig.
Given the average transit time in the digestive tract and habitat use, most of the seeds were defecated
near conspecifics. 80 % of all observed defecation events contRinungumaseeds took place
within 30 m of a conspecific, 20 % within 5 m of a conspecific tree @F&J. Apparently, no
significant effect of passage through the digestive tract could be observed compared to the two
controls (chisquared likelihood ratio $& =2.3579, degrees of freedom=2/glue= 0.3076). Viable
seeds may also have been defecated in highly unsuitable areas, when the GHLTs were foraging within

bromeliads, or resting in liana conglomerates, with little possibility of germinating and agtvivi

Figure 4.5 Observed (shaded) and simulated (blue) defecated seed distance densities from parent tree for
CU group (chi-squared = 11.738, df = 6, walue = 0.06807)
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Figure 4.6 Observed (shaded) and simulated (blue) defecated seed distance densities from closest
Pouroumaconspecific for CU group (chisquared = 78.1645, df = 4, palue = 0.08573)
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Hidden Markov model

For the CU group, we selected a tatate HMM, with basal area of fruiting species, along

with distance from sleeping sites being key predictors of transition (#dblebased on the AlC.

State 1 comprised the longest step lengths, shorter turning angles, and fewer pauses, while state two

was characterised by shorter step lengths, larger angles, and more pauses. For the two other groups
(UBR1 & UBR2), we were able to select only estate HMM, based on the XY data (Fg7).

Table 4.1Selectbn of the hidden Markov model (HMM) simulating animal movements within the home
range. AIC values with combinations of the environmental variables (basal area of fruiting trees: BA,
distance to sleeping site: SS, fruit availability index: FAI, distance tbromeliads: BRO, distance to

fruiting trees: FT, leaf area index: LA, distance to predator: DP, distance to other group: DG, distance to
resting sites: DR) and parameters from bestit model subsequently used in MOST.

Model AIC
BA+SS| 620.14
BA+FAIl | 62276

BA | 638.96

DS | 649.33

Null Hypothesis| 662.05
BRO | 662.26

FAIl | 662.63

DG | 664.20

DR | 664.21

FT | 665.52

DP | 668.87
FAI+SS | 806.50
BA+FAI+SS | 810.80
LAI | 828.43

Selectednodel:BA+SS
Value of the maximumlog-likelihood: -293.0703

Gammadistributionparametergsteplength)

statel state?
mean 0.102 0.036
sd 0.058 0.026
Zeromass 0.026 0.154

VonMi s digdributionparametergturningangle)

statel state2
mean -0.018 0.026
concentration  0.990 0.415

Regressioroefficientsfor thetransitionprobabilities

1A 2 2A 1
intercept -2.539 -1.023e+01
SS 0.005 5.315e04

BA 1.392 5.711e+01
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Figure 4.7 Trajectories of 3 groups (CU seasonal trajectories, 26 days; UBR groupi lJannual trajectories,
46 days; UBR group Zi annual trajectories, 50 days), UTM coordinates on axes
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Deterministic Model of Seed Transfer (MOST)

MOST was able to successfully simulatetsvé¢ at e tr aj ectories within
homerange (Fig4.8) but the Bnulations were sensitive to the threshold value for mature fruit and the
distance tdPouroumato provoke swallowing and the final values were obtained through some trials &
errors (distance of 10 m amburoumaFAl of 0.3, see als&nneX. The simulatedidtances of seed
deposition were not significantly different from those observed (Bi§sand4.6) but this could be
improved by finer selection of distance and FAI threshold. Distance from parent tree showed longer
tail as expected, since more eventmtbbbserved were simulated and tended to reveal more extreme

values but it did not appear in distance from closest conspecifi
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Figure 4.8 Map of sub-set of simulated defecation events, with distance #ouroumaof 10 m and mature fruit threshold of 0.3, from MOST and observed defecation
events within the seasonal HR of GHLTs (left) and sulset of simulated trajectories (right).

CU Group Seasonal Home Range
Non-habitat (agriculture/fallow/plantation) CU Group Seasonal Home Range
Habitat

* Observed defecation locations

Non-habitat (agriculture/fallow/plantation)

Habitat
* Sub-set simulated defecations

0 45 90 180 Meters
Y S

0 45 90 180 Meters
Y S|

97



Discussion

Using HMM analyses we were able to identifain factors influencig GHLT movement,
which in turn affects the seed shadows and regeneration pracdssa&kily trajectories of the GHLT
group, and the local factors influencing them are concordant with the literature on vaifdulig
animal movements: food resour@ed sleeping site distribution (eRalminteri et al. 2012; Albert et
al. 2013a) Considering the small seasonal herarge size, coupled with a relatively high abundance
of potential food sources, the effect of fruit availability on movement malfilted; futures studies
could be refined with phenological data. Parameters used to initialise HMM analyses therefore are
influenced by habitat composition and heraege size. As the choice between the states (2 or more)
relies on thorough biological kmvledge of the group or individuals of interest, the parameters
appropriate for one group may not be relevant for others, as evidenced by the differences between the
CU and UBR groups. The HMM twstate model parameters are directly linked to the h@mege
characteristics of the groups, therefore for each application of the MOST model, environmental
characteristics of the honrange characteristics must be supplied to test dispersal behaviours.

Studies of GHLTs within more continuous forested areas Riblagical Reserve Cardoso
et al. 2011khowed that GHLTSs do in fact play a role as dispersers, by consuming fruits and
swallowing seeds ithe mature forest and defecating seeds in secondary, efoagstry systems
within their homerange. However in more degraded habitats, a similar pattern as observed in the CU
group was observed, with the GHLTs contributing to dispersal of smaller sfggidseer species and
bromeliadgCatenacci et al. 2009and less to medium or larger sized seeds of fruits, that form an
important part of their diet. Oursalts suggest that within a degraded, mosaic habitat, GHLTs may
maintain their habitat at a local level or eventually improve the availability of its resource species, but
only inside its 95% kernel seasonal heraages. This should not be disregarded bseit is
probably a mechanism fostering species local abundance and preventing local extinction. Fhe small
bodied GHLTs does not allow them to functionally replace other larger frugivorous taxa that may be
locally extinct, and we cannot anticipate whetter dispersal services currently performed by the
speciesvould maintain the existing diversity in the letegm, particularly in their small seasonal
homerange. The evidence regarding dispersal distances from fiegestand conspecifics is unclear,
with some studie@Vebb and Willson 1985; Hubbell et al. 2001; Forget et al. 2808§yesting that
seeds deposited even a few meters aongarsinateamdm t he
survive, and otherdHowe 2016)suggesting that depositions closer to conspecifics can decrease
germination success. While it is suggested that zoochoric maximal dispersal distance could be related
to homerange siz€Pakeman 2001 )his could give a false image of the real dispersal efficiency since

it does not take into account the dispersal away from the conspecifics. The enrichment of plant
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diversity within the GHLTs habitat may rely on birds and bats that wermebubbserved during

field work, or on other species lilgallithrix kuhlii ( Wi e d 6 s  m &Potas dlavegkinkajou),0 r
which we also observed in the field and also reported in the eastern Atlantic(Fetgsn et al.

2016) Considering the spatial distribution of seed deposition, we can conclude that the efficiency of
each disperser ¢fouroumais not redundant, because each dispersing species travels in its habitat
following particular behaviours. For instance, bats are considered good dispersers because they can
travel several kilometres each day, and defecate when {i@iledsy et al. 2017ut they generally

show hgh fidelity to swarming site§Glover and Altringham 2008; Bologna et al. 2018; Gonsalves
and Law 2018ywhich should produce highly directional dispersal kernel. Finally, the low ability for
seed dispersal of GHL@ould be viewed as a cascading effect of fragmentation on loss of ecosystem
services since fragmentation restricts GHLT in possibly smaller forest fragments.

The dispersal module built to simulate dispersal could be used to evaluate the rate at which a
given tree species might colonise new sites, based on the behaviour that are included as parameters.
The CU groupds dispersal di st leon@tsecugenes anmdonsi st en
SaguinusspeciegCardoso et al. 2011However, it is important to keep in mind that in the case of
generalist frugivores, smaller hofrenge areas with a uniform distribution of fruit resources might
dilute any potential patterns or state®@haviour. This appears to be consistent WibeNielsen et
al. (2013) where they suggest movement states can change based on temporal scales and
heterogeneous nature of the heraage. Therefore, the parameters for displacement will need to be

determined for each group whose dispersal is to belaied.

Conclusion

As habitat modification and loss become an increasing threat to tropical fauna, measures must
be taken to ensure viability of ecosystem functioning in the-terg. While designating protected
areas is one strategy, the success otlwtepends on the management and enforcement of
sustainablaise plans, other strategies to improve connectivity between forest patches, or restore areas
through assisted regeneration can become important. Studies suggest that with careful management,
the ratural dispersal behaviour of frugivores within the tropics could in fact accelerate the restoration
and functionality of degraded habitats. In this context, understanding frugivore movement in
relationship with resource species becomes exceedingly Gritidze able to protect and to ensure
maintenance of dispersal activities. The analysis of GHLT behaviour demonstrated that it is a short
range disperser because most seed deposition occurs near conspecifics, but it is probably a particular
case, with ammaller than average horanange mostly relying on highly clusterBduroumeatrees. The
fact however that simul-atfedsdewéereaabba patgenas

dispersal module MOST combined with a DVM can be a useful tool toypesttieses of tree species
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survival by simulating tree regeneration and growth at regional scale, providing the inclusion of
behavioural, physiological and abundance data for as many as possible dispersal agents of the area of
interest and land use. An atative approach would be to use the model combination to perform
experiments using only available information, by varying the numbers and the types of dispersers, as
well as land configuration to test the existence of thresholds preventing the extirict@ected tree

species.
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Annex: Deterministic modelling of seed dispersal based on observed behaviours of an
endemic primate in Brazil

Figure 4.1. Annex.Distribution of GHLTSs in Brazil (endemic to Southern Bahia and Northern Minas
Gerais)

Il GHLT distribution

Figure 4.2. Annex.Kriging interpolation ofPouroumaindividuals using Fournier score for density on
fruit availability.
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Figure 4.3. Annex.Kriging interpolation oBasal Area of fruiting trees sampled in the 15m X 15m
parcels
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Figure 4.4. Annex.Kriging interpolation of Leaf Area Index of 15m by 15 m parcels within CU group
seasonal HR
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Figure 4.5. Annex.Simulated defecations from MOST, calculated with diffefamirnier score thresholds fBouroumamature fruit availability
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