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RESUMO

A perda de habitat é a principal responsavel pelas altas taxas de extincdo de espécies,
especialmente nas florestas tropicais. Entender os fatores associados a perda de
biodiversidade, bem como a extingdo de interacGes entre espécies e fungdes ecoldgicas,
€ uma prioridade urgente para orientar estratégias de conservacdo. O objetivo geral
deste trabalho foi avaliar como a perda e fragmentagédo de habitat afetam a limitacdo da
producdo de frutos, a riqueza e abundancia de espécies zoocdricas, a biomassa e
caracteristicas funcionais de frutos carnosos, além da composi¢do em assembleias de
arvores zoocoricas. Para atingir nossos objetivos, foi realizada uma revisdo de literatura
para avaliar os impactos da perda e fragmentacdo de habitat na limita¢do da producao de
frutos em espécies arboreas, sub-bosque e palmeiras, considerando distintos grupos
funcionais, quanto a estratégia de regeneracdo e o modo de dispersdo das sementes.
Foram amostrados 20 fragmentos florestais localizados em paisagens com cobertura
florestal variando de 2 a 93% na Floresta Atlantica do sul da Bahia, Brasil. Em cada
fragmento, foram instaladas cinco parcelas de 25 x 4 m, onde todas as arvores e
palmeiras com DAP > 5 cm foram marcadas. Foram realizadas observagGes fenoldgicas
ao longo de um ano para estimar a disponibilidade de frutos através da contagem direta
e calculamos a biomassa a partir dessa contagem. Foram analisados atributos funcionais
de frutos carnosos diretamente relacionados com a atracdo de frugivoros (morfologia,
quimica e cor) e calculados cinco indices funcionais (riqueza, uniformidade,
divergéncia, dispersdo e médias ponderadas de tracos em nivel da comunidade).
Também foi avaliada a similaridade na composicdo em assembleias de arvores usando
Andlise de Correspondéncia Destendenciada (DCA). Finalmente, foram utilizados
modelos lineares mistos espaciais (MLMS) para avaliar os efeitos da cobertura florestal
e distancia de borda sobre a riqueza e abundancia de espécies zoocoricas e a biomassa
de frutos, e os efeitos da cobertura florestal sobre a diversidade funcional de frutos
carnosos e composicao em assembleias de arvores. A revisdo de literatura indica que a
limitacdo na producédo de frutos, decorrente da perda e fragmentacdo de habitat, ocorre
principalmente por falhas de polinizacdo, seja por limitacdo de polen ou por alteracGes
na ocorréncia e frequéncia de polinizadores, sendo as espécies arboreas e tolerantes a
sombra particularmente vulneraveis. Os resultados indicam que a cobertura florestal foi
a principal variavel explanatéria, influenciando negativamente a riqueza e abundancia

de espécies zoocoricas e tolerantes, mas ndo as intolerantes. O modelo linear explica




melhor diminuigBes na riqueza e abundancia total e das espécies tolerantes, e a
biomassa de frutos produzidos por todas as espécies e pelas assembleias de tolerantes.
Os resultados também revelam que a cobertura florestal ndo afeta as caracteristicas
funcionais dos frutos carnosos em toda assembleia de arvores e em ambas as estratégias
de regeneragdo. No entanto, o conteudo de proteinas, lipidios e energia total dos frutos
das espécies intolerantes foram linearmente afetados pela cobertura florestal. Além
disso, sitios que exibem menor quantidade de cobertura florestal apresentam maior
similaridade de espécies intolerantes, mas reduzida semelhanca entre tolerantes.
Conclui-se que os padrGes de remontagem de espécies desencadeada pelo
desmatamento na escala da paisagem diminui a capacidade da floresta remanescente
para a provisdo de recursos alimentares para assembleias de frugivoros. A manutencao
de espécies tolerantes a sombra é fundamental em areas desmatadas, desde que a sua
produtividade e qualidade de frutos ndo sdo compensadas por espécies intolerantes. Isto
é particularmente importante, principalmente porque as espécies intolerantes sao
aquelas que ainda persistem em florestas alteradas, mas a sua presenca nao vai oferecer
a mesma qualidade dos alimentos fornecidos pelas espécies perdidas. A fim de manter a
funcionalidade ecoldgica em longo prazo, as acdes de conservagdo devem, portanto,
garantir a manutencédo da riqueza e abundancia das espécies zoocoricas, a produtividade

e qualidade dos recursos alimentares para frugivoros.

Palavras-chave: grupos funcionais; limitagdo na producdo de frutos; biomassa de
frutos carnosos; diversidade funcional; interacdo planta-animal; composic¢ao de arvores;

ecologia de paisagem; perda de habitat.
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ABSTRACT

Habitat loss is the main driver of the current high rate of species extinction, particularly
in tropical forests. Understanding the factors associated with biodiversity loss, as well
as the extinction of species interactions and ecological functions, is an urgent priority to
guide conservation strategies. Here, the aim was to evaluate how habitat loss and
fragmentation affect the fruit production limitation, richness and abundance of
zoochoric species, biomass and functional characteristics of fleshy fruits, besides the
composition in zoochoric trees assemblages. To reach our goals, a literature review was
conducted to assess the impacts of habitat loss and fragmentation on fruit production
limitation in tree species, shrubs and palms, considering different functional groups, as
the regeneration strategy and seed dispersal mode. We sampled 20 forest fragments
located in landscapes with forest cover ranging from 2 to 93% in the Atlantic Forest of
southern Bahia, Brazil. In each fragment, we established five plots of 25 x 4 m, where
we marked all the trees and palm trees > 5 cm DBH. We carried out phenological
observations over a year to estimate the availability of fruits by direct counting and to
calculate biomass from that count. We analyzed the functional attributes of fleshy fruits
that were directly related to their attractiveness to frugivores (morphology, chemical,
and color) and calculated five functional indices (richness, eveness, divergence,
dispersion and community-level weighted means of traits). We also evaluated the
composition of tree assemblages using Detrended Correspondence Analysis (DCA)
ordinations. Finally, we used spatial mixed linear models (SMLM) to evaluate the
effects of forest cover and edge distance on the richness and abundance of zoochoric
species and fruit biomass, and the effects of forest cover on the functional diversity of
fleshy fruits and composition trees assemblages. The literature review indicated that
fruit production limitation, due to habitat loss and fragmentation, mainly occurs as a
result of pollination failure, either by pollen limitation or by changes in the occurrence
and frequency of pollinators, and tree species and shade-tolerant species are particularly
vulnerable. Our results showed that forest cover was the main explanatory variable and
negatively influenced the total richness and abundance of zoochoric and shade-tolerant,
but not shade-intolerant species. A linear model best explained decreases in richness
and abundance of total and shade-tolerant species, and fruit biomass produced by all
species and the tolerant assemblages. Our results also revealed that forest cover did not

affect functional traits of the overall zoochoric community or either of the regeneration
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strategies. However, the content of protein, lipid and total energy in fruits of shade-
intolerant species were linearly affected by forest cover. Additionally, sites exhibiting a
lower amount of forest cover showed greater similarity of shade-intolerant species but
reduced similarity among the shade-tolerant group. We conclude that patterns of species
reassembly triggered by landscape-scale deforestation decreases the capacity of the
remaining forest for provisioning food resources for frugivore assemblages. The
maintenance of shade-tolerant species is pivotal in deforested areas, since their fruit
productivity and quality are not offset by shade-intolerant species. This is particularly
important, mainly because shade-intolerant species are those still persisting in disturbed
forests, but their presence will not deliver the same food quality provided by those
species lost. In order to maintain ecological functionality in the long-term, conservation
actions should therefore ensure the maintenance of richness and abundance of zoochoric

species, productivity and quality of food resources to frugivores.

Key-words: functional groups; fruit production limitation; fleshy fruit biomass;
functional diversity; plant-animal interaction; tree composition; landscape ecology;

habitat loss.
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INTRODUCAO GERAL

A perda de habitat € a principal responsavel pelas altas taxas de extin¢do de
espécies, tornando-se um desafio para a conservacdo da biodiversidade (Fahrig 2013,
Hanski 2015). Em paisagens dominadas pela perda de habitat, a configuracdo da paisagem
¢ alterada, reduzindo o tamanho da area e aumentando o isolamento dos fragmentos
florestais que irdo determinar fortemente os padrdes de riqueza e abundancia das espécies
(Hernandez-Stefanoni & Dupuy 2008, Villard & Metzger 2014). Rela¢cdes ndo lineares
entre riqueza de espécies e a quantidade de floresta em escala de paisagem foram
registradas (Radford et al. 2005, Pardini et al. 2010), com perdas abruptas de espécies
ocorrendo apos pequenas mudancas na cobertura florestal (Fahrig 2002, Bailey et al. 2010).
Embora estes limiares possam variar em relagdo ao conjunto de espécies, e em cada regido
considerada, eles tém sido empiricamente demonstrados para varios grupos biologicos, tais
como aves (Radford et al. 2005, Morante Filho et al. 2015), pequenos mamiferos (Pardini
et al. 2010, Ochoa-Quintero et al. 2015) e plantas (Bascompte & Rodriguez 2001, Rigueira
et al. 2013, Lima & Mariano-Neto 2013), com implicacdes para os padrdes de distribuicdo
das espécies e processos ecoldgicos, sendo fundamentais para embasar acfes de

conservacao (Banks-Leite et al. 2014).

A perda de habitat é acompanhada pela fragmentacao, sendo uma ameaca adicional
para a biodiversidade (Tscharntke et al. 2012), principalmente pelo isolamento entre
fragmentos e a prevaléncia dentro dos fragmentos do efeito de borda (Smith et al. 2009).
Tais distdrbios podem, por exemplo, aumentar o dano e mortalidade de arvores em

comparagdo com o interior da floresta, levando a decomposicdo da biomassa e 0 aumento
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no namero de clareiras, que altera a entrada de luz e as condi¢cGes microclimaticas,
principalmente nas bordas da floresta (Laurance et al. 2000). Adicionalmente, paisagens
fragmentadas também sdo mais suscetiveis as perturbacdes cronicas, tais como corte
seletivo (Echeverria et al. 2007), fogo (Laurance et al. 2011) e caca (Canale et al. 2012). A
sinergia entre esses distdrbios podem afetar o recrutamento e estabelecimento de plantulas e
levar a extingdo local das espécies (Wright 2003, Muller-Landau 2007). No entanto,
assembleias de plantas podem apresentar respostas idiossincraticas as perturbagdes
antropicas, com ambos o0s atributos intrinsecos e extrinsecos que influenciam a

vulnerabilidade das espécies (Putz et al. 2011).

Evidéncias empiricas sugerem transi¢des floristicas ndo aleatorias em assembleias
de arvores, em que espécies sensiveis, tais como as emergentes, tolerantes ao
sombreamento, com sementes grandes, dispersas por vertebrados e aquelas com sistemas
reprodutivos especializados sdo propensas a serem reduzidas em paisagens fragmentadas
(Silva & Tabarelli 2000, Tabarelli & Peres 2002, Girdo et al. 2007, Benchimol & Peres
2015). Muitas familias de plantas que produzem frutos carnosos, como Myrtaceae e
Lauraceae, sdo negativamente afetadas por mudagas em paisagens fragmentadas (Tabarelli
& Peres 2002). A perda de cobertura florestal tem consequéncia negativa também para as
familias de estagios sucessionais tardios, que oferecem importantes recursos para
frugivoros, como Sapotaceae, Myrtaceae (Rigueira et al. 2013, Lima & Mariano-Neto
2013) e Rubiaceae (Andrade et al. 2015). Por outro lado, espécies pioneiras, generalistas e
com frutos e sementes pequenos tornam-se dominantes (Tabarelli et al. 2008; Santos et al.
2008, Lbbo et al. 2011, Arroyo-Rodriguez et al. 2013). Padrdes de substituicdo de espécies,

mesmo em florestas estruturalmente intactas, mas sob forte pressdo de caca, parece ser
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dominada por arvores de vida curta e crescimento rapido, num fenémeno denominado
homogeneizacao floristica (Poulsen et al. 2013). Tracos funcionais de espécies pioneiras,
como tamanho de sementes e densidade de madeira, sdo favorecidos, aumentando a
dispersdo de suas sementes, que por sua vez, pode acelerar a dindmica global das florestas e
reduzir os estoques de carbono (Peres et al. 2015). Em adicdo, a perda de habitat e a
fragmentacdo sdo apontadas como os principais condutores de mudanca na producdo de
flores e frutos (Morellato et al. 2016). Efeitos de borda também podem influenciar a
fenologia das espécies, aumentando ou reduzindo a producdo de flor entre taxa distintos
(Laurance et al. 2003), afetando assim a producéo de frutos (Restrepo et al. 1999, Laurance
et al. 2003) e, portanto, aumentando ou reduzindo a disponibilidade de recursos para
animais frugivoros. De fato, a erosdo da biodiversidade, provoca um aumento na
vulnerabilidade de grupos funcionais especificos, induzir a perda de grupos inteiros
(Elmgvist et al. 2003), afetar a disponibilidade de frutos (Morellato et al. 2016), além de
comprometer interacdes ecoldgicas essenciais para o funcionamento dos ecossistemas

(Tilman et al. 2012, Valiente-Banuet et al. 2015).

Ha& indicios crescentes que a perda e fragmentacdo do habitat afetam interacdes
entre plantas e animais (Burgos et al. 2008, Uriarte et al. 2011, Burgos et al. 2008,
McKechnie & Sargent 2013). Assembleias de plantas respondem a uma variedade de
processos ecologicos e relacdes mutualisticas e antagonicas planta-animal (Ibafiez et al.
2014). Essas interac¢Oes séo indicadores criticos de satde do ecossistema e importantes para
garantir o fornecimento em longo prazo de servicos ambientais (Valiente-Banuet et al.
2015). Vaérios estudos indicam alteracbes na riqueza e abundancia de polinizadores,

levando a ruptura de interacGes planta-polinizador, que consequentemente ird afetar a
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producdo de frutos e sementes (Rathcke et al. 1993, Aguilar et al. 2006, Potts et al. 2010).
Além disso, animais que se alimentam de flores e frutos imaturos podem atuar como
predadores (Chapman et al., 2012). Invertebrados e larvas de insetos também podem
danificar frutos e sementes e inibir a germinacdo das sementes (Burgos et al., 2008), e
afetar a sobrevivéncia e distribuicdo das espécies de plantas (Janzen 1971). Portanto, as
respostas dessas interacGes mutualisticas e antagénicas em relacdo aos disturbios antropicos
sdo particularmente importantes para animais frugivoros, uma vez que eles sdo afetados
pela disponibilidade de frutos (Chapman & Onderdonk 1998, Worman & Chapman 2006)
e realizam um importante servico ecossistémico, como a dispersdo de sementes (Kremen et

al. 2007).

Em comunidades de plantas tropicais, quase 90% das espécies possuem frutos
carnosos que sdo dependentes de animais para dispersar suas sementes (Jordano 2000).
Dessa forma, esse importante servico ecossistémico € mantido por animais como uma
recompensa de provisdo de alimentos pelas plantas, afetando fortemente a regeneragédo da
floresta (Fleming 2005, Terborgh 2013), além de promover a distribuicdo de plantas em
areas amplas, e contribuir para o recrutamento e sucesso reprodutivo das espécies
(Beckman & Rogers 2013). No entanto, modifica¢cbes no habitat podem dificultar esse
mutualismo chave de maneiras diferentes. Primeiro, ele pode levar a limitagdo na
disponibilidade de frutos (Clark et al. 1999, Turnbull et al. 2000), devido aos processos
como a insuficiéncia de polinizacdo, conflitos de alocacdo de recursos, predacéo de flor e
predacdo pré-dispersdo de sementes (Aizen & Feinsinger 1994, Garcia & Chacoff 2007).
Adicionalmente, a disponibilidade de frutos carnosos pode ser usada como um indice da

qualidade e produtividade do habitat para manutencédo de frugivoros (Chapman et al. 1994),
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sendo também um indicador do servico de dispersdo de sementes em escalas regionais
(Garcia & Ortiz-Pulido 2004, Boubli 2005). Caracteristicas dos frutos, como o contetdo
nutricional, cor e morfologia sdo importantes para atrair uma variedade de animais
frugivoros e estdo diretamente relacionados a dispersdo de sementes (Gautier-Hion et al.
1985, Galetti et al. 2011). A variacdo no tamanho dos frutos tem implicacGes importantes
para a evolucdo das interacfes planta-animal, pois determinam o grupo de animais que sdo
capazes de consumir e dispersar as sementes (Jordano 1995, Wotton & Kelly 2011), e por
pressdes de selecdo evolutiva para frutos com maiores quantidades de polpa (Blendinger et
al. 2016). Caracteristicas funcionais associados com interacdes planta-animal podem ser
essenciais para manter a funcionalidade da floresta (Fontaine et al. 2006, Girdo et al. 2007),
pois se espera uma maior diversidade de tracos de frutos para sustentar um conjunto mais
diversificado de frugivoros (Pizo 2002, Lomascolo et al. 2010, Galetti et al. 2011), e as
ligacGes evolutivas entre frugivoros e caracteristicas dos frutos podem influenciar padrbes
de colonizacdo em manchas florestais (Duarte et al. 2011). No entanto, em paisagens
modificadas, apenas determinados subconjuntos de espécies podem persistir em longo
prazo. Como descrito anteriormente, a homogeneizacgdo floristica é esperada (Lébo et al.
2011, Arroyo-Rodriguez et al. 2013), mas também é provavel que ocorra um agrupamento
filogenético induzido pela reducdo na diversidade filogenética (Andrade et al. 2015). Como
consequéncia, a diversidade de atributos dos frutos pode também ser reduzida em paisagens
antropizadas. No entanto, os estudos que avaliam a diversidade funcional com base nas
caracteristicas dos frutos em ambientes perturbados normalmente sdo focados na
morfologia, principalmente tamanho de frutos e sementes (Mayfield et al. 2006, Flynn et

al. 2009, Magnago et al. 2014) e peso das sementes (Laliberté et al. 2010, Benchimol &
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Peres 2015) com grande lacuna sobre tracos relacionados a atracdo de frugivoros, como

contetdo nutricional e padrfes de coloracao.

Portanto, avaliar os efeitos da perda de habitat e fragmentagéo sobre a limitagdo na
producdo de frutos, riqueza e abundancia de espécies zoocoricas, além da disponibilidade e
atributos funcionais de frutos carnosos, bem como a composicéo floristica, sdo essenciais
para entender como distarbios antropicos afetam a diversidade, produtividade e qualidade
dos habitats. A produtividade e qualidade dos habitats irdo afetar diretamente animais
frugivoros e os servicos de dispersdo de sementes (Garcia et al. 2013, Martinez & Garcia
2015), além do funcionamento e regeneracdo das florestas (Tilman et al. 1997). Grupos
funcionais de plantas podem ter respostas distintas frente as modificagdes no habitat
(Tabarelli et al. 2012), seja na limitacdo da producdo de frutos (Burgess et al. 2006,
McKechnie & Sargent 2013), na disponibilidade de recursos para animais frugivoros
(Restrepo et al. 1999, Laurance et al. 2003), e consequentemente na diversidade funcional
de frutos (Magnago et al. 2014). Assim, é de importancia fundamental investigar como

diferentes grupos funcionais de plantas sdo afetados pela perda e fragmentacdo de habitats.

Neste contexto, o objetivo geral deste estudo foi avaliar como a perda e
fragmentacdo de habitat afetam a limitacdo na producgdo de frutos, a riqueza e abundancia
de espécies zoocoricas e a biomassa de frutos, e como a cobertura florestal afeta os tragos
funcionais de frutos carnosos e a composicdo floristica em assembleias de &rvores
zoocoricas e entre duas estratégias de regeneracdo (tolerantes e intolerantes ao
sombreamento) na Floresta Atlantica no sul da Bahia, um hotspot de biodiversidade. E
finalmente, como modificagcfes na paisagem podem afetar os recursos para animais

frugivoros e comprometer a funcionalidade das florestas.
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Objetivos especificos:

Capitulo 1 - Foi realizada uma revisao da literatura para avaliar a limitacdo na
producdo de frutos por espécies de plantas apds a perda e fragmentacdo do habitat. O
objetivo principal dessa revisdo foi identificar os grupos funcionais mais vulneraveis,
considerando apenas estudos que avaliaram o sucesso reprodutivo de arvores, arbustos e
palmeiras. Essas espécies foram classificadas de acordo com suas estratégias de
regeneracdo (tolerantes e intolerantes ao sombreamento) e mecanismos de dispersdo dos

sementes (abioticos e bidticos).

Capitulo 2 — O objetivo geral desse capitulo foi avaliar como a cobertura florestal
em escala da paisagem (um proxy de perda de habitat) e a distancia da borda mais proxima
(uma métrica da mancha florestal que ajuda a entender fatores como o tamanho e a forma
do fragmento), influenciam a riqueza e abundancia de espécies zoocoricas e a
disponibilidade de biomassa fresca de frutos carnosos em assembleias de arvores
comparando espécies tolerantes e intolerantes. Especificamente, investigamos (i) como a
cobertura florestal em escala de paisagem e a distancia da borda mais préxima afetam a
riqueza e abundancia das espécies zoocdricas? e ii) se a producdo de biomassa fresca de
frutos carnosos, pela comunidade total e entre espécies tolerantes e intolerantes, podem ter

respostas distintas frente a perda e fragmentagéo de habitat?

Capitulo 3 — Neste capitulo foi avaliado como a cobertura florestal em escala da

paisagem influencia a diversidade funcional de frutos carnosos, considerando tracos
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relacionados a atracdo de frugivoros (morfologia, quimica e cor), e a composicéo floristica
em assembleias de arvores, ambos considerando toda a comunidade e duas estratégias de
regeneracdo (tolerantes e intolerantes a sombra). Especificamente, foi avaliado se mudancas
na composicdo de arvores zoocdricas, resultantes da perda de cobertura florestal, estdo

levando as modificacGes na diversidade funcional dos frutos carnosos.
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Impacts of habitat loss and fragmentation on fruit production limitation
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Abstract

Plant reproductive success might respond to anthropogenic disturbances such as habitat
loss and fragmentation. As a consequence, fruit resource availability might be limited in
anthropogenic landscapes due to processes like pollination failure, conflicting resource
allocation, flower predation and pre-dispersal seed predation. Identification of the most
susceptible species and ecological processes affected is paramount to guide
conservation strategies. Thus, | performed a literature review on the reproductive
success of 71 species, of trees, shrubs and palms over 52 articles. Species were
classified regarding the regeneration strategy (shade-tolerant and shade-intolerant) and
seed dispersal mode (abiotic and biotic). This review shows that regardless of species
habit, the reproductive success of the species is in general negatively affected by habitat
loss and fragmentation. Trees and shade-tolerant species seem to be more sensitive to
habitat loss and fragmentation, as far as the flower production and pollination success
was reduced and consequently the production of fruits and seeds. In general, the effects
of habitat loss and fragmentation are negative, but not due to an increase in pre-
dispersal seed predation. Fruit limitation occurs mainly by pollination failures, either by

pollen limitation or by changes in the occurrence and frequency of pollinators.
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Introduction

Habitat loss and fragmentation are important drivers of species extinction
(Brook et al., 2008; Fahrig, 2013; Hanski, 2015). Plant assemblages may respond in
distinct ways to these disturbances, with some species benefitting in modified habitats,
while others become severely threatened (Hernandez-Stefanoni and Dupuy, 2008;
Puttker et al., 2015). Pioneer species, small-seeded, light-wooded, fast-growing, short-
living trees (LO6bo et al., 2011; Poulsen et al., 2013), and plants with simplified
pollination systems (Girdo et al., 2007) are favored by fragmentation. On the other
hand, shade-tolerant species (Bascompte and Rodriguez, 2001; Lima and Mariano-Neto,
2013), large-seeded (Melo et al., 2007; Santo-Silva et al., 2015), species with
specialized reproductive systems (Girdo et al., 2007), or dispersed by vertebrates

(Laurance et al., 2006; Oliveira et al., 2008) are more vulnerable.

The effects of habitat loss and fragmentation extend beyond species extinction
and affect a variety of ecological processes, including mutualistic and antagonistic
interactions between plants and animals (Ibafiez et al., 2014). Species interactions are
critical indicators of ecosystem health and responsible for long-term provision of
ecosystem services (Valiente-Banuet et al., 2015). Several empirical studies have shown
decreases in pollinators as a response to habitat loss and fragmentation, leading to
disruption of plant-pollinator interactions, and consequently affecting fruit production
(Rathcke et al., 1993; Aguilar et al., 2006; Potts et al., 2010). In addition, animals that
eat flowers and immature fruits can act as pre-dispersal predators (Chapman et al.,
2012). Invertebrates and insect larvae may also damage fruits and seeds, inhibiting seed
germination (Burgos et al., 2008), and affecting the survival and distribution of plant
assemblages (Janzen, 1971). Thus, changes in the responses of mutualistic and

antagonistic interactions after disturbances are particularly important, and might
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ultimately influence fruit availability to frugivores (Cascante et al., 2002; Garcia &

Chacoff, 2007).

Fruit availability limitation (Clark et al., 1999; Turnbull et al., 2000) is due to a
set of processes including pollination failure, conflicting resource allocation, flower
predation and pre-dispersal seed predation (Aizen and Feinsinger, 1994; Garcia and
Chacoff, 2007). The pollination process affects fruit and seed set, by pollen limitation or
the decrease or local extinction of pollinators (Wilcock and Neiland, 2002). In addition,
isolation of plant populations in fragmented habitats may inhibit pollinators access and
influence fruit production (Gigord et al., 1999; Somanathan and Borges, 2000; Elias et
al., 2012). Yet, pollinators may increase visitation rates in forest edges due to increasing
flower production (Hogbin et al., 1998; Neal et al., 2010). Moreover, even if the
production of seeds per fruit is not compromised, the seed predation is affected by forest
fragmentation, particularly in small fragments and isolated populations with
consequences for pre-dispersal seed predation (Cascante et al., 2002). Thus, predation
might increase in fragmented landscapes , consequently affecting seedling recruitment

in forests fragments (Barrios et al., 2010; Athayde and Morellato, 2014).

Fruit production is an important predictor of local species richness and
abundance for frugivorous birds (Crampton et al. 2011, Uriarte et al. 2011, Moran &
Catterall 2014, Martinez & Garcia 2015) and primates (Arroyo-Rodriguez &
Mandujano 2006, Worman & Chapman 2006, Bracebridge et al. 2012) and is
considered a key indicator of patch quality for frugivores (Garcia et al. 2010). Large
trees with fleshy fruits influences the persistence of frugivores (Laurance et al., 2003;
Dunn et al., 2009), canopy trees and understory shrubs can provide complementary
resources (Garcia et al., 2014), and palm species can be key resources in periods of fruit

scarcity in forests (Genini et al., 2009). However, habitat loss and fragmentation
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decrease the richness and abundance of trees and shrubs (Laurance et al., 2000;
Laurance et al., 2006; Andrade et al., 2015), and increases pressure from the selective
logging of palm trees (Galetti and Fernandez, 1998). Moreover, plant traits are
influenced by habitat disturbances, particularly those affecting mating systems
(McKechnie and Sargent, 2013). Therefore, evaluating the responses of reproductive
success for different plant functional groups, due of habitat loss and fragmentation, is
essential to understand changes in the availability of resources for pollinators and

frugivores.

Here, | performed a literature review to assess fruit production limitation in plant
species after habitat loss and fragmentation. | evaluated the reproductive success of 71
species, in which 39 were tree species, 30 shrubs and two palm species in 52
publications that provided information on fruit availability limitation related to habitat
loss and fragmentation (Table 1). All species were classified according to the
regeneration strategy (shade-tolerant and shade-intolerant), and seed dispersal mode
(abiotic and biotic). | expected to identify if tree species, shade-tolerant species and
biotic dispersion mode were more vulnerable to habitat loss and fragmentation. | used
the Web of Science (www.webofknowledge.com), considering articles published in
journals available until April 2016 with the keywords and titles including “habitat loss”
* “habitat fragmented” * “pollination deficit” * “fruit set” * “seed set” * “pre-dispersal
seed predation” * “fragmentation” * “reproductive success” and “plants”. I considered
studies in all types of forest (54 species in tropical forests and 17 species in temperate),
a majority of studies addressing plant populations and taking into account the effects of
habitat loss and fragmentation using the size and isolation of fragments as landscape

metrics, or comparing fragmented and continuous areas of forest.
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Pollination deficit and fruit and seed production

For all studies evaluated in this review, 62% of species showed negative
responses to habitat loss and fragmentation in flowering or pollination success, positive
in 18% and null responses in 19%. In relation to fruit set, 51% of the species decrease
the number of fruits produced; in 15% and 26% the responses were positive and null,
respectively (Fig. 1). Thus, although some species did not respond or even increased
their reproductive success in modified habitats, the majority of species were negatively
affected by habitat loss and fragmentation. In addition, both trees and shrubs
independently of the seed dispersal mode, responded negatively to habitat loss and
fragmentation, a with reductions in flowering and fruit set observed. However, trees and

shade-tolerant species were particularly vulnerable (Fig. 2, 3).

Several empirical studies showed that in deforested areas the wide diversity of
growth forms are associated with a significant loss of fruit set in animal-pollinated
plants (Burgess et al., 2006; Nayak and Davidar, 2010; Braun et al., 2012; McKechnie
and Sargent, 2013). A meta-analysis of plant reproduction in fragmented habitats
showed that pollinator limitation was the most important proximate cause of
reproductive impairment (Aguilar et al., 2006). Garcia and Chacoff (2007), show that
the decrease in pollination levels are most evident when forest is fragmented and
populations are isolated. In such cases compatible pollen transfer is affected, since the
mobility of pollinators is hampered (Aizen and Feinsinger, 1994; Cunningham, 2000a;
Fuchs et al., 2003). The decrease in pollinators’ mobility or pollinator absence may
change rates of pollination success, reducing fruit set by up to 50% (Ghazoul et al.,
1998; Quesada et al., 2003). Thus, the absolute quantity of pollen grains transferred to

stigmas decreases with fragmentation, and in general resulting in reduced fruit or seed
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set (Aizen & Feinsinger, 1994). Moreover, even though the production of flowers and

pollination occurs, the number of fruits produced is reduced (Melo et al., 2014).

Most species of trees have naturally low densities (Condit et al., 2000) and self-
incompatible pollination systems (Bawa, 1990; Barrett et al., 1996; Larson and Barrett,
2000; Barrett, 2003). Fruit set in self-incompatible plants is more sensitive to habitat
disturbance because these species require a pollinator for fruit production (Aguilar et al.,
2006). Self-incompatible species suffer higher reproductive loss than self-compatible
species which reinforces pollination deficit rather than lack of cross-compatible
conspecifics (McKechnie and Sargent, 2013). Self-compatible plants are able to produce
fruits without pollinators, and consequently are less sensitive to pollinator services
decline (Ghazoul, 2005). However, both self-incompatible and self-compatible plants
show negative responses to habitat fragmentation (Aizen et al., 2002; Ashworth et al.,
2004). Moreover, in the absence of pollinators self-pollination is favored, which
increases inbreeding in isolated populations (Gonzalez-Varo et al., 2009; Gonzélez-
Varo et al., 2010; Moraes and Sebbenn, 2011). Thus, reproductive success of tree
species is strongly correlated with the presence and abundance of pollinators (Ghazoul
and McLeish, 2001; Quesada et al., 2003; Ashman et al., 2004; Nayak and Davidar,
2010). In some cases, even with the presence of pollinator, asynchronous flowering
peaks in fragmented habitats can promote foraging pollinators in the same tree. For
example, bats promote self-pollination because they tend to forage in the same tree
where the nectar is concentrated when few individual trees are flowering (Fuchs et al.,

2003).

A recent meta-analysis showed that plants with dry fruit types experienced a
greater reduction in fruit set than those with fleshy fruit types in disturbed forests

(McKechnie and Sargent, 2013). Species that are dispersed by animals and abiotic
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vectors were equally affected by habitat loss and fragmentation, in which a decrease in
fruit and seed production was observed (Aguilar and Galetto, 2004; Yates and Ladd,
2005; Broadhurst and Young, 2006; Lazaro and Traveset, 2006; Moraes and Sebbenn,
2011; Elias et al., 2012). However, in these cases is difficult to interpret in terms of
pollination, because fruit type may in fact be due to its correlation with other plant

traits, or differential responses to growth forms (McKechnie and Sargent, 2013).

On the other hand, the higher light intensity in forest edges can increase the
production of flowers and pollinator visitation rates and consequently increase fruit and
seed set (Aldrich and Hamrick, 1998; Hogbin et al., 1998; Williams-Linera, 2003;
Williams et al., 2010). Andreazzi et al. (2012) indicate that abundant species are favored
in disturbed habitats and can be good examples of how to evaluate changes in
reproductive success between species. Thus, the species that are favored or did not
respond to fragmentation can increase the competitive interactions with vulnerable
species, apart from altering the composition of resources. Fragmentation cannot affect
the reproductive success when the availability of resources seems to be the most
important factor than the pollen limitation due to failures in the pollination (Dunley,
Freitas, & Galetto, 2009). For some species, the isolation of fragments and the distance
between individuals may not limit the activity of pollinators (Dick et al., 2003; Barrios
et al., 2010), for example when pollination is compensated by exotic bees (Apis
mellifera) in the absence of native pollinators (Dick, 2001; Gross, 2001). Cross-
pollination may also not be the predominant reproductive form (L&zaro and Traveset,
2006; Amorim and De Marco, 2011) or the production of fruits and seeds may be

similar between fragmented and continuous forest (Aguilar et al., 2012).
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Pre-dispersal seed predation

Only 22 articles provide information on pre-dispersal seed predation for 29 plant
species (Table 1). For 20 plant species, pre-dispersal seed predation rates were not
affected by fragmentation, and nine species responded negatively (Fig. 1). Yet, the
responses to disturbance with respect to species habits or functional groups were not

very clear, particularly due to the low number of species evaluated (Fig. 4).

The reduction or elimination of seed predators may negatively affect competitive
interactions between species, changing the species composition of plant communities in
fragmented areas (Herrerias-Diego et al., 2008). Decreases in predation may increase
competition between conspecifics and consequently promote seedling mortality
(Cascante et al., 2002). Additionally, an increase in the number of aborted seeds and
seed predation by invertebrates in small patches and isolated trees is expected in
fragmented areas (Ghazoul et al., 1998; Ghazoul and McLeish, 2001; Chacoff et al.,
2004). For some species seed predation by bruchid beetles (Bruchinae) affected pre-
dispersal more than abortion of seeds, since abortion did not reduce the number of seed
available for dispersion (Chacoff et al., 2004). Also the heavy flower damage by
oleander moth caterpillars (Lepidoptera), as well as by beetles (Coleoptera) and
orthopteran nymphs due the fragmentation and fire may affect density of some species
(Barrios et al., 2010). Burgos et al. (2008) show that similar predation between
fragmented forests and continuous areas by microlepidopteran larvae (Perzelia sp), but
suggest that Nothofagus glauca populations might be depressed in small remnants,
because of a decreased seed production and an increased post-dispersal seed predation.
Yet, small and isolated population in fragmented areas have lower fruiting and less
developed seeds per fruit (Hoebee et al., 2007) or high pollination rates did not translate

into high amounts of seed set (Yates & Ladd, 2005). On the other hand, seed predators



37

pressure may be compensated, when some species increase fruits and seeds set in
fragmented forests and does not impair reproductive success (Yates et al., 2007;
Andreazzi et al., 2012). In fact, the highest incidence of light in fragmented areas may
promote the production of fruit for some species, and reduce seed predation by
invertebrates (Andreazzi et al., 2012). Moreover, parasitism by invertebrates in fruits
cannot vary among small populations of trees in fragmented regions (Gigord et al.,
1999), on the other hand, the presence of pathogens may impede the development of
flowers (Burgos et al., 2008). However, studies evaluating antagonistic relationship
between pre-dispersal seed predation and fragmentation reported limitations in the
interpretation, and inconsistent responses (Cascante et al., 2002; Chacoff et al., 2004;

Burgos et al., 2008).

Perspectives on fruit limitation in human-modified landscapes

The richness patterns and distribution of species in the landscape are important,
but the real challenge is to understand how these patterns influence the ecological
processes and species reproductive success (Blois et al., 2002). This review shows that
some functional groups are more vulnerable than others. Trees and shade-tolerant
species seem to be more sensitive to habitat loss and fragmentation, as far as the flower
production and pollination success was reduced and consequently the production of
fruits and seeds. Thus, while species’ responses to habitat disturbance are highly
variable, certain plant traits could serve to predict the impact of a disturbance on the
species reproductive success (McKechnie and Sargent, 2013). In general, the effects of

habitat loss and fragmentation are negative, but not due to an increase pre-dispersal seed
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predation. Therefore, fruit limitation occurs mainly by pollination failures, either by

pollen limitation or by changes in the occurrence and frequency of pollinators.

Studies focusing on the complete plant reproduction cycle are scarce, and few
studies address the issue of pre-dispersal seed predation in tropical forests. This
information can guide conservation strategies and identify the main effects of resources
reduction for animal populations and the impact on forest regeneration. Considerations
on plant reproductive success might have important consequences for pollinators and
seed dispersers since it affects the distribution of flowers and fruits, besides the
persistence of these species in disturbed habitats. This information will be useful in
conservation efforts on vulnerable plant species, and to maintain mutualist and

antagonist relationships and forest functionality.
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loss and fragmentation (negative, positive, and null) on the reproductive success (flowering /pollination, fruit set, pre-dispersal seed predation)

and the references utilized.

RESPONSES TO HABITAT LOSS AND
FRAGMENTATION

SPECIES BIOME  HABIT REGENERATION DISPERSAL POLLINATOR FLOWERING FRUITSET PRE-DISPERSAL REFERENCES
STRATEGY MODE POLLINATION SEED PREDATION
Shade- (Aizen and Feinsinger,
Acacia aroma (Fabaceae) Tropical  Tree intolerant Abiotic Bees negative negative negative 1994; Chacoff et al., 2004)
Shade- (Aizen and Feinsinger,
Acacia atramentaria (Fabaceae) Tropical ~ Tree intolerant Abiotic Bees null negative no data 1994)
Beetles
Shade- (Cunningham, 2000a;
Acacia brachybotrya (Fabaceae) Temperate Shrub intolerant Abiotic Insects negative negative null Cunningham, 2000b)
Shade- (Broadhurst and Young,
Acacia dealbata (Fabaceae) Temperate Tree intolerant Abiotic Bees positive negative no data 2006)
Shade- (Aizen and Feinsinger,
Acacia furcatispina (Fabaceae) Tropical  Shrub intolerant Abiotic Butterflies null positive no data 1994)
Bees
Wasps
Shade- (Aizen and Feinsinger,
Acacia praecox (Fabaceae) Tropical — Tree intolerant Abiotic Bees null null negative 1994;
Wasps Chacoff et al., 2004)

Anadenanthera peregrina (Fabaceae) Tropical Tree Shade-tolerant  Abiotic Bees negative negative negative (Athayde and Morellato,
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2014)
Shade- (Ghazoul and McLeish,
Anacardium excelsum (Anacardiaceae) Tropical  Tree intolerant Biotic Bees null negative negative 2001)
Flies
Shade-
Angadenia berteroi (Apocynaceae) Temperate Shrub intolerant Abiotic Bees null null negative (Barrios et al., 2010)
Wasps
Flies
Shade- (Aizen and Feinsinger,
Atamisquea emarginata (Capparaceae) Tropical ~ Shrub intolerant Biotic Bees negative negative no data 1994)
Wasps
Moths
Shade- (Aguirre and Dirzo, 2008;
Attalea humilis (Arecaceae) Tropical  Palm intolerant Biotic Bees positive positive null Andreazzi et al., 2012)
Attalea mexicanum (Arecaceae) Tropical Palm  Shade-tolerant Biotic Insects negative null null (Aguirre and Dirzo, 2008)
Shade-
Buxus balearica (Buxaceae) Temperate Shrub intolerant Biotic Insects null negative no data (Lé&zaro and Traveset, 2006)
Wind
Shade- (Amorim and De Marco,
Byrsonima cocolobifolia (Malpighiaceae) = Tropical  Tree intolerant Biotic Bees null null no data 2011)
Shade-
Byrsonima pachyphylla (Malpighiaceae) Tropical  Tree intolerant Biotic Bees null negative no data (Melo et al., 2014)
Shade-
Byrsonima sericea (Malpighiaceae) Tropical  Tree intolerant Biotic Bees null null null (Dunley et al., 2009)
Shade- (Aizen and Feinsinger,
Caesalpinia gilliesis (Fabaceae) Tropical  Shrub intolerant Abiotic Moths negative null no data 1994)
Shade-
Calothamnus quadrifidus (Myrtaceae) Temperate Shrub intolerant Biotic Bees positive positive null (Yates et al., 2007)
Birds
Cardiopetalum calophyllum
(Annonaceae) Tropical Shrub  Shade-tolerant Biotic Beetles negative negative no data (Elias et al., 2012)
Caryocar glabrum (Caryocaraceae) Tropical Tree  Shade-tolerant Biotic Insects negative negative no data (Laurance et al., 2003)
Shade- (Aizen and Feinsinger,

Cassia aphylla (Fabaceae) Tropical  Shrub intolerant Abiotic Bees negative null no data 1994)



Ceiba aesculifolia (Bombacaceae)

Ceiba grandiflora (Bombacaceae)
Ceiba pentandra (Bombacaceae)

Cercidium australe (Fabaceae)

Cestrum parqui (Solanaceae)
Crataegus monogyna (Rosaceae)
Dillwynia juniperina (Fabaceae)

Dinizia excelsa (Fabaceae)

Diospyros montana (Ebenaceae)

Diospyros sylvatica (Ebenaceae)

Dipteryx panamensis (Fabaceae)

Dombeya acutangula (Sterculiaceae)

Enterolobium cyclocarpum (Fabaceae)

Eperua glabriflora (Fabaceae)

Tropical

Tropical
Tropical

Tropical

Tropical
Temperate
Temperate

Tropical

Temperate

Temperate

Tropical

Temperate

Tropical

Tropical

Tree

Tree
Tree

Tree

Shrub

Shrub

Shrub

Tree

Tree

Tree

Tree

Shrub

Tree

Tree

Shade-tolerant

Shade-tolerant
Shade-tolerant

Shade-
intolerant

Shade-
intolerant
Shade-
intolerant
Shade-
intolerant

Shade-tolerant

Shade-
intolerant

Shade-tolerant

Shade-tolerant

Shade-tolerant

Shade-tolerant

Shade-tolerant

Abiotic

Abiotic

Abiotic

Abiotic

Biotic

Biotic

Abiotic

Abiotic

Biotic

Biotic

Biotic

Abiotic

Abiotic

Biotic

Bats

Bats
Bats

Bees
Wasps

Months
Insects
Bees

Bees

Bees
Flies
Beetles

Bees
Bees
Butterflies
Bees
Ants
Beetles
Birds
Moths
Beetles
Bees
Insects

positive

negative
negative

negative

negative
negative
null

null

negative

negative

negative

negative

negative

negative

positive

negative
negative

null

negative
negative
null

null

negative

negative

no data

negative

negative

no data

null

no data
no data

no data

null

null

no data

no data

no data

no data

no data

null

no data

no data
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(Herrerias-Diego et al.,
2006; Herrerias-Diego et
al., 2008)

(Quesada et al., 2003)
(Quesada and Stoner, 2004)

(Aizen and Feinsinger,
1994)

(Aguilar and Galetto, 2004)
(Garcia and Chacoff, 2007)
(Gross, 2001)

(Dick, 2001; Dick et al.,
2003)

(Somanathan and Borges,
2000)

(Somanathan and Borges,
2000)

(Hanson et al., 2008)
(Gigord et al., 1999)

(Rocha and Aguilar, 2001)

(Laurance et al., 2003)



Eugenia bracteata (Myrtaceae)
Eugenia xalapensis (Myrtaceae)

Garcinia talbotii (Lauraceae)
Glycosmis pentaphylla (Rutaceae)

Grevillea barklyana (Proteaceae)

Hymenaea stigonocarpa (Fabaceae)
Ixora pavetta (Rubiaceae)

Lecythis prancei (Lecythidaceae)
Lepisanthes tetraphylla (Sapindaceae)
Macadamia integrifolia (Proteaceae)
Macadamia tetraphylla (Proteaceae)

Memecylon umbellatum
(Melastomataceae)
Miconia glaberrima (Melastomataceae)

Mimosa detinens (Fabaceae)

Myrcia guianensis (Myrtaceae)

Myrtus communis (Myrtaceae)

Nothofagus glauca (Nothofagaceae)
Ocotea psychotrioides (Lauraceae)
Pachira quinata (Bombacaceae)

Palicourea padifolia (Rubiaceae)
Paypayrola blanchetiana (Violaceae)

Tropical
Tropical

Tropical
Tropical

Temperate

Tropical
Tropical

Tropical
Tropical
Tropical
Tropical

Tropical
Tropical

Tropical

Tropical

Temperate

Temperate
Tropical
Tropical

Tropical
Tropical

Shrub

Shrub

Tree
Shrub

Shrub

Tree
Shrub

Tree
Tree
Tree
Tree

Tree

Shrub

Shrub

Tree

Shrub

Tree
Shrub
Tree

Shrub
Shrub

Shade-tolerant
Shade-
intolerant

Shade-tolerant

Shade-tolerant
Shade-
intolerant

Shade-tolerant
Shade-tolerant

Shade-tolerant
Shade-tolerant
Shade-tolerant
Shade-tolerant

Shade-tolerant
Shade-
intolerant
Shade-
intolerant

Shade-
intolerant

Shade-tolerant

Shade-tolerant
Shade-tolerant
Shade-tolerant

Shade-tolerant
Shade-tolerant

Biotic

Biotic

Biotic
Biotic

Biotic

Biotic
Biotic
Biotic
Biotic
Biotic
Biotic
Biotic
Biotic

Abiotic

Biotic

Biotic
Abiotic
Biotic
Abiotic
Biotic
Abiotic

Bees
Bees

Bees
Insects

Insects

Bats
Bees
Moths
Insects
Bees
Bees
Bees

Bees
Bees

Moths
Wasps

Insects

Insects

Wind
Bees
Bats

Bees
Insects

negative
positive

negative
negative

positive

negative
negative

negative
negative

positive
negative
negative

positive

null

positive

negative

null
positive
negative

positive
negative

null
positive

negative
null

positive

negative
negative

no data
null

positive

negative
null

positive

negative

positive

negative

negative
positive
negative

positive
negative

no data

no data

no data
no data

no data

no data
no data

no data
no data
no data
no data

no data

no data

no data

no data

null
null
no data

null

no data
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(Nayak and Davidar, 2010)

(Williams-Linera, 2003)
(Somanathan and Borges,
2000)

(Nayak and Davidar, 2010)

(Hogbin et al., 1998)
(Moraes and Sebbenn,
2011)

(Nayak and Davidar, 2010)

(Laurance et al., 2003)
(Nayak and Davidar, 2010)
(Neal et al., 2010)

(Pisanu et al., 2009)

(Nayak and Davidar, 2010)

(Williams-Linera, 2003)
(Aizen and Feinsinger,
1994)

(Vogado et al., 2016)

(Gonzalez-Varo et al., 2009;
2010)

(Burgos et al., 2008)
(Williams-Linera, 2003)
(Fuchs et al., 2003)
(Quesada et al., 2003)
(Williams-Linera, 2003)
(Braun et al., 2012)



Prosopis caldenia (Fabaceae)

Prosopis nigra (Fabaceae)

Psychotria hastisepala (Rubiaceae)
Psychotria suterella (Rubiaceae)

Psychotria tenuinervis (Rubiaceae)

Samanea saman (Fabaceae)

Senefeldera verticillata (Euphorbiaceae)

Senna artemisioides (Fabaceae)

Shorea siamensis (Dipterocarpaceae)

Sorbus torminalis (Rosaceae)

Swartzia reticulata (Fabaceae)
Symphonia globulifera (Clusiaceae)

Temperate Tree

Tropical  Tree

Tropical  Shrub
Tropical  Shrub

Tropical  Shrub

Tropical  Tree

Tropical  Tree

Temperate Shrub

Tropical  Tree

Temperate Tree

Tropical  Tree
Tropical  Tree

Shade-
intolerant
Shade-
intolerant

Shade-tolerant
Shade-tolerant

Shade-tolerant

Shade-tolerant
Shade-
intolerant

Shade-
intolerant

Shade-tolerant

Shade-tolerant

Shade-

intolerant
Shade-tolerant

Biotic

Abiotic

Biotic

Biotic

Biotic

Abiotic

Abiotic

Abiotic

Abiotic

Biotic

Biotic
Biotic

Insects

Bees
Flies
Wasps
Insects
Butterflies
Bees
Birds
Flies
Bees
Wasps
Flies
Butterflies
Moths

Bees
Wasps
Flies

Bees

Bees

Bees
Butterflies
Beetles

Insects
Birds

negative

negative

negative
negative

negative

negative

negative

positive

negative

negative

null
positive

null

negative

null
null

negative

negative

negative

negative

negative

negative

positive
positive

null

no data

no data
no data

no data

negative

no data

null

negative

negative

no data
no data
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(Aguilar et al., 2012)
(Aizen and Feinsinger,
1994)

(Silva et al., 2014)
(Lopes and Buzato, 2007)

(Ramos and Santos, 2006)

(Cascante et al., 2002)

(Pires et al., 2014)

(Cunningham, 2000b)
(Ghazoul et al., 1998;

Ghazoul and McLeish,
2001)

(Hoebee et al., 2007)

(Laurance et al., 2003)
(Aldrich and Hamrick,
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1998)

Birds

Tarenna asiatica (Rubiaceae) Tropical Shrub  Shade-tolerant Biotic Bees negative null no data (Nayak and Davidar, 2010)
Shade-

Verticordia fimbrilepis (Myrtaceae) Temperate Shrub intolerant Biotic Bees negative negative negative (Yates and Ladd, 2005)

Beetles

Flies
Butterflies

Walsura trifolia (Meliaceae) Tropical Tree  Shade-tolerant Biotic Insects negative null no data (Nayak and Davidar, 2010)
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Figure 1. Percentage of total species and responses to habitat loss and fragmentation in

fruit set, flowering and pollination and pre-dispersal seed predation.
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Figure 2. Percentage of species according to habit (tree and shrubs), functional group
(shade-tolerant and shade-intolerant species), and responses to habitat loss and

fragmentation in flowering and pollination and fruit set.
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Figure 3. Percentage of species according to dispersal mode (biotic and abiotic), and

responses to habitat loss and fragmentation in flowering and fruit set.
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Figure 4. Percentage of species per habits (tree and shrubs), functional groups (shade-

tolerant and shade-intolerant species), and responses to habitat loss and fragmentation in

pre-dispersal seed predation.
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ABSTRACT

Habitat loss is the main driver of the current high rate of species extinction, particularly in tropical forests. Understanding the factors
associated with biodiversity loss, such as the extinction of species interactions and ecological functions, is an urgent priority. Here, our
aim was to evaluate how landscape-scale forest cover influences fruit biomass comparing different tree functional groups. We sampled
20 forest fragments located within landscapes with forest cover ranging from 2 to 93 percent in the Atlantic forest of southern Bahia,
Brazil. In each fragment, we established five plots of 25 x 4 m and carried out phenological observations on fleshy fruit throughout
1 year on all trees =5 ecm dbh. We estimated fruit availability by direct counting of all fruits and derived fruit biomass from this count.
We used spatial mixed linear models to evaluate the effects of forest cover on species richness, abundance, and fruit biomass. Our
results indicated that forest cover was the main explanatory variable and negatively influenced the total richness and abundance of zoo-
choric and shade-tolerant but not shade-intolerant species. A linear model best explained variations in richness and abundance of total
and shade-tolerant species. We also found that forest cover was positively correlated with the fruit biomass produced by all species and
by the shade-tolerant assemblages, with linear models best explaining both relationships. The loss of shade-tolerant species and the lower
fruit production in fragments with lower landscape-scale forest cover may have implications for the maintenance of frugivore, seed dis-

persal service, and plant recruitment.

Abstract in Portuguese is available with online material.

Key wards: Atlantic forest; Brazil, fleshy fruit biomass; functional groups; plant-animal interaction.

HABITAT LOSS IS THE MAIN DRIVER OF THE CURRENT HIGH RATE OF
SPECIES EXTINCTION, PARTICULARLY IN TROPICAL FORESTS (Bender
et al. 1998, Brooks ef al 2002, Sodhi e a/ 2008, Fahrig 2013). In
human dominated landscapes, habitat loss changes landscape
configuration, altering the size and isolation of forested fragments
which strongly determines patterns of species richness and abun-
dance (Albuquerque & Rueda 2010, Fahrig 2013, Villard &
Metzger 2014). Non-linear relationships between species richness
and forest cover at the landscape scale are known to occur
(Radford er @/ 2005, Pardini e o/ 2010), with abrupt species
losses occurring after even small changes in forest cover after a
certain threshold (Fahrig 2002, Bailey ef . 2010). Although
threshold values may vary between different species assemblages
and regions, they have been empirically demonstrated for several
biological groups in tropical landscapes, such as birds (Radford
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et al. 2005, Morante Filho ef a/. 2015), small mammals (Pardini
et al. 2010, Ochoa-Quintero ¢/ a/. 2015), and plants (Bascompte
& Rodriguez 2001, Rigueira ¢ o/ 2013, Lima & Mariano-Neto
2014), with implication for distribution patterns and ecological
processes (Banks-Leite e o/ 2011).

Habitat loss and fragmentation trigger profound changes in
forest structure (Murcia 1995, Taurance e/ al 2001a, Echeverria
et al. 2007, Laurance e a/. 2011), partly as a consequence of edge
effects (Murcia 1995, Laurance e/ af 2011). Such effects can
increase tree damage and mortality compared to the forest inte-
riot, leading to forest biomass decay and an increase in the num-
ber of canopy gaps, which further alter light input and overall
microclimatic conditions within forest edges (Laurance ef af.
2000). Fragmented landscapes are also more susceptible to
chronic disturbances such as sclective logging (Echeverria e a/.
2007), fire (Laurance ef al 2011), and hunting (Canale ¢ a/.
2012). The synergy among these drivers can affect plant recruit-
ment and establishment (Wright 2003, Muller-Landau 2007)

1
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leading to local species extinction, which will inevitably disrupt
key mutualistic interactions (Valiente-Banuet e o/ 2015).

Plant—frugivore interactions are crucial in tropical forests,
where frugivores, through seed dispersal, are responsible for this
pivotal ecosystem service (Kremen ef a/ 2007). Habitat modifica-
tion can hamper this key mutualistic interaction in different ways;
it can lead to the limitation of fruit availability (Clark es a/ 1999,
Turnbull e @/ 2000), due to processes like pollinaton failure,
conflicting resource allocation, flower predation, and pre-dispersal
seed predaton (Aizen & Feinsinger 1994, Garcia & Chacoff
2007). Fruit resource availability can therefore be used as an
index for habitat quality and productivity, as it is essential for the
maintenance of frugivore populations (Chapman e¢f a/. 1994, Wor-
man & Chapman 2006). In fact, local fruit availability is a good
predictor of seed dispersal service at regional scales, because fru-
givorous birds have large-scale tracking ability (Garcia & Ortiz-
Pulido 2004, Lees & Peres 2009, Garcia e al. 2010).

Tropical plant assemblages show idiosyncratic responses to
human-induced disturbances, with both intrinsic and extrinsic
attributes influencing species vulnerability (Herndndez-Stefanoni
& Dupuy 2008, Putz et of. 2011). Edge effects and overall local
disturbances often favor the proliferation of pioneer species bear-
ing small-seeded fruits (Tabarelli e @/ 2008), on the contrary,
large-sceded species are seriously threatened as their diversity and
availability tend to be reduced (Silva & Tabarelli 2000, Costa e/ al.
2012). Many important plant families that bear fleshy fruits, such
as Myrtaceae and Lauraceae, are negatively affected by fragmenta-
tion (Tabarelli & Peres 2002). Fragmented forest cover also has
negative consequences for late successional families important to
frugivores, such as Sapotaccac and Myrtaceae (Rigueira ef ol
2013, Lima & Mariano-Neto 2014) and understory Rubiaceae
(Andrade ef a/ 2015). Fragmentation and edge effects are impli-
cated as the main drivers for change in the production of flowers
and fruits resulting from anthropogenic disturbances (Morellato
et al. 20106). Edge disturbances can also influence species phenol-
ogy, increasing or reducing flower production among distinct taxa
(Laurance e/ o/ 2003), thereby affecting fruit production
(Restrepo e al. 1999, Laurance e af. 2003) and, therefore, maxi-
mizing or reducing resource availability for some animal groups.
As nearly 90 percent of plant species in tropical forests bear fle-
shy fruits and are dependent on animals to disperse their seeds
(Jordano 2000), the understanding of how human perturbations
affect fruit availability is of vital importance to assess the provi-
sion of the seed dispersal service.

In this context, our aim was to evaluate how landscape-scale
forest cover (a proxy of habitat loss) influences zoochoric species
richness and abundance and biomass availability in a comparative
perspective between two distinet plant functional groups. To
accomplish this goal, we sampled 1 ha native forest fragments
located in the center of landscapes with native forest cover rang-
ing from 2 to 93 percent. We assessed richness and abundance
of all zoochotic tree and palm species belonging to two func-
tional groups, ie, shade-tolerant and -intolerant plants, quantify-
ing fruit abundance and biomass throughout 1 year. We then
evaluated whether forest cover at the landscape scale affected

these variables. Because edge effects can also trigger ecosystem
functional degradation, we included plot distance to the nearest
edge as a factor. We expected a decrease in zoochoric richness
and abundance of those more disturbance-sensitive species, such
as the shade-tolerant plants (Herndndez-Stefanoni & Dupuy
2008, Putz ef al. 2011), and an increase in shade-intolerant species
(Santos ¢f al. 2008, Tabarelli ¢/ 2/ 2010) in deforested landscapes.
We also predicted changes in fruit production between the func-
tional groups, with an increase in the production of small-seeded
species and shade-intolerant species (Tabarelli e o/ 2008), and a
decrease in the production of large-seeded and shade-tolerant
species (Silva & Tabarelli 2000, Costa ¢ al. 2012) in the more
deforested landscapes. Therefore, the expected shifts in the zoo-
choric community and in the fruit resource composition, leading
to a constant fruit biomass production along the forest cover gra-
dient due to a compensation process.

METHODS

Stupy AREA.—The study was conducted in the southern region
of Bahia state, north-eastern Brazil, including the municipalities
of Una, Canavieiras, Mascote, and Belmonte (15°28'S, 39°15'W))
(datum WGS84; Fig. 1). The regional climate is broadly classified
as Af type in the Koppen system, typically humid and hot and
characterized by the absence of a defined dry period. The annual
average rainfall is approximately 2000 mm, evenly distributed
throughout the year. Average temperatures are high, with values
around 24°C and little variation during the year (Thomas e/ al.
1998). Average summer temperatures can reach up to 26°C. Day
length reaches its maximum duration (12-13 h) between Septem-
ber and March, with the shortest days occurring between May
and August (~11 h). Although precipitation in southern Bahia is
not as high as observed in other regions of the Atlantic forest,
this area is notable for the absence of significant seasonal climatic
variations (Martini & Santos 2000).

The region is well known to harbor high levels of species
richness, representing one of the three pockets of endemism for
plants and mammals along the Adande forest (Prado e o/ 2003,
Martini ef a/. 2007). This region is geographically limited by the
Contas and Jequitinhonha rivers and classified as dense ombro-
philous forest. In southern Bahia, these forests occupy a zone of
approximately 100 £ 200 km wide along the Atlantic coast, and
a zone up to 30 km east (Thomas e/ al 1998).

SAMPLING DESIGN—We mapped forest cover in the region by ana-
lyzing satellite images, either specifically acquired (QuickBird and
WorldView from 2011) or already available (RapidEye from 2009
to 2010). The map was created by manually digitizing the land
cover characteristics visually interpreted at a scale of 1:10,000.
Fragments were delimited as polygons using ArcGIS 10.2 soft-
ware to create a digital map (ESRI 2011). Polygons were classi-
fied according to natural forest areas and different land uses such
as pasture, forestry, agriculture, and shaded cocoa plantations,
provided by Insdtuto Brasileiro de Geografia ¢ Estatistica—
IBGE (2006). After intensive ground truthing, we mapped the
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FIGURE 1. Map of the study area showing the spatial distribution of native forest remnants within the 20 sampled fragments (black dots) where the plots were

installed in Atlantic forest fragments in southern Bahia, Brazil (A). In detail, the number of cach fragment is followed by the respective forest cover percentage in

a 1 km radius around each sampled fragment (B).

land use of 3470 km” within the municipalitics of Una, Cana-
vieiras, Mascote, and Belmonte. Our landscape’s land cover
included native forests and various agricultural and forestry land
uses such as shade plantations of cacao (Theobroma cacas), rubber
trees (Hevea brasifiensis), or Encalyptns sp. plantations.

Using the map, we identified 48 forest fragments of mean
area size of 119.72 ha £ SD 176.62 ha. We sclected a central
point in each remnant, preferably in mature forest and within
the least degraded part (assessed qualitatively) of each remnant
without slash-and-burn history. These fragments were separated
from each other by at least 1 km to decrease the overlap
among buffers. Using ArcGIS (10.2), we calculated only the
native forest cover (%) within a 1 km radius from the center of
cach fragment. The scale was selected because a previous inves-
tigation evaluated the responses of plant diversity at different
spatial scales (eg, 200, 400, 600, 800, 1000, and 2000 m radius)
and showed the best response at this scale (L. Rocha-Santos,
unpubl. data). We performed a stratified sampling from pre-
categorized forest cover classes based on the 48 fragments iden-
tified, and ended up with 20 forest fragments in landscapes
with a gradient of forest cover ranging from 2 to 93 percent

(Fig. 1).

SAMPLING  PROCEDURES.—In each one of the 20 sampled frag-
ments, we established five plots of 25 x 4 m, totaling 1 ha sam-
pled. We maintained a minimum distance of 50 m between plots,
and whenever possible a buffer of at least 100 m from forest
edges. However, in some cases the geometrical configuration of
the forest fragments impaired such an a priori defined minimum
distance from the forest edge, and six plots in four fragments
were located as close as 30 m from the edge. We visited the frag-
ments for phenological observations monthly,
2013 to January 2014. On these occasions, we marked all fruiting
trees and palms, =5 cm of diameter at breast height (dbh).

from February

Because we adopted a landscape-scale design and due to logistic
constraints we have a relative small sample size in each fragment
(0.05 ha), the study encompasses only 12 mo and we petformed
monthly observation even though we are aware that fortnightly
observatons are recommended to avoid missing ephemeral fruit-
ing events (Morelatto ¢ /. 2010b). For the same reason, we also
did not include lianas in our samples, although they are also
important food source for frugivores in tropical forests (Diaz-
Martin et al. 2014).

Species  were identified by comparison with specimens
deposited in the Herbario da Universidade Estadual de Santa Cruz
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(HUESC) and Herbirio André Mauricio 1Vieira de Carvalho in Centro
de Pesquisas do Cacanr (CEPEC) and also with the aid of a local
parataxonomist (J. L. Paixao). The identification of most diverse
families was confirmed by specialists (Leguminosae—D. Cardoso,
Myrtaceae—]. E. Q. Faria and V. G. Staggemeier, and Rubiaceae
—J. Jardim). Subsequently the species were classified according to
functional groups into shade-tolerant and shade-intolerant species,
using literature data (Lorenzi 2002a,b,c, Mariano-Neto 2004, Pes-
soa ¢f al. 2011), herbarium information, and authors’ previous
experiences. We quantified fruit biomass production by direct
counts of fruits using 10 x 50 binoculars, conducted by two
experienced observers (MSP and LRS) with prior training
employed to calibrate counts. The mean tree height in our frag-
ments is 10.4 m (Rocha-Santos e a/. 2016), which facilitates accu-
rate fruit estimation. In our estimation, we searched for at least
four branches with a good visualization, counted all fruits, and
multiplied this by the number of fruiting branches. Only ripe
fruits were considered and the separation between ripe and
unripe fruits was based on species-specific changes in fruit color
(Knott 1998) and also on the observers’ experience of the local
flora. Monthly counts were used for the detection peak of cach
species (Morellato ¢f al 2010a). Only peak values were taken into
account to avoid counting fruits more than once over time. Peak
values were defined taking into account the month in which the
species presented the highest number of fruits produced. TFruit
biomass production per fragment (kg/ha) was obtained through
multiplication of the fruit number by mean fruit weight and
dividing by sampled area. Because we are mainly interested in the
resource for frugivores, we evaluated the fruit biomass excluding
seeds. Fleshy fruits were separated from the seeds and the weight
(2) was obtained using a resolution balance from e 20 fruits of
cach species, collected from at least five distinet trees. Howevet,
to allow comparisons with different studies we included in the
supporting information the total fruit weight including seeds and
non-edible structures (such as capsules and pods) and also the
total biomass (Table S1). The weight of seeds and non-edible
structures (when present) were also collected from ¢ 20 fruits of
each species.

Dara anavLysis—Tirst, we used semivariogram and the Moran
index (Fortin & Dale 2005) to evaluate whether the dependent
variables (ie, richness and abundance, proportion of fruiting
species and individuals, fruit biomass, and fruit biomass per spe-
cies and individuals) were spatially autocorrelated. We performed
spatial mixed linear models following Dormann e «/ (2007) to
evaluate the relationship between forest cover and all dependent
variables. Nevertheless, fixed effect inference in linear mixed
modeling using maximum likelihood is known to be robust
against the violaton of normality assumptions (Jacgmin-Gadda
et al. 2007). As previous studies highlight the importance of edge
effects to explain species composition (Murcia 1995, Echeverria
et al. 2007, Oliveira ¢f a/. 2008, Arroyo-Rodriguez ¢ a/. 2013) and
fruit production (Restrepo ef al 1999, Laurance ef af 2003,
Burgess ef al 2000), and given the fact that some plots were
located closer to edges than others, we also included in our

models the distance from plots to the nearest fragment edge. We
estimated the mean plot distance to the nearest edge in the Arc-
GIS program using the geographical coordinates of the plots.
Therefore, we tested models with forest cover, edge distance, and
the combination of both variables.

The candidate models were null, linear, and power law (log
transformation of dependent and explanatory variables) (Table 1).
All data were standardized and log-transformed. Model selection
was based on corrected Akaike information criteria (AICc). For
models with log transformation of the dependent variable, we
considered the residuals between fitted values and the non-trans-
formed variable. We accepted the models with the lowest AICc.
However, as models with less than two unit’s difference (dAICc)
are considered equally plausible, we also used the rounded Akaike
weight (wAICc). The wAICc ranges from 0 to 1 and can be inter-
preted as the probability that a model is the best model (Wagen-
makers & Farrell 2004, Anderson 2008). An evidence ratio (ER)
is obtained by dividing the highest wAICe by the sum of the
wAICc of the competing models. It expresses the probability that
the model with the highest wAICc is better than the other ones
(Wagenmakers & Farrell 2004). The selected models (not the null
models) were assessed with the likelihood ratio test. All analyses
were conducted in the R environment v. 3.1-122 using the nlme

(Pinheiro et a. 2015) and spdep packages (Bivand 2012).

RESULTS

RICHNESS, ABUNDANCE, AND FLESHY FRUIT BIOMASS PRODUCTION.—
We monitored 1529 individuals of 384 zoochoric tree species (64
motphotypes) within 48 families, on a monthly basis. Only 205
(13.4%) individuals from 89 species and 31 families fruited dur-
ing the observation period, Ze, 23 percent of the total sampled
species (Table S1). The tree community sampled had an esti-
mated total annual production of 40,783 fleshy fruits and a total
biomass of 65.48 kg/ha throughout 1 year, composed mainly of
fruit (46.35 kg/ha)
(Table S1). The lowest fruit production was recorded in the frag-
ment with 23.5 percent of forest cover within the landscape

production by shade-tolerant  species

(0.08 kg/ha) and the highest biomass production occurred in the
most forested landscape (92.8%; 13.81 kg/ha) (Table 2). Inde-
pendent of the forest cover percentage, the temporal fruit

TABLE 1. Null, linear, and power-law models and their equations for fixed effects used

i spatial mixed linear models.

Tested models FEquations
Null y=ate
Linear y=a+ b* forest cover + ¢
y=a+ b* forest edge + &£
y=a+ b* forest cover + ¢ * edge + &
Power law log (3) = a + b * log (forest cover) + &

log () = a+ & * log (edge) + &
log () = a+ b* log (forest cover) + ¢ * log (edge) + ¢
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TABLE 2. Total number of zoochoric tree species, individuals, fruiting species, frouiting
individuals, and biomass of fleshy fruits (kg/0.05 bha) monitored during
1 year along a gradient of forest cover in Atlantic forest remnants, fron

southern Babia, Brazil.

Number of  Number of

Forest Total Total fruiting fruiting Biomass
cover (%)  species  individuals species individuals  (kg/0.05 ha)
92.8 64 90 10 11 13.81
80.7 52 77 7 11 2.66
64.5 45 80 5 5 0.10
62.5 46 111 10 15 3.55
62.3 64 96 8 8 0.67
61.6 42 61 6 9 7.38
51.6 48 90 15 19 7.09
50.1 52 86 8 16 5.94
49.0 47 88 8 10 3.07
46.4 55 87 7 8 0.22
45.9 52 76 3 3 0.45
39.6 50 68 7 8 7.79
23.5 24 48 3 7 0.08
21.0 46 82 11 14 1.83
14.8 A4 70 4 10 0.38
14.2 24 74 9 13 3.15
10.6 31 76 8 24 5.50
3.9 29 49 3 3 0.67
2.8 26 38 3 3 0.24
2.5 31 52 4 8 0.90

biomass production was highly variable among forest fragments
(Fig. S1). The best represented families in terms of biomass were
Fabaceae (15.18 kg/ha), Sapotaceae (10.98 kg/ha), Lecythidaceae
(4.5 kg/ha), and Melastomataceae (4.09 kg/ha). The Arecaceae
(palms) were responsible for the production of 7964 mature
fruits and a biomass of 4.12 kg/ha, and the most representative
species were Futerpe edulis, Syagurus botryophora, Allagoptera cande-
seens, and  Bactris  ferruginea. 'The Myrtaceae family produced
3.11 kg/ha and had the highest number of fruiting species.

FOREST COVER AND FRUIT PRODUCTION.—We found a spatial auto-
correlation effect on the richness and abundance of zoochoric
species (P < 0.001 and P < 0.001, respectively), shade-tolerant
(P=0 and P < 0.001) and shade-intolerant species (P < 0.001
and P < 0.001), and the biomass of shade-tolerant (P = 0.03)
and shade-intolerant species (P = 0.04). Landscape-scale forest
cover was the main explanatory variable (Table S2), with the
models containing only forest cover being more plausible than
models encompassing only edge distance or the combination of
both forest cover and edge distance (likelihood ratio test, rich-
ness: P < 0.001; shade-tolerant richness: P < 0.001; abundance:
P < 0.001; shade-tolerant abundance: P < 0.001; total biomass:
P =0.01; shade-tolerant biomass: P = 0.003; and proportion of
fruiting shade-tolerant species: P = 0.01).
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Forest cover negatively affected zoochoric species richness
and abundance (Fig. 2A, C) and shade-tolerant species richness
and abundance (Fig. 2B, D; linear models selected), but not the
richness or abundance of shade-intolerant species (Table 3; null
models selected). However, the proportion of fruiting species, con-
sidering all the species together or the functional groups separately
(Table 3), remained constant along the forest cover gradient.

Of particular importance, forest cover was negatively and
linearly correlated with both fruit biomass production (consider-
ing all the species) (Fig 2E) and the shade-tolerant species
(Fig. 2F), but not the shade-intolerant species (Table 3). In addi-
don, we observed a linear decrease in per capita fruit biomass pro-
duction by shade-tolerant species (Fig. 2H), Ze., at lower levels of
landscape forest cover, a lower fruit biomass is produced by
shade-tolerant species. However, all the other per capita biomass
production were not affected by forest cover (the null model and
linear model were both plausible) (Table 3).

DISCUSSION

Our results showed that landscape-scale forest cover negatively
influences the local richness and abundance of fleshy fruit species
and fruit biomass production. Changes resulted from the loss of
species and individuals of shade-tolerant plants in less forested
landscapes. Several studies have shown similar decrease in tree
species  diversity due to habitat loss and fragmentation
(Bascompte & Rodriguez 2001, Albuquerque & Rueda 2010,
Laurance ¢ al. 2011, Arroyo-Rodriguez ¢ al. 2013). Our results
support our initial hypothesis that shade-tolerant species are
particulatly sensitive to forest cover loss (Puttker e a/ 2015).
Population declines of late successional trees might trigger cas-
cading effects leading to disruption of plant—animal interactions
with possible negative consequences for ecosystem functioning
such as seed dispersal and regeneration (Brook e a/ 2006, Sodhi
et al. 2008, Valiente-Banuet e/ al. 2015).

Contrary to our expectations, neither the overall richness nor
the abundance of shade-intolerant species decreased with increase
in forest cover, or with increase in distance to the nearest edge.
This result contrasts with the reported general pattern of pioneer
species proliferation in highly deforested and fragmented areas in
edge-dominated habitats (Laurance ¢ a/ 2001a, 2006, Oliveira et al.
2008, Tabarelli ef @/ 2010). As a result of the local demise of
shade-tolerant species, we reported an increasing proportional rep-
resentation of shade-intolerant species in less forested landscapes,
ie, those fragments located in landscapes with <30 percent of
remaining forest cover. Neatly 60 percent of the local species
reported belong to this functional group, while in more forested
areas they represent just 20-30 percent of the species.

To our knowledge, the present study is the first to use a
more reliable estimate of community-level fruit biomass produc-
ton to evaluate the effects of landscape forest cover. In the liter-
ature, there are a variety of methods used to estimate fruit
production such as canopy observations (Chapman e/ a/. 1999),
fruit traps (Chapman ¢/ o/ 1994, Ganesh & Davidar 1999,
Arévalo e al 2007), area-based surveys (Greenberg e/ al 2012),
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FIGURE 2. Local patterns of species richness, abundance, total fruit biomass (kg/ha), and proportional fruit biomass (kg/species and individuals) along a gradi-
ent of forest cover (%), considering all species together (A, C, E, G, I) and shade-tolerant (B, D, I, H, J) in Atlantic forest remnants, from southern Bahia, Brazil.

For each variable, the plotted curves represent the models selected, solid lines represent linear models, dashed lines represent null models.




TABLE 3. The best niodels anong null, linear, or power-law models for explaining
richness and  abundance of zoochoric free  species, and fruit  biviass
production along a gradient of forest cover in Atlantic forest resmnants, from

southern Babia, Brazil,

Null Linear Power-law
dAICe  wAICe dAICe wAICc dAICe wAICe

Richness 3673 <0.01 0 0.65 16.47  <0.01

Shade-tolerant richness 52,08  <0.01 0 0.65 45.65  <0.01

Shade-intolerant 0 0.56 212 0.19 1517 <0.01
richness

Abundance 2278 <001 0 0.67 424 <0.01

Shade-tolerant 5457  <0.01 0 0.75 4383  <0.01
abundance

Shade-intolerant 0 0.45 1.11 0.26 14.88  <0.01
abundance

Proportion of fruiting 0 0.36 0.53 0.27 70,65  <0.01
species

Proportion of fruiting 0 0.42 0.88 0.28 49.63  <0.01
shade-tolerant species

Proportion of fruiting 0 0.48 1.70 0.20 48,50  <0.01
shade-intolerant
species

Proportion of fruiting 0 0.37 0.95 0.23 61.05  <0.01
total trees

Proportion of fruiting 0.07 0.34 0 0.35 46,15 <0.01
shade-tolerant trees

Proportion of fruiting 0 040 099 0.24 4244 <0.01
shade-intolerant trees

Fruit biomass 4.09 <0.01 0 0.53 2249 <0.01

Shade-tolerant fruit 8.16 <001 0 0.63 2333 <0.01
biomass

Shade-intolerant fruit 0 0.33 0.02 0.33 1406  <0.01
biomass

Fruit biomass/number 0 0.47 1.23 0.25 19.17  <0.01
of species

Shade-tolerant fruit 2.69 0.13 0 0.53 19.19  <0.01
biomass/number of
shade-tolerant species

Shade-intolerant fruit 0 0.42 1.15 0.23 10.48  <0.01
biomass/number of
shade-intolerant
species

Fruit biomass/ 0.78 0.28 0 0.41 1756 <0.01
abundance

Shade-tolerant fruit 0 039 046 0.31 1376 <0.01
biomass, shade-
tolerant abundance

Shade-intolerant fruit 0 0.47 1.85 0.19 7.63  <0.01
biomass/shade-

intolerant abundance

Differences in AlCc with respect to the highest AlCe (dAICc) and rounded
(wAICc). The most plausible models are highlighted in bold.
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or measures based on dbh or crown volume (Garcia ef al 2014,
Silva e/ a/ 2014). Many authors have stressed the disadvantages
of fruit traps and area-based surveys, ie., the proportion of the
weight of seeds that are often not discarded, the fruits remaining
in the crown that are not taken into account and the time-con-
suming nature of these methods (Chapman e al 1992, 1994,
Zhang & Wang 1995, Morellato e a/. 2010b, Lashley e a/ 2014).
On the other hand, quantitative samples by direct counting or
estimating fruit production allow a direct comparison with frugi-
vore populations (Blake e o/ 1990). Certainly counting is a time-
consuming methodology and logistically difficult, but it is the
only method to directly quantify fruit biomass.

Here, we found a mean fruit biomass production of
~065 kg/ha in 1 year considering all fragments, while the estimate
for an Atlantic forest in Sao Paulo state was ~ 77 kg/ha in
2 years using the same fruit biomass estimation (Staggemeier
et al. in press). However, these estimates are not directly compa-
rable to the majority of published studies due to the use of dif-
ferent methodologies. In general, tropical rainforests present a
wide variation in fruit biomass production ranging from 180 to
approximately 1000 kg/ha (dry mass) (Jordano 2000) and from
160 to 2000 kg/ha (wet mass) (Ganesh & Davidar 1999). Yet all
these estimates include seeds and non-edible fruit parts. Here, we
opted to evaluate only fresh weight to represent fruit biomass
because we are mainly focused on the availability of resources for
frugivorous animals. However, the inclusion of seed weight and
non-edible structures such as capsules and pods nearly doubles
our estimates (123.82 kg/ha; Table S1), and this can be com-
pared to the lower fruit biomass values found in the literature.
Therefore, we suggest that the fruit biomass production in our
region is relatively low in comparison with highly productive areas
such as the tropical forests of Peru and Panama (Gentry 1990,
Terborgh e al. 1993), possibly because our forest remnants are in
areas located on poor sandy soils and unsuitable for agriculture.
An important point to consider, however, is the fact that our
study spanned the duration of only 1 year. Supra-annual fruiting
cycles are not uncommon in the tropics and our study could
have targeted an unusually low year in terms of fruit production
(Foster 1982, Jordano 1985, 1993, Herrera 1998). However,
because supra-annual species are generally present in lower den-
sity and are mainly represented by shade-tolerant species, we
assume the patterns described here would not change substan-
tially between years.

Fruit biomass availability is a result of both the abundance
of individuals bearing fruits, and the per capita fruit production.
During the observed fruiting period, the percentage of fruiting
species (total and per functional group) was not affected by forest
cover, but we found a linear reduction in fruit biomass, including
shade-tolerant biomass per species with a decrease in forest
cover. Nevertheless, if fruit biomass production per species or
per tree declines with forest cover, it would be likely due to the
shade-tolerant species. Within our study region, landscape-scale
forest cover drastically reduced local tree density, thus our results
reinforce the idea that fruit biomass decay in deforested land-
scapes is a result of a decreasing local number of individuals per
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area rather than a lower per capita fruit production. As we did not
observe an increase in fruit biomass of shade-intolerant species
in deforested landscapes, contrary to our expectation, we suppose
that fruit biomass decreasing along the forest cover gradient
might be first explained by the decay in richness and abundance
patterns of shade-tolerant species. Regardless of the mechanism,
the decrease in fruit biomass production might have important
consequences for frugivorous animals.

Several studies have reported on the consequences of forest
fragmentation on the reproductive success of tropical tree species.
In general, these studies are species-specific and focus on the
effects of forest fragmentation on pollination failure (Yates &
Ladd 2005, Ramos & Santos 2006, Gonzalez-Varo et al. 2009) or
edge effects (Laurance e al 2003, Camargo ef al 2011). The
results of some of these studies are contradictory, as some
demonstrate that forest fragmentation can positively affect plant
reproduction, whereas others report the contrary (Burgess ef al.
20006). However, habitat loss and fragmentation effects on fruit
community production patterns have been poorly evaluated to
date. The few available community-level studies suggest that small
fragments and forest edges can either produce more fruits
(Restrepo ¢/ al 1999, Sitompul ¢ @/ 2005) or decrease fruit pro-
duction for some species (Laurance ef @/ 2003). Our results are
important because they show that landscape-scale forest cover is
a strong predictor of major changes in tree assemblages in
anthropogenic landscapes, and although the research was not
designed to specifically address the proximal mechanisms that
shape these changes, selected models suggest that edge proximity
per se does not help in explaining our results.

Late successional plant families, such as Fabaceae, Sapota-
ceae, Myrtaceae, and Lecythidaceae, contributed to higher bio-
mass values in our forest fragments. Species of these families are
often an important fruit source for frugivores (Haugaasen &
Peres 2005, Gressler ef a/. 2006). These plant species are mainly
present in more forested landscapes, which are known to support
a higher density of frugivorous birds (Morante Filho e a/ 2015).
Late successional species are also key resources for primates, and
are in general located in undisturbed forests, even though these
animals also forage in disturbed sites (Arroyo-Rodriguez & Man-
dujanc 2006, Dunn ¢ af. 2009, Bracebridge e a/ 2012). There-
fore, the loss of species producing large fruit biomass may lead
to important trophic cascading effects, influencing the quality of
habitat for fruit-eating animals and the seed dispersal service pro-
vided by them. We highlight that the fruits of lianas are also an
important food source for frugivores (Morellato & Leitao-Filho
1996, Diaz-Martin ¢/ al. 2014) and represent about 25 percent of
the woody stem density in tropical forests (Gentry 1991). Previ-
ous studies have shown that liana diversity increases after stand-
clearing disturbances and habitat fragmentation (DeWalt ef af
2000, Laurance e a/ 2001b). However, as far as we know, no
information is available on the effects of anthropogenic distur-
bances on zoochoric lianas and consequently on fruit production.
We encourage further research to evaluate the role of different
groups, not only of trees, but also shrubs and lianas, as they are
important food resources to maintain frugivore populations.

IMPLICATIONS FOR CONSERVATION.—This study shows that habitat
loss reduces the richness and abundance of zoochoric tree species
in anthropogenic landscapes, with shade-tolerant species being the
most affected. The decrease in richness and abundance of shade-
tolerant species affected fruit biomass production and, as a conse-
quence, altered resource availability and habitat quality for frugi-
vores. Local changes in fruit availability may affect frugivore
abundance and seed dispersal services (Garcia ef 2/ 2010). Medium
and large mammals are locally extinct or present in low densities in
this region, mainly because of hunting (Pardini ¢ @/ 2010, Canale
et al. 2012). However, the decrease in fruit availability may
have serious consequences for existing frugivore populations, fur-
ther compromising forest regeneration. The current scenario
reduction in fleshy fruit production might have negative cascading
effects, which increase the importance of maintaining the frag-
ments immersed in forested landscapes to promote species diver-

sity, ensure plant-animal interactions, and maintain forest
functionality.
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Brazil.

65
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Forest amount drives fruit quality changes in a tropical tree assemblage



70
Submitted: Journal of Vegetation Science

Running head: Forest amount drives fruit quality changes

Forest amount drives fruit quality changes in a tropical tree assemblage

Michaele de Souza Pessoa, Alain Hambuckers, Maira Benchimol, Larissa Rocha-

Santos, Jamille de Assis Bomfim, Deborah Faria & Eliana Cazetta

Pessoa, M.S. (corresponding author, michaelepessoa@gmail.com)!, Hambuckers, A.
(alain.hambuckers@ulg.ac.be)?, Benchimol, M. (mairabsO2@gmail.com)!, Rocha-
Santos, L. (rocha_larissa@yahoo.com.br)!, Bomfim, J.A. (jamilleassis@hotmail.com)?,

Faria, D. (deborahuesc@gmail.com)?, Cazetta, E. (eliana.cazetta@gmail.com)?.

! Programa de Pés Graduacdo em Ecologia e Conservacdo da Biodiversidade,
Laboratdrio de Ecologia Aplicada a Conservacao, Universidade Estadual de Santa Cruz,

Rodovia Jorge Amado km 16, 45662-900, IIhéus, BA, Brazil.

2 Université de Liége, Département de Biologie, Ecologie et Evolution, UR SPHERES,

Unité de Biologie du Comportement, 22, Quai Van Beneden, 4020 Liege, Belgique.

7753 words (9.7 pages), table 1.1 page, figures 3.1.5 page, total 12.2 pages.



71

Abstract

Questions: Functional traits associated with plant-animal interactions are important for
maintaining forest functionality, given that a higher diversity of fruit traits is likely to
maintain a more diverse assemblage of frugivores and consequently the seed dispersal
function. Yet, only a certain subset of species tend to persist in human-modified
landscapes in the long term, which in turn is expect to reduce fruit trait diversity.
Therefore, we evaluate how forest cover at the landscape-scale influences the functional
diversity of fruit traits considering the zoochoric tree community and two regeneration

strategies (shade-tolerant and intolerant species).

Location: Atlantic Forest, Bahia, Brazil.

Methods: We sampled 20 forest remnants located within landscapes with forest cover
ranging from 2 to 93%. In each remnant, we established five plots of 25 x 4 m and
marked all trees >5 cm DBH. We compared attributes of fleshy fruits directly related to
the attraction of frugivores (morphology, chemical, and color) and the composition
similarity among the two regeneration strategies using Detrended Correspondence
Analysis ordinations. We also calculated five functional indices (richness, dispersion,
evenness, divergence, and community-level weighted means of trait values). Finally, we
used spatial mixed linear models to evaluate the effects of forest cover on functional

diversity.

Results: Our main results revealed that forest cover unaffected fruit functional traits for
the overall zoochoric community. However, forest cover was positively correlated with
the content of protein, lipid, and total energy in fruits of shade-intolerant species, with

linear models best explaining these relationships. Additionally, sites exhibiting a lower
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amount of forest cover showed greater composition similarity among shade-intolerant

species but reduced similarity among shade-tolerant species.

Conclusions: We conclude that patterns of species reassembly triggered by landscape-
scale deforestation decreases the capacity of the remaining forest for provisioning food
resources for frugivore assemblages. The maintenance of shade-tolerant species is
pivotal in deforested areas, since their fruit quality is not offset by shade-intolerant
species. This is particularly important, mainly because shade-intolerant species are those
still persisting in disturbed forests, but their presence will not deliver the same food

quality provided by those species lost.

Keywords: Functional diversity; Fleshy fruits; Frugivores; Tree composition;

Functional groups; Landscape ecology; Habitat loss.
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Introduction

Habitat loss and fragmentation are considered the major drivers of species extinction
rates in tropical forests, becoming a great challenge for the maintenance of biodiversity
conservation (Fahrig 2013; Hanski 2015). The conversion of once large tracts of
continuous forests mainly to agriculture and pasture, in addition to selective logging,
hunting, and other human disturbances, seriously threaten natural habitats and
consequently native species of fauna and flora (Rudel et al. 2009; Canale et al. 2012). A
great number of studies has assessed the effects of habitat loss and fragmentation on
species diversity in tropical forests (Pardini et al. 2010; Laurance et al. 2011; Arroyo-
Rodriguez et al. 2013; Morante-Filho et al. 2015), given that understanding the
influence of species extinction on species interactions and ecosystems services poses as

critical for conservation actions (Dobson et al. 2006; Valiente-Banuet et al. 2015).

Tree assemblages play key roles in forest ecosystem structure and functioning,
yet they are facing unanticipated changes in human-modified landscapes (Laurance et
al. 2000; Girdo et al. 2007; Santos et al. 2008). Empirical evidence suggest non-random
floristic transitions, in which sensitive species such as emergent, shade-tolerant, and
large-seeded trees are more likely to be reduced in fragmented forest landscapes (Silva
& Tabarelli 2000; Benchimol & Peres 2015), whereas generalist and disturbance-loving
pioneer species become dominant (Tabarelli et al. 2012). Patterns of species
replacement in highly disturbed forests, including overhunting and intensive logging,
seem to be dominated by small-seeded, light-wooded, fast-growing, and short-living
trees, a phenomenon termed floristic homogenization (i.e. reduced beta-diversity or
increased species similarity) (L&bo et al. 2011; Poulsen et al. 2013). The traits of the
newcomers greatly favor the dispersal of their seeds, which in turn may accelerate

overall forest dynamics and reduce carbon stocks (Bello et al. 2015; Peres et al. 2015).
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In fact, biodiversity erosion can lead to higher vulnerability of specific functional
groups, and induce the loss of whole groups (EImqvist et al. 2003; Cardinale et al.
2012). Thus, drastic changes in specific functional traits are prone to functionally affect

forest dynamics (Tilman et al. 1997; Banks-Leite et al. 2014).

Changes in functional attributes experienced by tree assemblages in tropical
forests might affect resource availability for frugivorous species (Aizen & Feinsinger
1994; Laurance et al. 2003). Non-random patterns of fruit consumption suggest a
phenotypic selection of fruit traits associated with seed dispersal (Jordano 1995;
Lomascolo et al. 2010; Sobral et al. 2010). For instance, fruit traits such as the
morphology, nutritional contents, and color are important to attract a variety of
frugivorous animals and are directly related to seed dispersal (Gautier-Hion et al. 1985;
Jordano 2000; Galetti et al. 2011). Additionally, variation in fruit size has important
implications for the evolution of plant-animal interactions, determining which species
are able to consume and disperse the seeds (Wotton & Kelly 2011). Furthermore, the
selection of fruits with high pulp-to-seed ratios are responsible for evolutionary

selection pressures towards large amounts of pulp (Blendinger et al. 2016).

Functional traits associated with plant-animal interactions might be essential for
forest functionality (Fontaine et al. 2006; Girdo et al. 2007). This is because a higher
diversity of fruit traits may sustain a more diverse assemblage of frugivores (Pizo 2002;
Galetti et al. 2011), thus maintaining the evolutionary links between plants and the
potential dispersal vectors, ultimately influencing the colonization patterns within forest
patches (Duarte et al. 2011). However, long-term species persistence in human-
modified landscapes is biased towards a smaller subset of disturbed-adapted
assemblages (Tabarelli et al. 2012), ultimately leading to a floristic homogenization

(Arroyo-Rodriguez et al. 2013) and a lower phylogenetic diversity (Santos et al. 2014;
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Andrade et al. 2015). Consequently, fruit trait diversity might also be reduced in those
anthropogenic landscapes. However, studies assessing the functional diversity based on
fruit traits in disturbed habitats have mostly focused on fruit morphology, mainly fruit
and seed size (Mayfield et al. 2006; Flynn et al. 2009; Magnago et al. 2014) or seed
mass (Laliberté et al. 2010; Benchimol & Peres 2015), overlooking other crucial traits

related to frugivorous attraction.

Here, we evaluate how forest cover amount at the landscape-scale influences the
functional diversity of fruit traits related to frugivorous attraction in contrasted
landscapes of the Brazilian Atlantic Forest hotspot, considering both the entire
zoochoric tree community and two regeneration strategy types (shade-tolerant and
intolerant species). We firstly compared each specific fruit trait and tree composition
between the regeneration strategy types and thus examined their responses to forest
cover. We further assessed whether changes in tree diversity resulting from forest cover
loss are leading to modifications in the functional diversity of fleshy fruits. Specifically,
we predicted that (1) shade-tolerant and shade-intolerant species will diverge in their
responses to forest loss, given their distinct vulnerability to human disturbances (Puttker
et al. 2015); (2) highly deforested areas will exhibit stronger changes in morphology
and nutritional resources, including an increased dominance of small-fruit species
containing small seeds and exhibiting poor nutritional contents (Moermond & Denslow
1985; Silva & Tabarelli 2000; Tabarelli & Peres 2002); (3) the loss of shade-tolerant
species in highly deforested areas would affect functional diversity, compromising the

resources available for frugivorous species.
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Methods

Study area

The present study was conducted in forest remnants of the Atlantic Forest in southern
Bahia, Brazil between 15°0’-16°0'S, 39°0'-39°30'W (Fig. 1), composed of several forest
remnants embedded within different land use matrices, such as pasture, agricultural, and
forestry uses like the shade plantations of cacao (Theobroma cacao), rubber trees
(Hevea brasiliensis), or Eucalyptus sp. The region is classified as Southern Bahian Wet
Forest, and mostly exhibit a structure of tropical forests, with an emergent canopy, sub-
canopy and herbaceous layers (Thomas et al. 1998). The regional climate, according to
Koppen classification, is the type Af, hot and humid without a dry season (Gouvéa
1969). The average annual temperature is 24 °C and the mean annual precipitation is
2000 mm, classified as little seasonal (Thomas et al. 1998). Because it contains a
significant fraction of the overall biological diversity of Brazil, including high levels of
endemism, richness and the occurrence of rare species, the region is currently
considered a global biodiversity hotspot (Martini et al. 2007).

We undertook the sample site selection based on a mapping of high-resolution
satellite images (RapidEye from 2009 to 2010, QuickBird and World View from 2009
to 2011). We mapped the land use by manually digitizing the land cover features as
visually interpreted at a scale of 1:10 000, which is adequate for identifying patches
based on differences in color, texture, and shape. After intensive ground validation, we
mapped the vegetation and land use over an area of 3470 km?2 including the
municipalities of Una, Canavieiras, Mascote, and Belmonte. We selected a central point
in each remnant, preferably in the least degraded part of the forest (assessed
qualitatively) without slash-and-burn history. These remnants were at least 1 km distant

from each other to reduce overlapping among remnants. Based on this mapping and on
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field investigations, we identified 48 potential remnants surrounded by different
amounts of native forest cover, and ended up with 20 remnants within landscapes

showing a wide gradient of forest cover from 2 to 93 % (Fig. 1).

Field survey

We established 100 sampling plots of 25 x 4 m in our 20 surveyed remnants, covering
1.0 ha. Sampling plots were placed in the center of each remnant, maintaining a
minimum distance of 50 m between plots, and at least 100 m from forest edges
whenever possible. We previously tested the effects of plot distance to the nearest edge
on the richness and abundance of zoochoric species, and on the availability of fleshy
fruit, and found no effect of this variable (Pessoa et al. 2016). Therefore, here we only
evaluated the role of forest cover on local functional diversity. At each plot, we marked,
monitored and identified all live trees and palms >5 cm diameter at breast height
(DBH). All individuals were monitored monthly for one year and, when presented, ripe
fruits were collected. Species were identified by comparison with specimens deposited
in herbaria of the region (CEPEC and HUESC) with the assistance of local
parataxonomists, and also counted on specialists for some highly diverse families such
as Myrtaceae, Fabaceae, and Rubiaceae. Based on literature data (Mariano-Neto 2004;
Pessoa et al. 2011), herbarium information and authors’ previous experiences, all
species were subsequently classified according to the regeneration strategy in either
shade-tolerant and shade-intolerant species. The regeneration strategies were classified
according to their light requirements for germination and growth (Whitmore 1989),
where shade-tolerance is generally a characteristic of forest interior specialist species, as
opposed to shade-intolerance being characteristic of pioneer tree species (Swaine &

Whitmore 1988).
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Functional attributes

We analyzed functional attributes of fleshy fruits directly related to the attraction of
frugivores, including morphology, color, and chemical contents (Galetti et al. 2011,
Duarte et al. 2011). To assess fruit morphology, we collected approximately 20 fruits
per species from at least five different individuals. We recorded the fruit diameter (cm),
the dry weight with seeds (g), and the total number of seeds per fruit. We classified the
colors of ripe fruits based on human perception into nine commonly used categories, i.e.
black (including dark red), red (including pink), yellow, orange, brown, gray, green,
white, and blue (including purple) (Wheelwright & Janson 1985). We also classified
fruit display into monocolor (when only one color was present) or multicolor (more than
one color was present in the fruit display, for example, colorful capsule, pedicle, aril and

seed).

For chemical analyses, the fruit pulp or aril from at least five individuals of each
species was frozen until laboratory analysis. Lipid content was determined by the
Soxhlet method (CBAA 2009 a). Proteins were determined according to the Dumas
method, where the sample undergoes an oxidative digestion with oxygen at about 900-
1200°C (CBAA 2009 b). Then the gas was drawn with helium support, purified and
oxides of nitrogen formed are reduced to elemental nitrogen by contact with hot metal,
which is determined quantitatively by a thermal conductivity detector. Nitrogen content
was obtained by specific conversion factors for protein. Carbohydrate analysis consists
in hydrolyzing the sample, such that all carbohydrates were broken down into
monosaccharides, and were determined by High-Performance Liquid Chromatography
(HPLC) (Dionex Corporation 2004). Then if the sample contains starch, sucrose,
cellulose or other carbohydrates, these were hydrolysates. If the sample contains

sucrose, it was broken down into glucose and fructose. In this case, at least part of
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glucose and fructose would be from sucrose. We used the mean gross energy
equivalents of protein (17.2 KJ/g), lipid (38.9 KJ/g), and sugar (17.2 KJ/g) according to
Karlson (1972), to determine the energetic value of dried fruit pulp. For zoochoric
species that did not produce fruits during the observed year, we conducted a literature
search on fruit traits, including available datasets such as the FRUBASE (Jordano 1995;
Bello et al. 2015). Literature data was obtained for 58% of morphological traits, 22% of

chemical traits and 43% of color traits.

Data Analyses

Firstly, we analyzed the effect of the amount of forest cover on each specific fruit trait
through analyses of covariance (ANCOVA), in which we considered the mean value of
each trait as response variables, the strategy (shade-tolerant and shade-intolerant) as a
factor, and the landscape-scale percentage of forest cover as a covariate. We previously
tested data normality by applying the Shapiro-Wilk test and variance homoscedasticity
by applying the Bartlett test. We also evaluated the homogeneity of slopes by adding the
interaction term in the ANCOVA. When slopes were not homogenous, we performed
linear regressions for each treatment. Prior to the analyses, fruit morphology variables
were log-transformed and, when necessary, the percentage values were arcsine-square-

root transformed.

We also evaluated the similarity of the zoochoric tree assemblage composition
along the forest cover gradient, taking into account the two regeneration strategy types
(shade-tolerant and shade-intolerant species). For this, we performed a Detrended
Correspondence Analysis (DCA) ordinations (Hill & Gauch 1980) using a quantitative

matrix of species composition, and used the first DCA axis as a compound variable. We
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also evaluated the responses among the two regeneration strategies with analyses of

covariance (ANCOVA). Ordination analyses were performed in PAST version 3.11.

We measured five functional diversity indices of fruit traits of zoochoric species
for the overall community and each regeneration strategy in each remnant to understand
the effects of forest cover upon functional diversity (EImqvist et al. 2003; Laliberté et
al. 2010). Functional diversity is the variety and distribution of functional trait values of
a specific community (Tilman 2001), and can be described by different measures,
including the functional richness (FRic) (Villéger et al. 2008), functional dispersion
(FDis) (Laliberté & Legendre 2010), functional evenness (FEve), functional divergence
(FDiv) (Villéger et al. 2008), and community-level weighted means of trait values
(CWM) (Garnier et al. 2004). We used FRic and FDis to evaluate whether species pool
within a given remnant are performing similar or different roles for a given function or
service, thus considering the assessed assemblage as redundant or complementary,
respectively (Elmqvist et al. 2003). FRic is a measure of functional richness that is
strongly influenced by the number of species and FDis is the average distance of
individual species to their group centroid in response trait space and is little influenced
by species richness (Laliberté & Legendre 2009). We used FEve to measure the degree
in which the abundances of species are distributed along the functional space and FDiv
as the degree that the distribution of species abundance in the functional space
maximizes functional divergence of functional traits within the community (Mason et
al. 2005; Villéger et al. 2008). To further explore which traits drive functional diversity
changes, we obtained the CWM calculated as the mean of values present in the
community weighted by the relative abundance of taxa bearing each value (Garnier et
al. 2004). FRic index was weighted by species richness and other indices for the relative

abundance of species. Indices were calculated using the ‘FD’ R package (Laliberté &
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Legendre 2010). This package includes the ‘‘gowdis’’ function (Gower dissimilarity
coefficient), with options to assign different weights to individual descriptors. This
coefficient is useful when some traits are semi-quantitative or qualitative (see Podani

1999), or also when missing trait values are present (Laliberté & Legendre 2010).

To analyze the relationship among landscape forest cover and each metric of
functional diversity (FRic, FDis, FEve, FDiv) and CWM (for each functional trait
evaluated), we firstly tested for spatial autocorrelation using semivariograms and
Moran’s index (Fortin & Dale 2005), using the ‘spdep’R packages (Bivand & Piras
2015). We used spatial mixed linear models (SMLM) following Dormann et al. (2007),
including the geographic coordinates of each remnant, using the ‘Ime’ function of the
‘nlme” R package (Pinheiro et al. 2015). For each SMLM, we tested three candidate
models: null, linear, and power-law (log transformation of dependent and explanatory
variables). Model selection was based on corrected Akaike information criteria (AlCc),
selecting the model showing lowest AlCc. However, since models with less than two
units difference (dAICc) are considered equally plausible (Burnham et al. 2011), we
also used the rounded Akaike weight (wAICc). The wAICc ranges from 0 to 1 and can
be interpreted as the probability that a model is the best model (Wagenmakers & Farrell
2004). An evidence ratio (ER) is therefore obtained by dividing the highest wAICc by
the sum of the wAICc of the competing models and expresses the probability that the
model with the highest wAICc is better than the others (Wagenmakers & Farrell 2004).
For instance, if ER is 0.75, the model showing the highest wAICc has three chances in
four of being better than the other ones. On the contrary, if we compare two models
with wAICc of 0.5 and 0.45, ER is 0.52 and the model with the highest wAICc has only
a one in two chance of being the best; in such a case, we consider both models. The

selected models (not the null models) were assessed using the likelihood ratio test.
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Results

We recorded a total of 1579 individuals of 415 zoochoric tree species belonging to 49
families. A total of 343 species were identified to species level and/or morphotypes.
Considering all species, we obtained information on fruit diameter and weight for 95%
and 76% of the species, respectively. Information on the number of seeds, fruit color
and fruit display were obtained for 99% of the species, carbohydrates for 51%, proteins

for 53% and lipids for 52% (Appendix S1).

We classified 220 species as shade-tolerant and 123 as shade-intolerant species.
Mean fruit diameter was similar between the regeneration strategies and along the forest
cover gradient. However, fruits from shade-tolerant species bear a small number of
seeds than fruits from shade-intolerant species. The mean fruit weight of shade-tolerant
species decreased in deforested areas (R? = 0.33, P = 0.007) (Appendix S2). The mean
content of carbohydrates was different between the regeneration strategies and slightly
higher for the shade-tolerant species. The mean lipid content did not differ between the
regeneration strategies and was also unaffected by forest cover reduction (Appendix
S3). We did not perform the ANCOVA model to evaluate fruit weight (strategy x forest
cover, Fy 36 = 12.45, P <0.001), protein (strategy x forest cover, F13 = 3.8, P = 0.05)
and energy contents (strategy x forest cover, Fy 3 =5.46, P = 0.02) because the slopes
were not homogenous (Appendix S4). However, linear regression showed that the
mean contents of proteins and energy in shade-intolerant species reduced in deforested
areas (Rz2 = 0.29, P = 0.007; Rz = 0.24, P = 0.02, respectively) (Appendix S3).
Monocolor fruit displays were present in 61% and 65% of the shade-tolerant and shade-
intolerant species, respectively. Black was the predominant fruit color, presented in 35%

and 36% of the shade-tolerant and shade-intolerant species, respectively.
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The ordination analysis showed that tree assemblage composition of both shade-
tolerant and shade-intolerant species changed according to a gradient of forest cover,
described by the DCA first axis (Fig. 2A). Here, we also did not perform ANCOVA
models to compared the regeneration strategy types because slopes were not
homogenous (Fi13 = 16.45, P <0.001). As deforestation increases, we observed a
higher (R*=0.25, P <0.05) and lower (R* = 0.37, P <0.001) similarity among shade-

intolerant and shade-tolerant groups, respectively (Table 1, Fig. 2B).

Functional Diversity

We found significant spatial autocorrelation for the following functional indices: FEve
(P =0.001), CWM for fruit weight (P = 0.006), and fruit display (P = 0.001) for overall
community. Analyses of SMLM revealed that the functional diversity of the total
zoochoric community and both regeneration strategies were unaffected by forest cover
considering all indices evaluated (Table 1). Fruit functional traits were heterogeneously
distributed along the entire gradient of forest cover, indicating that there is no functional
divergence, and therefore, functional redundancy among the sampling forest sites.
However, landscape-scale forest cover loss negatively affected some specific fruit traits.
The community-level weighted trait means showed that shade-intolerant assemblages
presented lower fruit contents of protein, lipid, and total energy (Table 1, Fig. 3). By
contrast, when considering the total zoochoric community and shade-tolerant species,
forest cover reduction did not affect any specific trait assessed by the CWM (Table 1,

Appendix S5).
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Discussion

As far as we are aware, this is the first study to evaluate patterns of functional diversity
for the entire zoochoric community within a tropical deforested landscape. We assessed
the effects of habitat loss in an anthropogenic region within one of the richest and most
endemic tree assemblages in the world (Martini et al. 2007), unveiling that despite
functional diversity of fruit traits was unaffected by landscape-scale forest cover, fruit
quality of shade-tolerant species was drastically reduced in more deforested landscapes.
This reinforces that the local reassembly of species composition triggered by landscape-
scale habitat loss is an important underlying mechanism that ultimately affect key
aspects of the forest functionality. Hence, while overall functional trait diversity is
maintained across landscapes with varying amounts of forest cover, deforestation
reduces local fruit quality as a result of local, non-random species extinction of shade-
tolerant assemblages. Therefore, we provide evidence that landscape-scale forest loss
may compromise provision services, in this case leading to an overall impoverishment
of local fruit quality, a feature with a likely significant impact on the persistence of

frugivorous assemblages in anthropogenic landscapes.

Responses according to regeneration strategies

Our results showed that fruits from shade-tolerant species are heavier and bear a small
number of seeds than fruits from shade-intolerant species. The dominance of small-fruit
species containing small seeds was expected (Moermond & Denslow 1985; Silva &
Tabarelli 2000; Tabarelli & Peres 2002), however fruit diameter did not differ among
the regeneration strategy types. The mean percentage of carbohydrates, proteins, and

energy was different among the regeneration strategies, with the contents of
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carbohydrates being higher among the shade-tolerant species. In fact, fruits are in
general low in protein contents and vary widely in usable lipids, but in shade-tolerant
species the higher lipid content expected was not found (Gautier-Hion et al. 1985;

Jordano 1995; Howe 2016).

Fruit quality exhibited different patterns among regeneration strategies, with an
impoverishment of shade-intolerant species, whereas shade-tolerant species were
unaffected by forest cover amount. Additionally, previous results showed that forest
cover reduction has substantially affected fruit biomass production, mainly of those
shade-tolerant species (Pessoa et al. 2016). However, in deforested landscapes, we still
found nutrient-rich species, including Virola gardneri, Virola officinalis, Alchornea
triplinervia, Cupania oblongifolia, Pouteria venosa, Eugenia melanogyna and
Nectandra membranacea (Appendix S1). Yet, the presence of shade-tolerant and high
nutritional value species in deforested areas seems to maintain functional diversity but
might not be able to guarantee the long-term quality of the resources, mainly because
we detected a strong decay of richness and abundance of those species (Pessoa et al.
2016). On the other hand, fruits of shade-intolerant species in deforested areas are poor
in nutrients which may cause serious consequences for wildlife. The content of nutrients
in fruits may play an important role in the decision of fruit consumption, particularly in
birds whose abundance adjusts to the overall amount of available resources (Blendinger
et al. 2016). Indeed, both richness and abundance of habitat specialist frugivorous birds
decreased with landscape forest cover at our studied site, but the habitat generalist
frugivorous bird diversity increased (Morante-Filho et al. 2015). Thus, the reduced
quality of resources supplied by shade-intolerant species might have consequences for
frugivore provisioning, once these species are the ones persisting in highly fragmented

landscapes.
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Landscape forest cover affected tree composition patterns of shade-tolerant and
shade-intolerant species in different ways. We detected a greater dissimilarity of shade-
tolerant species in deforested areas, whereas the species composition was similar in sites
surrounded by higher amount of forest. These results reflect the addition of new species
by all sites (high beta diversity), suggesting, therefore, a process of floristic
differentiation (Arroyo-Rodriguez et al. 2013). On the other hand, the composition of
shade-intolerant species is clearly distinguished from forested and deforested areas, but
beta diversity is low in deforested areas, indicating a homogenization in the composition
of shade-intolerant species with the dominance of few species in deforested areas. A
total of 89 shade-intolerant species occurred in deforested areas, but seven constituted
nearly half of the overall individuals (45%). Among common shade-intolerant species,
only Eschweilera ovata (23 individuals) produces nutrient-rich fruits (21.76 KJ/g),
whereas other species including Allagoptera caudescens (33 individuals), Tapirira
guianensis (30) and Helicostylis tomentosa (29) produce nutrient-poor fruits — not
exceeding 6 KJ/g. Shade-intolerant species with nutritive fruits were represented by
only few individuals as Schefflera morototoni (6 individuals; 24.36 KJ/g), Pera
glabrata (4 individuals; 26.15 KJ/g), Xylopia aromatica (3 individuals; 20.40 KJ/g) and
Cupania sp 2 (1 individual; 22.92 KJ/g) (Appendix S1). Thus, the homogenization
process already seems to have occurred for shade-intolerant species, in addition to the
most abundant species producing nutrient-poor fruits. Sites immersed in highly forested
landscapes retain the species composition that accounts for the high fruit biomass of
shade-tolerant species (Pessoa et al. 2016), but also from a higher quality fruits of those
shade-intolerant species. However, because shade-tolerant species are particularly

vulnerable to habitat loss, their selective demise triggered by landscape deforestation
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impacts on fruit quality directly, thus we reinforce that conservation plans should focus

on those species.

Functional diversity patterns

Forest cover at the landscape scale did not alter local functional diversity of zoochoric
species, as FRic, FDis, FEve, FDiv, and CWM were unaffected by forest cover.
Similarly, De Coster et al. 2015 observed that functional diversity of bird traits
remained constant or even increased as landscape-scale deforestation progressed, but
the ecological integrity decreased due to the compositional turnover, i.e. when
generalists replace specialists. Within our sampled landscapes, previous studies found
that both richness and abundance of zoochoric species were reduced in deforested areas,
highlighting that shade-tolerant and zoochoric species comprise particularly sensitive-
species (Pessoa et al. 2016, Rocha-Santos submitted, Benchimol submitted).
Interestingly, the decrease in tree diversity in our study site is not leading to a reduction

in the fruit functionality of zoochoric species.

Previous studies evaluating functional diversity patterns in tree communities
indicated that species bearing large fruits and seeds are particularly harmed in
deforested landscapes (Mayfield et al. 2006; Magnago et al. 2014). Yet, most of these
studies have directly associated functional diversity to morpho-physiological plant traits
(Cornelissen et al. 2003; Adler et al. 2014), focusing on recruitment, growth, survival
(Michalski et al. 2007; Flynn et al. 2009; Laliberté et al. 2010; Benchimol & Peres
2015), or reproductive flower traits (Fontaine et al. 2006; Girdo et al. 2007). Traits
related to seed dispersal function, in general, take into account morphological and

physical adaptations of trees and their role as food resources or seed dispersal mode
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(Mayfield et al. 2006; Magnago et al. 2014). Thus, to our knowledge, the present study
is the first to use traits specifically related to frugivore attraction such as chemical and
color aspects of fleshy fruits. Fruit size and weight, the number of seeds, fruit color, and
display type were all features maintained along the forest cover gradient, potentially
explaining the unchanged patterns of fruit functionality. The similarity in the fruit traits
associated with seed dispersal that some plant species exhibit may have evolved in
response to selective pressure by frugivorous (Jordano 1995), even between species that
are not phylogenetically related (Lomascolo & Schaefer 2010). Also, Guimaraes et al.
(2011) showed that mutualistic interactions are important in trait convergence in plants
and animals, especially in mega diverse interaction networks. Then, in communities
with a high diversity of species bearing fleshy fruits, as in our landscapes, changes in
species richness may not result in a reduction of fruit functional diversity, because many
fruit traits are shared by different groups of species. The identity and abundance of the
most dominant species are of great importance and have been empirically demonstrated
(Mokany et al. 2008; Magnago et al. 2014). However, in our study neither the richness
patterns nor changes in the abundance of species have altered the functional attributes of
fruits along the forest cover gradient. The ability of ecosystems to maintain
functionality in disturbed habitats depends on the functional heterogeneity among
species within assemblages (Diaz et al. 2007; Cardinale et al. 2012). In this case,
species with similar characteristics, or species exhibiting certain functions in
ecosystems may have functional redundancy ensuring ecological resilience (Walker

1992; Elmgqvist et al. 2003; Laliberté et al. 2010).
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Conclusions

Our results revealed the pervasive role of landscape-scale deforestation on the local
nutritional value of fruits. Fruit biomass has also shown to decline following forest
cover loss (Pessoa et al. 2016), providing additional evidence that deforestation
significantly limits both the amount and quality of food available for frugivorous
assemblages remaining in tropical forests within human-altered landscapes. Given the
striking importance of such functional dimension in structuring local assemblages, the
observed ecological reassembly of tree composition — the demise of shade-tolerant
species — may underlie changes in the overall functionality of tropical forests. Indeed,
the local decreasing of forest-interior, frugivorous bird abundance is linked with a lower
rate on the consumption of artificial fruits in more deforested landscapes, which is not
compensated by the maintenance of the local abundance of those edge-adapted,
frugivorous bird species in the same study areas (Menezes et al. 2016). Altogether,
these results points to a divergent trajectory of ecological functioning in sites located

within more deforested landscapes, even when functional diversity is maintained.

Our study agrees with previous observation that, although functional diversity is
maintained, deforestation may lead to significant changes in ecological functions and
thus on the services delivered (De Coster et al. 2015). Therefore, the ecological
reassembly triggered by the landscape-scale forest loss is the key aspect changing the
functional aspect of remaining forests. Based on our results, we suggest that
conservation management should give attention to forest remnants in more forested
landscapes within the unique Atlantic Forest biome. More forested areas provide the
productivity and quality of both shade-tolerant and intolerant species. By contrast,

severely deforested areas harbor higher proportion of shade-intolerant species (Pessoa et
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al. 2016), but fruit quality — and quantity — is compromised. Our study also reinforces
the idea that in order to maintain ecological functionality in the long-term, conservation
actions should, therefore, ensure the maintenance of forest remnants in more forested
landscapes to guarantee the productivity and quality of food resources to frugivores

biota.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Appendix S1. List of the 343 tree species and information on regeneration strategy
type, fruit diameter (cm), fruit weight (g), number of seeds per fruit, fruit color,
attraction display, carbohydrates (%), protein (%), lipids (%) and fruit energy (kj/g),
recorded within forest plots at 20 surveyed landscapes of Southern Bahia, Brazil.



97

Appendix S2. Mean values of fruit morphological traits (fruit weight, fruit diameter,
and number of seeds) among the two regeneration strategy types and along a gradient of

forest cover in 20 surveyed landscapes in Southern Bahia, Brazil.

Appendix S3. Mean values of fruit nutritional contents (proteins, lipids, carbohydrates
and energy) among the two regeneration strategy types and along a gradient of forest

cover in 20 surveyed landscapes in Southern Bahia, Brazil.

Appendix S4. Results from the ANCOVA showing the effects of the strategy (two
levels: shade-tolerant versus shade-intolerant species), on different fruit traits, along a

gradient of forest cover in southern Bahia, Brazil.
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Table 1. The best models among null, linear and power-law models for explaining
functional richness, functional evenness, functional divergence, functional dispersion
and community-level weighted means of trait values (fruit diameter, fruit weight, seed
number, fruit color, fruit display, carbohydrates, protein, lipids, fruit energy) of
zoochoric tree species, along a gradient of forest cover in Atlantic forest remnants of
southern Bahia, Brazil. Differences in AICc with respect to the highest AlCc (dAICc)

and rounded (wAICc) are presented. Best models are highlighted in bold.

Shade-tolerant Shade-intolerant
Total Species species species
Variable Model AICc dAICc wAICc AlICc dAICc wAICc AICc dAICc wAlICc
Functional richness Null 66.39 0.0 052 66.39 037 038 6644 0.0 0.86
Linear 66.75 0.36 044 66.02 0.0 046 70.13 3.69 0.13
Power-law 7199 560 003 6838 236 014 77.28 10.84 0.003
Functional eveness Null 66.41 0.0 0.75 66.39 0.0 0.84 6643 0.0 0.81
Linear 68.65 224 024 69.83 343 015 6934 291 0.19
Power-law 82.10 15.69 <0.001 86.00 19.60 <0.001 82.94 16.50 <0.001
Functional divergence Null 66.39 0.0 0.74 6641 0.0 0.82 66.40 0.0 0.76
Linear 6859 219 025 6950 3.08 017 68.80 240 0.23
Power-law 81.44 15.04 <0.001 86.48 20.07 <0.001 84.71 18.30 <0.001
Functional dispersion Null 66.39 0.0 0.83 66.40 0.0 085 66.39 0.0 0.84
Linear 6965 325 0.16 70.03 362 013 69.83 3.43 0.15
Power-law 84.78 18.38 <0.001 78.54 12.14 0.002 80.49 14.09 <0.001
Community-level
weighted means of
trait values (CWM)
Fruit diameter Null 66.39 0.0 0.84 6641 0.0 0.80 66.54 0.0 0.72
Linear 69.88 348 014 69.26 284 019 6850 1.96 0.27
Power-law 79.37 12.97 <0.001 76.63 10.21 0.004 79.20 12.66 <0.001
Fruit weight Null 66.41 0.16 0.43 66.44 0.22 045 66.44 0.0 0.71
Linear 66.24 0.0 047 66.21 0.0 0.50 68.29 1.85 0.28
Power-law 69.53 3.28 0.09 7147 526 0.03 8346 17.01 <0.001
Number of seeds Null 66.39 0.0 0.72 66.39 0.0 0.74 6641 0.0 0.86
Linear 68.37 1.97 027 68.63 223 024 7024 3.82 0.12
Power-law 76.99 10.59 0.003 75.60 9.20 0.007 79.04 12.63 0.001
Fruit color Null 66.39 0.0 0.85 66.39 0.0 0.79 66.62 0.0 0.84
Linear 69.97 357 014 6922 282 019 7004 341 0.15
Power-law 78.15 11.75 0.002 75.88 9.49 0.006 90.11 23.49 <0.001
Attraction display of
fruit Null 66.39 0.0 0.85 66.41 0.0 054 66.43 0.0 0.65



Carbohydrates

Protein

Lipids

Fruit energy

Linear
Power-law
Null
Linear
Power-law
Null
Linear
Power-law
Null
Linear
Power-law
Null
Linear
Power-law

70.00
81.42
66.39
69.69
81.68
66.39
69.13
75.45
66.39
69.93
86.97
66.40
70.02
81.07

3.60
15.02
0.0
3.30
15.28
0.0
2.73
9.05
0.0
3.53
20.57
0.0
3.61
14.67

0.14
<0.001
0.83
0.16
<0.001
0.79
0.20
0.008
0.85
0.14
<0.001
0.85
0.14
<0.001

66.80
77.66
66.40
68.48
82.46
66.39
69.82
77.06
66.40
69.85
81.95
66.40
68.79
76.79

0.39
11.25
0.0
2.07
16.06
0.0
3.42
10.66
0.0
3.45
15.55
0.0
2.39
10.39

0.45
0.002
0.73
0.26
<0.001
0.84
0.15
0.004
0.84
0.15
<0.001
0.76
0.23
0.004

67.73
76.97
66.41
70.01
78.48
67.66
62.38
70.64
66.39
65.26
73.77
66.39
64.40
74.84

99

1.30
10.54
0.0
3.60
12.06
5.27
0.0
8.25
1.12
0.0
8.50
1.99
0.0
10.43

0.34
0.003
0.85
0.14
0.002
0.06
0.91
0.01
0.35
0.63
0.009
0.26
0.72
0.003
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Fig. 1. Study area showing (A) the spatial distribution of 20 surveyed forest sites in
Atlantic forest fragments of southern Bahia, Brazil. In detail (B), the percentage of

forest cover within a 1km radius around each sampling site.
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cover (A), and the relationship of the first DCA axis with forest cover at the landscape-

scale for each regeneration strategy type (B).
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zoochoric species at the 20 surveyed forest sites.
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Supporting information to the paper

Pessoa, M.S. et al. Forest amount drives fruit quality changes in a tropical tree assemblage. Journal of Vegetation Science.

Appendix S1. List of the 343 tree species and information on regeneration strategy type, fruit diameter (cm), fruit weight (g), number of seeds
per fruit, fruit color, attraction display, carbohydrates (%), protein (%), lipids (%) and fruit energy (kj/g), recorded within forest plots at 20
surveyed landscapes of Southern Bahia, Brazil.

] ] Regeneration _Fruit Fruit weight Number Fruit Attraction Carbohydrates Protein Lipids  Fruit energy
Family/ Species diameter of
strategy (cm) (o) seeds color display (%) (%) (%) (kj/g)
Achariaceae
Carpotroche brasiliensis tolerant 12 600 90 brown  monocolor 5.6 6.6 25.3 11.9
Anacardiaceae
Tapirira guianensis intolerant 0.88 0.67 1 black monocolor 35 4.5 9.9 5.2
Thyrsodium spruceanum intolerant 15 2 1 black monocolor NA NA 10 NA
Annonaceae
Annona cacans intolerant 14 100 30 green monocolor NA NA NA NA
Annona glabra tolerant 8.41 271.57 32 yellow  monocolor 17.9 1.2 11 3.7
Annona leptopetala intolerant 1 80 10 green monocolor NA NA NA NA
Annona muricata tolerant 12 60 10 green monocolor NA NA NA NA
Annona neolaurifolia intolerant 55 3.67 15 yellow  monocolor NA NA NA NA
Annona salzmannii intolerant 10 100 10 yellow  monocolor NA NA NA NA
Annona sylvatica intolerant 3.72 80 10 yellow  monocolor NA NA NA NA
Annonaceae 5 intolerant 1.68 16.12 10 orange  monocolor NA NA NA NA

Guatteria australis intolerant 0.72 0.33 1 black multicolor 19.6 4.7 6.5 6.7



Guatteria oligocarpa
Guatteria pogonopus
Hornschuchia obliqua
Pseudoxandra bahiensis
Xylopia aromatica
Xylopia frutescens
Xylopia ochrantha
Xylopia sericea
Apocynaceae
Geissospermum laeve
Lacmellea bahiensis
Macoubea guianensis
Rauvolfia grandiflora
Tabernaemontana brasiliensis
Tabernaemontana salzmannii
Araliaceae
Schefflera morototoni
Arecaceae
Allagoptera caudescens
Bactris ferruginea
Bactris setosa
Euterpe edulis
Syagrus botryophora
Boraginaceae
Cordia anabaptista
Cordia ecalyculata
Cordia membranéacea
Cordia mucronata

intolerant
intolerant
intolerant
intolerant
intolerant
intolerant
intolerant
intolerant

intolerant
tolerant
intolerant
intolerant
intolerant
tolerant

intolerant

intolerant
intolerant
intolerant
tolerant
intolerant

intolerant
intolerant
intolerant
intolerant

0.72

0.65
1.6
1.5

0.78

1.46

3.5
2.28
8.25
2.32

6.34

0.75

3.56
2.17
1.98
1.25
2.3

1.48
1.22
NA
NA

0.32
0.5
NA
NA
2.5

242

NA
6.98
145
2.9
60
58.6

0.85

24.38
5.77
4.78

1.3

11.73

2.92
1.56
15
1.5

15
10

3.5

9.5
9.5
20
15
20
40

N

black
black
NA
red
blue
orange
orange
orange

yellow
yellow
yellow
yellow
orange
orange

black

orange
black
black
black
orange

grey
red
red

grey

multicolor
multicolor
NA
monocolor
multicolor
multicolor
multicolor
multicolor

monocolor
monocolor
monocolor
monocolor
multicolor
multicolor

monocolor

monocolor
monocolor
multicolor
multicolor
monocolor

monocolor
monocolor
monocolor
monocolor

NA
NA
NA
NA
20
19.2
NA
NA

NA

NA
28
NA
NA

54

27.2
26.6
18.9
13.8
19.3

21.8
16.2
NA
NA

NA
NA
NA
NA
3.7
6.1
NA
NA

NA
0.5
NA
5.6
NA
NA

11.9

3.3
2.7
24.9
3.7
4.9

8.7
8.1
NA
NA

NA
NA
NA
NA
42

40

NA
NA

NA
21
NA
151
NA
NA

33.5

0.6
0.7

5.1
0.1

1.5
0.8
NA
NA
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NA
NA
NA
NA
204
19.9
NA
NA

NA
8.8

NA
11.6
NA
NA

24.4

5.5
5.3
8.3

4.2

5.8
4.5
NA
NA



Cordia polycephala
Cordia taguahyensis
Cordia toqueve
Cordia trachyphylla
Burseraceae
Protium aracouchini
Protium heptaphyllum
Protium icicariba
Protium spl
Protium warmingiana
Tetragastris catuaba
Caricaceae
Jacaratia heptaphylla
Caryocaraceae
Caryocar edule
Celastraceae
Cheiloclinium cognatum
Maytenus distichophylla
Maytenus obtusifolia
Maytenus patens
Chrysobalanaceae
Couepia belemii
Couepia impressa
Couepia monteclarensis
Hirtella hebeclada
Licania discolor
Licania hoehnei
Licania lamentanda

intolerant
intolerant
intolerant
intolerant

tolerant
tolerant
tolerant
tolerant
tolerant
tolerant

intolerant

tolerant

tolerant
intolerant

tolerant
intolerant

tolerant
tolerant
tolerant
intolerant
tolerant
tolerant
tolerant

0.4

1.14
1.06
1.05

0.88
1.35
0.5
NA
25
0.95

3.45

4.2
0.43
0.6

0.91
2.9

4.83

0.98
0.85
1.5

0.61
1.8
1.5
NA

NA

33.76

NA

51
0.5
0.85
NA

50
30
20
0.64
10
15
60.8

[ S SN )

1.5
15
1.5
NA
1.5
15

N T S =

N

1.5

red
grey
black

red

white
white
white
NA
white
red

orange

brown

orange
white
white
white

brown
brown
brown
black
yellow
yellow
yellow

monocolor
monocolor
multicolor
monocolor

multicolor
multicolor
multicolor
NA
multicolor
monocolor

monocolor

monocolor

monocolor
multicolor
multicolor
multicolor

monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor

NA
15.9
11.3
NA

19.8
25.2
14.5
19.8
19.8
NA

19.1

NA

NA
NA
9.8
NA

NA
NA
NA
NA
NA
NA
NA

NA
15.2
8.8
NA

53
6.3
4.2
53
5.3
NA

12.8

NA

NA
NA
3.8
NA

NA
NA
NA
NA
NA
NA
NA

NA
NA
0.4
NA

1.1
0.8
1.3
1.1
11
NA

2.7

NA

NA
NA
2.5
NA

NA
NA
NA
NA
NA
NA
NA
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NA
NA
3.6
NA

4.7
5.7
3.7
4.7
4.7
NA

6.5

NA

NA
NA
3.3
NA

NA
NA
NA
NA
NA
NA
NA



Licania littoralis
Licania naviculistipula
Parinari alvimii
Clusiaceae
Garcinia gardneriana
Garcinia macrophylla
Symphonia globulifera
Tovomita brevistaminea
Tovomita choisyana
Tovomita mangle
Combretaceae
Combretum spl
Dichapetalaceae

Stephanopodium blanchetianum

Stephanopodium organense
Elaeocarpaceae
Sloanea guianensis
Sloanea obtusifolia
Erythroxylaceae
Erythroxylum martii
Erythroxylum squamatum
Euphorbiaceae
Alchornea glandulosa
Alchornea triplinervia
Aparisthmium cordatum
Croton floribundus
Croton macrobothrys
Glycydendron amazonicum

tolerant
tolerant
tolerant

intolerant

intolerant

intolerant
tolerant
tolerant
tolerant

tolerant

tolerant
tolerant

tolerant
tolerant

intolerant
intolerant

intolerant
tolerant
intolerant
intolerant
intolerant
intolerant

2.5

1.5

2.52
3.76

1.7

1.6

1.56

1.23

25

1.84

1.07

0.4
0.76

e i

20
NA
4.5

10.39
33
7.5
1.5
15

1.66

1.09

NA
NA

4.2
1.31

0.25
0.32

10
0.86
NA
0.05
0.5
1.38

2.5
2.7

1.4
1.4
1.4

N

4.5
4.5
3

brown
brown
brown

yellow
yellow
green
orange
orange
orange

black

yellow
yellow

orange
orange

red
black

red

red

red
white
white
yellow

monocolor
monocolor
monocolor

monocolor
monocolor
monocolor
multicolor
multicolor
multicolor

monocolor

monocolor
monocolor

multicolor
multicolor

monocolor
multicolor

multicolor
multicolor
multicolor
multicolor
multicolor
monocolor

NA
NA
NA

19.8
NA
NA
NA
12.5

13.8

NA
NA

10.8
24

NA
22.8

21.7
22
NA
NA
NA
NA

NA
NA
NA

4.8
3.7
NA
NA
NA
9.1

1.9

NA
NA

11.8
4.8

NA

7.6

NA
NA
NA
NA

NA
NA
NA

2.7
5.5
10.4
NA
NA
NA

NA

NA
NA

355
0.9

NA
NA

68.4
68
NA
NA
NA
NA
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NA
NA
NA

2.4
6.2
NA
NA
NA
NA

NA

NA
NA

17.7
5.3

NA
NA

31.6
31.6
NA
NA
NA
NA
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Mabea piriri intolerant 1.3 3.2 4.5 white multicolor NA NA NA NA
Mabea spl intolerant 1.7 4.8 4.5 white multicolor NA NA NA NA
Ophthalmoblapton crassipes tolerant 1 NA 3 brown  monocolor NA NA NA NA
Ophthalmoblapton pedunculare tolerant 1.74 4.4 3 black monocolor 30.9 5.3 NA NA
Tetrorchidium rubrivenium intolerant 0.5 0.5 3 red multicolor NA NA NA NA
Fabaceae
Andira anthelmia tolerant 4 NA 1 green monocolor NA NA NA NA
Andira fraxinifolia intolerant 3 NA 1 brown monocolor NA NA NA NA
Andira legalis tolerant 4 NA 1 brown  monocolor NA NA NA NA
Andira lewisii tolerant 4 NA 1 brown monocolor NA NA NA NA
Andira marauensis tolerant 35 NA 1 brown  monocolor NA NA NA NA
Copaifera langsdorffii tolerant 1.82 5.8 1 red multicolor 13.1 6.9 0.6 3.7
Copaifera trapezifolia tolerant 2.3 5.13 1 yellow  multicolor NA NA NA NA
Dialium guianense tolerant 0.93 0.92 1.5 brown monocolor 28.5 3 1 5.8
Hymenaea aurea tolerant 4.5 NA 3.5 black monocolor NA NA NA NA
Hymenaea oblongifolia tolerant 3.9 NA 3.5 brown monocolor NA NA NA NA
Inga capitata intolerant 25 NA 30 brown  monocolor NA NA NA NA
Inga cylindrica intolerant 2 NA 30 brown monocolor NA NA NA NA
Inga luschnathiana intolerant NA NA 15 green monocolor NA NA NA NA
Inga striata intolerant 1.8 9 70 brown monocolor NA NA NA NA
Inga thibaudiana intolerant 2.25 22.13 30 brown  monocolor 494 13.6 3.3 12.1
Inga vera intolerant 15 11.8 70 brown monocolor NA NA NA NA
Parkia pendula tolerant 3 15 15 brown  monocolor NA NA NA NA
Swartzia macrostachya tolerant 4.5 5 3.5 yellow  monocolor NA NA NA NA
Swartzia oblata tolerant 5 5 2.5 white multicolor NA NA NA NA
Swartzia polita tolerant 6.5 NA 1 white multicolor NA NA NA NA
Swartzia simplex tolerant 2.06 6.88 1 white multicolor 12.7 9.8 20.9 12

Zollernia glabra tolerant 2 NA 1.5 orange  monocolor NA NA NA NA



Zollernia latifélia
Humiriaceae
Humiria balsamifera
Schistostemon retusum
Vantanea bahiaensis
Vantanea compacta
Hypericaceae
Vismia bacifera
Vismia guianensis
Vismia latifélia
Icacinaceae
Emmotum nitens
Lauraceae
Aniba intermedia
Beilschmiedia linharensis
Cryptocarya mandioccana
Lauraceae sp2
Licaria bahiana
Licaria guianensis
Nectandra membranacea
Nectandra purpurea
Nectandra spl
Ocotea aciphylla
Ocotea cernua
Ocotea divaricata
Ocotea elegans
Ocotea indecora
Ocotea insignis

tolerant

tolerant

tolerant
intolerant

tolerant

intolerant
intolerant
intolerant

tolerant

intolerant
tolerant
tolerant
tolerant
intolerant
intolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
intolerant
intolerant
tolerant

2.5

0.8
6.5

15

15

13

15
3.4
3.5
NA
15
0.95
15

NA

0.8

1.3
24

NA

150
NA
NA

1.5

1.5

NA

NA
20.45
NA
8.61
NA

15
NA
2.5

3.5
2.5
NA

15

15
1.5
15
1.5

15

15
15

NA

N

NA

e

orange

brown
brown
orange
orange

black
green
yellow

black

black
yellow
brown
NA
black
black
black
black
NA
black
black
black
black
black
black

monocolor

monocolor
monocolor
monocolor
monocolor

monocolor
monocolor
monocolor

monocolor

multicolor
monocolor
monocolor
NA
multicolor
multicolor
multicolor
multicolor
NA
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor

NA

11.8
NA
NA
NA

NA
NA
NA

NA

NA
NA
85.5
8.9
NA
NA
27
27
27
27
27
27
27
27
27

NA

1.7

NA

NA

NA

NA

NA

NA
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NA

1.2
NA
NA
NA

NA
225
NA

NA

NA
NA

31
NA
NA
27
27
27
27
27
27
27
27
27
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NA

2.8
NA
NA
NA

NA
NA
NA

NA

NA
NA
17.2
144
NA
NA
16.2
16.2
16.2
16.2
16.2
16.2
16.2
16.2
16.2



Ocotea longifélia
Ocotea macrophylla
Ocotea montana
Ocotea notata
Ocotea oppositifolia
Ocotea percoriacea
Ocotea puberula
Ocotea spl
Lecythidaceae
Eschweilera ovata
Lecythis ldrida
Lecythis pisonis
Malpighiaceae
Byrsonima alvimii
Byrsonima fanshawei
Byrsonima laxiflora
Byrsonima sericea
Byrsonima stipulacea
Malvaceae
Pavonia makoyana
Pavonia morii
Quararibea turbinata
Sterculia apetala
Melastomataceae
Henriettea succosa
Melastomataceae 1
Miconia amoena
Miconia centrodesma

intolerant
tolerant
tolerant
tolerant
tolerant
tolerant

intolerant
tolerant

intolerant
tolerant
tolerant

tolerant

tolerant

tolerant
intolerant
intolerant

tolerant

tolerant
intolerant

tolerant

intolerant
intolerant
intolerant
intolerant

1.6
15
3.5
0.6

0.85
NA

25
10
18

14
1.73
1.98

1.75
1.42

1.51

0.56

0.47
0.6

2.5
NA

15
1.5
15
NA

3.82
50
227.95

3.5
2.5
2.54
4.29

NA
NA
341
0.5

2.22
0.2
0.05
0.11

e e T =

NA

2.5

N

1.5

7.5

120
40
151
120

black
black
black
black
black
black
black
NA

yellow
grey
grey

yellow
yellow
yellow
orange
yellow

black
black
orange
white

black
black
orange
black

multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
NA

multicolor
multicolor
multicolor

monocolor
monocolor
monocolor
monocolor
monocolor

monocolor
monocolor
monocolor
multicolor

monocolor
monocolor
monocolor
multicolor

27
27
27
27
27
27
27
27

12.9
NA
NA

22.9
22.9
22.9
16.2
29.6

NA
NA
26.6
NA

18.2
11.9
11.9
16.2
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2.9
2.9
2.9
2.3
3.6

NA
NA
10.2
NA

3.4
3.7
3.7
5.6

27
27
27
27
27
27
27
27

47
NA
NA

1.8
1.8
1.8

1.7

NA
NA
15
NA

1.8
1.8
3.8
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16.2
16.2
16.2
16.2
16.2
16.2
16.2
16.2

21.8
NA
NA

5.1
5.1
5.1
3.9
6.4

NA
NA
6.9
NA

45
3.4
3.4
5.2



Miconia dorsaliporosa
Miconia hypoleuca
Miconia minutiflora

Miconia mirabilis
Miconia prasina
Miconia speciosa
Meliaceae
Guarea blanchetii
Trichilia casaretti
Trichilia elegans
Trichilia lepidota
Trichilia silvatica
Moraceae
Brosimum guianense
Brosimum rubescens
Clarisia biflora
Clarisia ilicifolia
Ficus americana
Ficus christianii
Ficus hirsuta
Ficus insipida
Helicostylis tomentosa
Maclura tinctoria
Sorocea bonplandii
Sorocea guilleminiana
Myristicaceae
Virola gardneri
Virola officinalis

intolerant
intolerant
intolerant
intolerant
intolerant
intolerant

tolerant
tolerant
tolerant
tolerant
tolerant

tolerant
tolerant
intolerant
intolerant
tolerant
tolerant
intolerant
tolerant
intolerant
tolerant
tolerant
tolerant

tolerant
tolerant

1.25
0.45
0.65
0.64
0.57
0.65

0.88

0.6

1.2
0.6

0.9

0.5
2.94

15
1.3

2.45

1.13
0.05
0.24
0.21
0.09
0.24

0.68
NA
1.76
NA
NA

5.84

0.5
0.5
NA
2.5
NA
10.23
6.96
NA
2.08
2.09

12.3
28.67

20
120
120
120
120
70

2.7

[ = S =

W N -

120
120
120
120
6.5
120
1
1

black
orange
blue
black
orange
black

orange
red
red
red
red

red
red
yellow
red
black
black
black
black
orange
green
black
black

red
red

monocolor
monocolor
monocolor
multicolor
monocolor
monocolor

multicolor
multicolor
multicolor
multicolor
multicolor

monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
multicolor
multicolor

multicolor
multicolor

17.7
20.3
11.9
23.7
23
11.9

NA
NA
NA
NA
NA

26.4
26.4
NA
NA
NA
NA
NA
0.1
16.5
NA
28.9
19.8

17.6

5.7
3.7
3.5
2.9
3.7

NA
NA
NA
NA
NA

7.1
7.1
NA
NA
NA
NA
NA
7.8
9.3
NA
6.9
114

1.6

0.3
3.3
1.8
1.9
1.5
1.8

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
4.3
3.9
NA
1.4
2.3

89
55.2
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5.8
3.4
5.4

3.4

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA

5.9
NA
6.7
6.3

36.3
24.8



Myrtaceae
Campomanesia dichotoma
Campomanesia laurifolia

Eugenia adenantha
Eugenia astringens
Eugenia ayacuchae
Eugenia candolleana
Eugenia excelsa
Eugenia florida
Eugenia itapemirimensis
Eugenia lacistema
Eugenia luschnathiana
Eugenia magnifica
Eugenia melanogyna
Eugenia pauciflora
Eugenia pisiformis
Eugenia platyphylla
Eugenia plicata
Eugenia prasina
Eugenia pruniformis
Eugenia rostrata
Eugenia schottiana
Eugenia spl
Eugenia sp10
Eugenia sp11
Eugenia sp13
Eugenia sp15
Eugenia sp17

intolerant
tolerant

intolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant

intolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant

0.9
0.73

2.5
0.75
15
1.71
0.75
25
1.95
30
1.7
25

NA
0.97

11
NA
1.42
1.54
NA
3.24
NA
NA

NA
NA
3.5
15
NA
3.96

411
244
NA
3.69
20
22
2.93
3.65
3.65
NA
15
3.65
2.9
NA
4.89
2.28
NA
21.34
NA
NA

1.5

NA

NA
NA

yellow
yellow
black
black
black
black
black
red
black
black
black
black
black
black
orange
red
black
black
orange
black
black
black
black
NA
orange
NA
NA

monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
multicolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
NA
monocolor
NA
NA

20
20
35
35
35
35
35
21.8
29.9
35
35
35
87
35
35
35
35
35
35
35
35
35
19.3
35
11
35
35

10
10
10
10
10
6.2
5.2
10
10
10

10
10
10
10
10
10
10
10
10
8.6
10
6.6
10
10
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5.8
5.8
10.5
10.5
10.5
10.5
10.5
7.2
6.7
10.5
10.5
10.5
17
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
7.5
10.5
3.6
10.5
10.5



Eugenia sp22
Eugenia sp23
Eugenia sp25
Eugenia sp28
Eugenia sp5
Eugenia sp6
Eugenia sp7
Eugenia sp9
Eugenia subterminalis
Eugenia umbellata
Gomidesia fenzliana
Marlierea excoriata
Marlierea obversa
Marlierea racemosa
Marlierea rufa
Marlierea spl
Marlierea sp2
Marlierea sp3
Marlierea sp4
Marlierea sucrei
Myrcia anceps
Myrcia calyptranthoides
Myrcia carvalhoi
Myrcia eximia
Myrcia gigantea
Myrcia pseudomarlierea
Myrcia racemosa
Myrcia spl

tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant

NA
NA
NA
NA
NA
2.3
NA
NA
0.92
NA
1.43

1.76
NA
1.65
NA
NA
1.65
0.74
NA
NA
NA
11
1.35
1.34
NA

NA
NA
NA
NA
NA
4.77
NA
NA

NA
1.6

2.5

NA
2.5
2.02
NA
2.48
NA
NA
2.53

2.5

NA

NA

NA
NA
NA
NA
NA

NA
NA

1.5

1.5

NA
1.5
NA
NA
1.5
1.5
1.5
1.5
1.5

1.5

NA

NA
NA
NA
NA
NA
black
NA
NA
red
black
black
black
black
black
black
NA
black
NA
NA
black
black
black
black
black
black
black
black
NA

NA
NA
NA
NA
NA
monocolor
NA
NA
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
NA
monocolor
NA
NA
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
NA

35
35
35
35
35
35
35
35
35
35
2.8
21
21
21
21
21
14.6
21
21
14.6
38
38
38
38
38
38
38
38
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10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.5
2.5
10.5
10.5
10.5
10.5
10.5
7.7
10.5
10.5
5.7
10.9
10.9
10.9
10.9
10.9
10.9
10.9
10.9



Myrcia sp1l
Myrcia sp12
Myrcia spl4
Myrcia sp18
Myrcia sp20
Myrcia sp24
Myrcia sp25
Myrcia sp27
Myrcia sp28
Myrcia sp3
Myrcia sp9
Myrcia splendens
Myrcia sylvatica
Myrcia vitoriana
Myrciaria guaquiea
Neomitranthes langsdorffii
Plinia calosa
Plinia edulis
Plinia grandifolia
Plinia muricata
Plinia rara
Nyctaginaceae
Guapira hirsuta
Guapira laxiflora
Guapira nitida
Guapira obtusata
Guapira opposita
Neea duckei

tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
intolerant
intolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant

tolerant
tolerant
tolerant
tolerant
tolerant
tolerant

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0.73
0.45
1.7

1.75
NA
45
4.07

25
5.5

0.4
0.45
0.7
0.31
0.64
0.5

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0.38
2.5
NA
3.3
2.5
3.5
24.84

NA
NA

0.5
NA
0.43
0.3
0.27

e

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
black
black
black
black
red
black
black
red
black
black

black
black
black
black
black
black

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
multicolor
monocolor
monocolor
monocolor

multicolor
multicolor
multicolor
multicolor
multicolor
monocolor

38
38
38
38
38
38
38
38
38
38
38
18.6
38
38
28
57
NA
26.2
NA
NA
NA

NA
NA
21.6
NA
23.7
NA

N NN NN NN NN NN
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NA
11.7
3.8
NA
NA

NA
NA
12.8
NA
22.1
NA
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NA
NA
0.7
NA
0.7
NA
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10.9
10.9
10.9
10.9
10.9
10.9
10.9
10.9
10.9
10.9
10.9
7.5
10.9
10.9
8.5
12.8
NA

NA
NA
NA

NA
NA
6.2
NA
8.2
NA



Neea floribunda
Neea macrophylla
Neea madeirana
Neea verticillata
Olacaceae
Aptandra tubicina
Heisteria ovata
Heisteria perianthomega
Heisteria sp2
Schoepfia brasiliensis
Tetrastylidium grandifolium
Peraceae
Chaetocarpus echinocarpus
Pera glabrata
Phyllanthaceae
Hyeronima alchorneoides
Margaritaria nobilis
Picramnia glazioviana
Polygonaceae
Coccoloba arborescens
Coccoloba bullata
Coccoloba glaziovii
Coccoloba oblonga
Coccoloba rosea
Coccoloba spl
Primulaceae
Myrsine coridcea
Myrsine guianensis

tolerant
tolerant
tolerant
tolerant

tolerant
tolerant
tolerant
intolerant
tolerant
tolerant

intolerant
intolerant

intolerant
tolerant
tolerant

intolerant
tolerant
intolerant
intolerant
tolerant
intolerant

intolerant
intolerant

1.2

0.9

11
0.35

2.25
0.7

2.3
0.45
2.5

1.2
1.2

0.25

1.09

0.65

1.15

0.25

0.44
0.63

15
0.82

0.5

10

0.5

0.8
7.38

7.4

NA
1.06

0.4
0.49
NA

NA
NA
NA
NA
NA
NA

0.04
0.15

N R e N

w w

1
4.18
1.5

N

15
1.5

black
black
black
black

black
black
black
yellow
orange
green

orange
red

black
blue
red

black
black
black
black
black
black

black
black

monocolor
monocolor
monocolor
monocolor

multicolor
multicolor
multicolor
monocolor
monocolor
monocolor

multicolor
multicolor

monocolor
multicolor
monocolor

monocolor
monocolor
monocolor
monocolor
monocolor
monocolor

monocolor
monocolor

20.7
19.8
NA
NA

NA
NA
NA
19.3
NA
NA

NA
9.1

NA

NA

12.1
NA
NA
NA
NA
NA

NA
NA

8.2
9.2
NA
NA

NA
NA
NA
6.2
NA
NA

NA
3.8

NA
3.6
NA

10.1
NA
NA
NA
NA
NA

NA
NA

1.2
5.4
NA
NA

NA
NA
NA
3.5
NA
NA

NA
61.5

NA
3.5
NA

5.3
NA
NA
NA
NA
NA

NA
NA
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5.4
7.1
NA
NA

NA
NA
NA
5.8
NA
NA

NA
26.2

NA

NA

5.9
NA
NA
NA
NA
NA

NA
NA



Quiinaceae
Quiina glazovii
Rubiaceae
Amaioua guianensis
Bathysa mendoncaei
Bathysa spl
Chomelia pedunculosa
Cordiera bahiensis
Coussarea carvalhoi
Coussarea ilheotica
Faramea biflora
Guettarda platyphylla
Guettarda viburnoides
Ixora muelleri
Palicourea blanchetiana
Posoqueria latifélia
Psychotria bahiensis
Psychotria mapourioides
Psychotria tenerior
Psychotria vellosiana
Randia nitida
Rudgea involucrata
Rudgea pachyphylla
Tocoyena bullata
Rutaceae
Conchocarpus macrophyllus
Hortia arbdrea
Zanthoxylum nemorale

tolerant

tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant
tolerant

tolerant
intolerant
tolerant

0.97
0.25

0.91
NA

0.86
0.62

1.7

0.74

3.52

0.45

0.4
0.72

1.24

3.5

0.5

NA

0.94

NA
0.68
NA
0.5
0.74
0.13
NA
NA
NA
0.13
27.35
0.5
0.49
0.5
0.3
0.5
0.73
15
NA

NA
NA
0.8

15

25

1.5

1.5
15
1.5

1.5

1.5
1.5
1.5

2.5
1.5
15
20

15
2.5

red

red
black
black
black
black
black
white
black
grey
white
black
black
yellow
red
red
red
black
yellow
white
white
black

brown
green
black

monocolor

monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor
multicolor
monocolor
monocolor
multicolor
monocolor
monocolor
monocolor
monocolor
monocolor
monocolor

monocolor
monocolor
multicolor

70

6.1
NA
NA
24
NA
NA
NA
NA
NA
NA
NA
20.9
45.1
NA
22.2
NA
NA
NA
NA
NA
NA

NA
NA
NA

10.6
NA
NA
2.3
NA
NA
NA
NA
NA
NA
NA

18.8
1.9
NA
8.5
NA
NA
NA
NA
NA
NA

NA
NA
NA

5.1
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
1.1
NA
NA
NA
NA
NA
NA

NA
NA
NA
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15.7

4.9
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
5.7
NA
NA
NA
NA
NA
NA

NA
NA
NA



Zanthoxylum rhoifolium
Salicaceae
Banara brasiliensis
Casearia arborea
Casearia bahiensis
Casearia commersoniana
Casearia silvestres
Macrothumia kuhlmannii
Sapindaceae
Allophylus edulis
Allophylus sericeus
Cupania impressinervia
Cupania oblongifolia
Cupania racemosa
Cupania rugosa
Cupania scrobiculata
Cupania sp2
Cupania tenuivalvis
Matayba discolor
Matayba guianensis
Matayba juglandifolia
Scyphonychium multiflorum
Talisia cerasina
Talisia esculenta
Sapotaceae
Chrysophyllum gonocarpum
Chrysophyllum lucentifolium
Chrysophyllum splendens

intolerant

intolerant
intolerant
tolerant
tolerant
intolerant
intolerant

tolerant
intolerant
tolerant
tolerant
intolerant
intolerant
intolerant
intolerant
tolerant
intolerant
tolerant
intolerant
tolerant
intolerant
tolerant

tolerant
tolerant
tolerant

0.38

1.08
0.5
0.39
0.67
1.5
3.26

0.75

15

9.57

1.9
15

15
1.55

1.17
25

15
2.2

0.5

0.88
0.5
0.5

0.25
0.5
NA

0.24
0.58

1.4
1.5
1.5
2.5
3.42

2.5
2.5
2.5

red

black
white
white
white
red
black

red
red
orange
yellow
red
orange
yellow
orange
orange
grey
white
grey
orange
black
brown

yellow
black
brown

multicolor

monocolor
multicolor
multicolor
multicolor
multicolor
monocolor

monocolor
monocolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
multicolor
monocolor

monocolor
monocolor
monocolor

NA

29.2
NA
NA
NA
NA
NA

81.5
8.9
NA
25
NA
NA
NA
11.3
NA
NA
NA
NA
NA
7.9
NA

NA
NA
NA

NA

NA
NA
NA
NA
NA

5.7
10.3
NA
11
NA
NA
NA
8.9
NA
NA
NA
NA
NA
4.8
NA

NA
NA
NA

NA

0.4
NA
NA
NA
NA
NA

0.4
1.7
NA
63
NA
NA
NA
50
NA
NA
NA
NA
NA
25.8
NA

NA
NA
NA
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NA

5.7
NA
NA
NA
NA
NA

151

NA
30.7
NA
NA
NA
22.9
NA
NA
NA
NA
NA
12.2
NA

NA
NA
NA
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Diploon cuspidatum tolerant 6 5.3 1 black monocolor NA NA NA NA
Ecclinusa ramiflora tolerant 2.41 11.74 1 red monocolor 17.8 7.6 9.6 8.1
Manilkara longifélia tolerant 2.32 10 1 yellow  monocolor NA NA NA NA
Manilkara maxima tolerant 35 35 1 brown  monocolor NA NA NA NA
Manilkara multifida tolerant NA 28.43 1 brown monocolor NA NA NA NA
Manilkara salzmannii tolerant 35 30 1 brown  monocolor NA NA NA NA
Micropholis crassipedicellata tolerant 15 2.3 15 yellow  monocolor NA NA NA NA
Micropholis gardneriana tolerant 15 2 1.5 brown monocolor NA NA NA NA
Micropholis guyanensis tolerant 1.3 2.5 1 yellow  monocolor NA NA NA NA
Pouteria atlantica tolerant 2 30 1 orange  monocolor 13.2 7.2 5 55
Pouteria bangii tolerant 5.3 26.49 1 orange  monocolor 13.2 7.2 5 55
Pouteria bapeba tolerant 3 NA 1 orange  monocolor 13.2 7.2 5 55
Pouteria bilocularis tolerant 2 NA 1 brown  monocolor 13.2 7.2 5 55
Pouteria grandiflora tolerant 10 28 1.5 yellow  monocolor 16.3 4.7 2.3 4.5
Pouteria guianensis tolerant 5.2 77.58 1 red monocolor 13.2 7.2 5 55
Pouteria macahensis tolerant 2 NA 1 yellow  monocolor 13.2 7.2 5 5.5
Pouteria macrophylla tolerant 4 50 1.5 yellow  monocolor 13.2 7.2 5 55
Pouteria microstrigosa tolerant 1.25 35 1 yellow  monocolor 13.2 7.2 5 5.5
Pouteria peduncularis tolerant 1 NA 1 yellow  monocolor 13.2 7.2 5 55
Pouteria procera tolerant 1.71 4.06 1 yellow  monocolor 25.6 8.6 3.1 7.1
Pouteria reticulata tolerant 5.3 29.57 1 red monocolor 13.2 7.2 5 55
Pouteria spl tolerant NA NA NA NA NA 13.2 7.2 5 5.5
Pouteria sp3 tolerant NA NA NA NA NA 13.2 7.2 5 55
Pouteria sp4 tolerant NA NA NA NA NA 13.2 7.2 5 5.5
Pouteria venosa tolerant 9 28 1 orange  monocolor 77 9 11 19.1
Pradosia kuhlmannii tolerant 2 10 1 yellow  monocolor NA NA NA NA
Pradosia lactescens tolerant 3.3 29.31 2.5 yellow  monocolor 22.7 6.5 3.7 6.5

Simaroubaceae



Simarouba amara
Siparunaceae
Siparuna guianensis
Solanaceae
Aureliana fasciculata
Solanum sooretamum
Urticaceae
Cecropia cecropiifolia
Cecropia hololeuca
Cecropia pachystachya
Pourouma guianensis
Pourouma mollis
Pourouma velutina

tolerant

tolerant

intolerant
intolerant

intolerant
intolerant
intolerant
intolerant
intolerant
intolerant

0.6

3.5

15
1.6
15

NA

0.22

0.1
1.5

10

10

10
1.24
3.04
231

1

1

13.8

black

white

black
yellow

black
brown
brown
black
black
black

monocolor

multicolor

multicolor
monocolor

monocolor
monocolor
monocolor
monocolor
monocolor
monocolor

NA

67.8

24.8
NA

NA
NA
78
2.8
38.1
27

NA

8.8

9.6
NA

NA
NA
12
7.4
0.6
6.2

NA

13.7

NA
NA

NA
NA

1.4
0.6
0.8
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NA

18.5

NA
NA

NA
NA
17.4
2.3

6.9
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Supporting information to the paper

Pessoa, M.S. et al. Forest amount drives fruit quality changes in a tropical tree assemblage. Journal of Vegetation Science.

Appendix S2. Mean values of fruit morphological traits (fruit weight, fruit diameter, and number of seeds) among the two regeneration strategy

types and along a gradient of forest cover in 20 surveyed landscapes in Southern Bahia, Brazil.
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Supporting information to the paper

Pessoa, M.S. et al. Forest amount drives fruit quality changes in a tropical tree assemblage. Journal of Vegetation Science.
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Appendix S3. Mean values of fruit nutritional contents (proteins, lipids, carbohydrates and energy) among the two regeneration strategy types

and along a gradient of forest cover in 20 surveyed landscapes in Southern Bahia, Brazil.
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Supporting information to the paper

Pessoa, M.S. et al. Forest amount drives fruit quality changes in a tropical tree assemblage. Journal of Vegetation Science.

Appendix S4. Results from the ANCOVA showing the effects of the strategy (two levels: shade-tolerant versus shade-intolerant species), on
different fruit traits, along a gradient of forest cover in southern Bahia, Brazil.

df MS F P

Diameter

Strategy 1 0.029 1.97 0.70
Forest cover (covariate) 1 0.0021 0.14 0.16
Strategy x Forest cover 1 0.048 3.26 0.07

Error 36 0.015
Seed number
Strategy 2.724 22.80 <0.001

1
Forest cover (covariate) 1 0.004 0.0034 0.95
Strategy x Forest cover 1 0.04 0.34 0.55

Error 36 0.119
Carbohydrates
Strategy 231.217 11.50 0.001

1
Forest cover (covariate) 1 13.30 0.66 0.42
Strategy x Forest cover 1 19.851 0.98 0.32

Error 36 20.093

Lipids

Strategy 1 1.62 0.04 0.82
Forest cover (covariate) 1 43.686 1.28 0.26
Strategy x Forest cover 1 86.0.86 2.53 0.12

Error 36 33.93
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Appendix S5. Information on community-level weighted means of trait values (CWM) of total species, shade-tolerant and intolerant species

recorded within forest plots at 20 surveyed landscapes of Southern Bahia, Brazil.

Forest Cover (%)

|92.79 80.67 64.48 625 62.27 6155 5155 50.14 49.03 46.41 4587 39.6 2351 2098 14.82 14.17 1058 394 2.8 251

Total Species Fruit diameter (cm) 204 187 244 229 21 182 219 194 229 187 349 233 14 209 249 195 184 142 25 227
Fruit weight (g) 11.17 1519 16.06 7.21 1288 10.64 1758 15.77 8.93 10.04 2836 1215 501 16.15 987 642 688 42 644 752

Number of seeds 198 6.75 1331 6.93 969 785 9.67 723 626 943 592 423 6.21 1075 1811 7.29 26.76 459 85 417

Fruit color 307 277 318 369 313 293 351 226 292 257 303 254 231 287 323 293 319 265 297 4.04

Attraction display of fruit 136 138 13 135 134 146 155 15 132 145 143 153 15 133 126 116 123 155 148 1.38
Carbohydrates (%) 2157 20.74 1599 18.36 24.1 2897 2249 2312 225 2217 28.35 2442 2241 2297 2247 18.83 18.32 23.06 17.12 23.05

Protein (%) 6.74 759 6.98 757 734 734 733 634 782 666 619 731 1132 743 687 526 487 788 585 524
Lipids (%) 10.21 10.7 1142 1144 831 115 13.85 1052 1469 122 1991 11.05 143 1351 1236 8.78 11.2 10.95 13.95 15.66
Fruit energy (Kj/g) 8.87 897 828 887 86 10.61 1052 9.2 1091 9.71 1386 9.77 6.36 1052 985 752 836 9.61 9.44 11.06

Shade-tolerant Species Fruit diameter (cm) 217 206 369 20 24 201 229 207 197 199 436 247 115 245 324 122 185 097 30 1.89
Fruit weight (g) 1406 203 29.82 8.08 1574 146 2328 20.73 7.6 12.08 40.26 13.72 321 26.01 1609 3.19 714 345 7.1 3.03

Number of seeds 188 311 343 382 227 16 451 364 158 333 736 226 783 454 283 135 302 142 141 158

Fruit color 30 321 313 38 269 29 375 244 282 263 315 26 202 254 325 37 356 248 294 5091

Attraction display of fruit 127 145 13 15 138 136 166 155 144 147 147 15 163 151 14 135 137 18 147 15
Carbohydrates (%) 23.03 20.06 16.44 19.12 26.01 34.39 23.24 24.06 2246 234 28.64 2492 227 16.61 26.24 2545 28.35 32.32 16.3 36.54

Protein (%) 622 828 72 627 736 789 691 6.01 761 697 637 744 1336 7.03 688 689 7.27 956 576 5.62

Lipids (%) 583 1221 74 1187 655 6.81 11.83 7.47 1892 12.79 26.55 11.81 1.27 1393 20.88 7.19 8.14 1198 21.74 0.8

Fruit energy (Kj/g) 735 956 6.94 887 824 984 976 8.16 1249 10.21 16.35 10.18 6.72 948 1382 834 9.29 1186 12.33 8.55

Shade-intolerant Species Fruit diameter (cm) 163 141 168 26 179 144 204 17 279 161 172 179 215 181 177 217 183 189 196 239
Fruit weight (g) 2.8 23 787 644 1029 295 866 383 1109 6.05 51 7.06 11.16 832 434 739 682 487 574 894

Number of seeds 2.3 1558 19.12 10.23 17.77 21.6 17.64 1391 13.87 23.05 301 1197 137 1557 3251 9.06 33.09 7.89 258 501

Fruit color 33 171 321 352 362 30 314 193 309 246 28 23 316 313 321 27 31 283 30 343




Attraction display of fruit
Carbohydrates (%)
Protein (%)

Lipids (%)

Fruit energy (Kj/g)

123

165 123 131 119 128 17 137 141 112 142 134 138 133 118 113 11 12 129 15 135

16.69 21.98 15.64 17.81 21.88 1859 21.46 21.51 2254 20.03 27.73 22.76 21.48 27.83 19.96 16.86 16.32 16.12 18.55 20.11

848 631 681 852 731 628 79 691 808 613 578 688 49 773 686 478 439 661 6.01 5.16

2407 814 1439 1117 1022 19.71 16.27 1521 9.98 1129 746 853 19 132 649 923 1179 1027 13 1745

1369 797 932 887 90 1195 1146 108 915 892 852 842 527 1132 712 729 818 792 473 1138
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CONCLUSOES GERAIS

Neste estudo demonstramos que, independentemente do héabito das espécies, ou
grupo funcional, o sucesso reprodutivo é em geral afetado negativamente pela reducéao
da cobertura florestal. No entanto, alguns grupos funcionais sdo mais vulneraveis do
que outros. Arvores e espécies tolerantes a sombra sio mais sensiveis, tanto na
diminuicdo na producdo de flores, quanto no sucesso da polinizagdo e,
consequentemente, a producdo de frutos e sementes € reduzida. Em geral, os efeitos da
perda e fragmentacdo do habitat s&o negativos, mas ndo devido a um aumento na
predacdo pré-dispersdo. Portanto, a limitacdo de frutos ocorre principalmente por falhas
de polinizacéo, seja por limitagcdo de pdlen ou por alteracBes na ocorréncia e frequéncia

de polinizadores.

Estudos sobre o ciclo completo de reproducéo de plantas séo escassos, e poucos
estudos abordam a predacdo pré-dispersdo de sementes em florestas tropicais. A
informacdo completa sobre a reproducéo de plantas em habitats alterados pode orientar
estratégias de conservacao e identificar os principais efeitos da reducdo de recursos para
as populagcbes de animais e 0 impacto de distUrbios antropicos sobre a regeneracdo da
floresta. Consideracgdes sobre 0 sucesso reprodutivo da planta podem ter consequéncias
importantes para polinizadores e dispersores de sementes, uma vez que afeta a
distribuicdo de flores e frutos, além da persisténcia dessas espécies em habitats

perturbados.

Este estudo revela também, que a perda de habitat é a principal variavel
explicativa nos padrdes de reducdo da riqueza e abundancia de espécies zoocoricas em

assembleias de arvores em paisagens antropicas, com espécies tolerantes a sombra,
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sendo as mais afetadas. A diminuicdo na riqueza e abundancia de espécies tolerantes a
sombra afeta a producdo de biomassa dos frutos e, como consequéncia, a
disponibilidade de recursos, alterando a produtividade do habitat. A diminuicdo na
disponibilidade de frutos pode ter consequéncias graves para as populacdes de
frugivoros existentes, comprometendo ainda mais a regeneracao da floresta. Portanto, o
cenario atual de reducdo na producdo de frutos carnosos pode ter efeitos negativos em
cascata, 0 que aumenta a importancia de manter a diversidade de espécies, garantindo
assim interacOes planta-animal, e 0s servigos ecossitémicos que sdo dependentes dessas

interacdes.

Ecélogos e bidlogos da conservacdo devem considerar a distribuicdo da
produtividade e qualidade dos recursos para frugivoros em paisagens florestais
fragmentadas. Os padrdes de remontagem de espécies desencadeada pelo desmatamento
na escala da paisagem diminui a capacidade da floresta remanescente para a proviséo de
recursos alimentares para assembleias de frugivoros. A manutencdo de espécies
tolerantes a sombra é fundamental em areas desmatadas, desde que a sua produtividade
e qualidade dos frutos ndo sdo compensadas por espécies intolerantes. Isto é
particularmente importante, principalmente porque as espécies intolerantes a sombra sao
aquelas que ainda persistem em florestas alteradas, mas a sua presenca nao vai oferecer
a mesma qualidade dos alimentos fornecidos pelas espécies perdidas. A fim de manter a
funcionalidade ecoldgica em longo prazo, as a¢des de conservacdo devem, portanto,
garantir a diversidade, produtividade e qualidade dos recursos alimentares para

frugivoros.
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APENDICE

Scripts da selecdo de modelos e indices de diversidade funcional

Capitulo 2: Fruit Biomass Availability along a Forest Cover Gradient

Selecédo de modelos
library(nlme)
library(Immfit)
dada<-read.table("data_biomass.txt", header=T, as.is=T)
group <- factor(rep("a",nrow(dada)))
#standardize explanatory variables (better fit)
edges<-scale(dada$edge, center=T, scale=T)
mina<-min(edges,na.rm=T)
edges<-edges-mina+0.0001
logedges<-log(edges)
covers<-scale(dada$cover, center = TRUE, scale = TRUE)
mina<-min(covers,na.rm=T)
covers<-covers-mina+0.0001
logcovers<-log(covers)
# vector containing the name of the dependent variables, change the names noms<-c(""")
noms
# defining a matrix to keep the AlCc
AlCcres<-matrix(rep(0,x),y,z)
i=1
for (i in 1:y) { attach(dada)
# dependent variables are copied, standardized and made > 0 for log

var<-scale(get(noms[i]), center = TRUE, scale = TRUE)
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mini<-min(var,na.rm=T)
var<-var-mini+0.0001
logvar<-log(var)
dados<-cbind(dada,group,edges, logedges, covers, logcovers, var, logvar)
attach(dados)
detach (dada)
#Model fitting
#Null

n=Ime(var~1,random=~1|group, correlation=corExp(form=~x+y|group),data=dados,
na.action="na.omit", method="ML")

pown<-Ime(logvar~1,random=~1|group,

correlation=corExp(form=~x+y|group),data=dados, na.action="na.omit",
method="ML")

#Linear

Imcover = Ime(var~covers, random=( ~1|group),
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")

Imedge = Ime(var~edges, random=~1|group, correlation=corExp(form=~x+y|group),
data=dados, na.action="na.omit", method="ML")

Imcoveredge = Ime(var~covers+edges, random=~1|group,
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")

#Power law models

powcover = Ime(logvar~logcovers, random=~1|group,
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")
powedge = Ime(logvar~logedges, random=~1|group,
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")
powcoveredge = Ime(logvar~logcovers+logedges, random=~1|group,
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")

# Names of the models and of AIC
nn<-paste ("null”,nomsl[i], sep="_")

pownn<-paste("pownull”, noms[i], sep="_")
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Imcovern<-paste ("Imcover",nomsJi], sep="_")
Imedgen<-paste ("Imedge”,nomsJi], sep="_")
Imcoveredgen<-paste ("Imcoveredge",noms[i], sep="_")
powcovern<-paste(*powcover"”, nomsJ[i],sep="_")
powedgen<-paste("powedge”, noms[i],sep="_")
powcoveredgen<-paste(“"powcoveredge”, noms[i],sep="_")
# corrected AIC computation

#ninvariable le

le<-length(var[!is.na(var)])

# null model

res<-var-n$fitted[,2]

V=4

rss1<- sum((res)*2, na.rm=T)

AIC<-le + le * log(2 * pi) + le * log(rss1/le) + 2%V + (2*V*(V+1)/(le-V-1))
#aic<-paste("AlIC",nn,sep="_")

#assign(aic,AlC)

AIC

AlCcresJi,1]<-AIC

res<-var-Imcover$fitted[,2]

rss1<- sum((res)2, na.rm=T)

V=5

AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2*V + (2*V*(V+1)/(le-V-1))
# aic<-paste("AIC",Imcovern,sep="_")

# assign(aic,AlC)

AlCcresli,2]<-AIC

res<-var-Imedge$fitted[,2]
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rss1<- sum((res)2, na.rm=T)

V=5

AIC<-le + le * log(2 * pi) + le * log(rss1/le) + 2 * V+ (2*V*(V+1)/(le-V-1))
# aic<-paste("AIC",Imedgen,sep="_")

# assign(aic,AlC)

AlCcres[i,3]<-AlIC

res<-var-Imcoveredge$fitted[,2]

V=6

rss1<- sum((res)2, na.rm=T)

AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2 * V+ (2*V*(V+1)/(le-V-1))
#aic<-paste("AIC",Imcoveredgen,sep="_")

# assign(aic,AlC)

AIC

AlCcresli,4]<-AIC

res<-var-(exp(powcover$fitted[,2]))

rssl <- sum((res)*2, na.rm=T)

V=5

AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2 * V+ (2*V*(V+1)/(le-V-1))
# aic<-paste("AIC",powcovern,sep="_")

# assign(aic,AlC)

AlCcres[i,5]<- AIC

res<-var-(exp(powedge$fitted[,2]))

rssl <- sum((res)*2, na.rm=T)

V=5

AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2 * V+ (2*V*(V+1)/(le-V-1))

# aic<-paste("AIC",powedgen,sep="_")



130

# assign(aic,AlC)
AlCcresli,6]<-AIC

res<-var-(exp(powcoveredge$fitted[,2]))

rssl <- sum((res)"2,na.rm=T)

V=6

AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2 * V+ (2*V*(V+1)/(le-V-1))
# aic<-paste("AIC",powcoveredgen,sep="_")

# assign(aic,AlC)

AlCcres[i,7]<-AlIC

# this is to keep the results of each model using the names
assign(pownn,pown)

assign(nn,n)

assign(lmcovern,Imcover)

assign(lImedgen,Imedge)
assign(Imcoveredgen,Imcoveredge)
assign(powcovern,powcover)

assign(powedgen,powedge)

assign(powcoveredgen,powcoveredge)

detach(dados)}
# AlCc are in AlCcres:
rownames(AlCcres)<-noms

colnames(AlCcres)<-
c("null”,"In_cover","In_edge","In_edge+cover","power_cover","power_edge","powered
ge+cover")

AlCcres
# dAICc computation: minus the lowest value of each line

dAICc<-AlCcres-apply(AlCcres,1,min)



131

dAlICc
# wAICc computation
WAICc<-matrix(rep(0,x),y,z)
for (iin1:y) {den=0
for(jin 1:7){
den<- den+exp(-dAICcl[i,j]/2)
¥
den
for(j in 1:7){
num<-exp(-dAICcli,j]/2)
WAICc[i,j]<-num/den}
rownames(wAICc)<-noms

colnames(wAICc)<-
c("null","In_cover","In_edge","In_edge+cover","power_cover","power_edge","powered
ge+cover")

wWAICc

Capitulo 2: Forest Cover drives fruit quality changes in a tropical tree assemblage
Script para calcular os indices de diversidade funcional

library("FD", lib.loc="~/R/win-library/3.1.3")
trait<-read.table("trait.txt", header=T, row.names=1 , sep="\t"
, dec="", na.strings="NA")

site <-read.table("site.txt", header=T, row.names=1, sep="\t", dec=",")
w<-c()
results<-gowdis(trait, asym.bin = NULL, ord = c("podani"))
results
results<-dbFD(trait, site, w, w.abun = TRUE, ord = c("podani"),

corr = ¢("cailliez"),

calc.FRic = TRUE or FALSE, m = "min" or “max”, calc.FGR = TRUE or
FALSE, CWM.type = c("all™))
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results

Script para sele¢éo de modelos

library(bbmle)

library(nlme)

library (ade4)

library(ape)

library (Ime4)

library(spdep)

fd<-read.table("fdfruits.txt", header=T, as.is=T, dec=",")
#define a grouping factor that assigns all observations to the same group
group <- factor(rep(*"a",nrow(fd)))

land=as.factor(fd$site)

covers<-scale(fd$cover, center = TRUE, scale = TRUE)
logcovers<-scale(log(fd$cover), center = TRUE, scale = TRUE)
# Here, change variable names

var<-scale(fd$kji, center = TRUE, scale = TRUE)

# And here also

var<-var-min(var)+0.001

logvar<-log(var)

detach(dados)
dados<-chind(fd,group,land,covers,logcovers, var, logvar)

attach(dados)

#plot

par(mfrow=c(1,2))

plot(covers,var)
null=lme(var~1,random=~1|group, data=dados)

# null=lme(var~1,random=~1|group, correlation=corExp(form=~x+y|group),
data=dados)

plot(Variogram(null,resType="normalized",form=~x+y))
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dists <- as.matrix(dist(cbind(x,y)))

dists.inv <- 1/dists

diag(dists.inv) <- 0

Moran.I(residuals(null), dists.inv)

n=Ime(var~1,random=~1|group, data=dados)
plot(\Variogram(n,resType="normalized",form=~x+y))

Moran.I(residuals(n), dists.inv)

n=Ime(var~1,random=~1|group, correlation=corExp(form=~x+y|group), data=dados)
plot(\Variogram(n,resType="normalized"))

Moran.I(residuals(n), dists.inv)

str(fd)

# vector containing the name of the dependent variables
noms<-c("")
noms
# defining a matrix to keep the AlCc
AlCcres<-matrix(rep(0,x),y,z)
kolmogorov<-matrix(rep(0,X),y,2)
# Here begins a loop to compute with each of the 39 dependent variable
for (iin L1y) {
attach(fd)
# dependent variables are copied, standardized and made > 0 for log
var<-scale(get(nomsJi]), center = TRUE, scale = TRUE)
mini<-min(var,na.rm=T)
var<-var-mini+0.0001
logvar<-log(var)
dados<-chind(fd,group,land,covers, logcovers, var, logvar)
attach(dados)
detach (fd)
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#Model fitting
#Null

n=Ime(var~1,random=~1|group, correlation=corExp(form=~x+y|group),data=dados,
na.action="na.omit", method="ML")

pown<-Ime(logvar~1,random=~1|group,

correlation=corExp(form=~x+y|group),data=dados, na.action="na.omit",
method="ML")

#Linear

Imcover = Ime(var~covers, random=( ~1|group),
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")

#Power law models

powcover = Ime(logvar~logcovers, random=~1|group,
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")

#L.og models

logcover = Ime(logvar~covers, random=~1|group,
correlation=corExp(form=~x+y|group), data=dados, na.action="na.omit",
method="ML")

# Names of the models and of AIC
pownn<-paste("pownull”, noms[i], sep="_")
nn<-paste ("null",nomsl[i], sep="_")
Imcovern<-paste ("Imcover",nomsJi], sep="_")
powcovern<-paste("powcover", nomsJ[i],sep="_")
logcovern<-paste ("logcover”,nomsJi], sep="_")

# corrected AICc computation
#nisinle
le<-length(var[lis.na(var)])

# ddl ; "k parameters™ was given by anova.Ime(modell,model2)
ddl<-c(4,5,5,6,5,5,6,5,5,6)

res<-var-n$fitted[,2]

V=ddI[1]

rss1<- sum((res)"2, na.rm=T)
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AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2*V + (2*V*(V+1)/(le-V-1))
#aic<-paste("AIC",nn,sep="_")
#assign(aic,AlC)
AIC
AlCcres[i,1]<-AlIC
kolm<-ks.test(n$residuals,pnorm)
kolmogorov[i,1]<-kolm$p.value
res<-var-Imcover$fitted[,2]
rss1<- sum((res)2, na.rm=T)
V=ddI[2]
AIC<-le + le * log(2 * pi) + le * log(rss1/le) + 2*V + (2*V*(V+1)/(le-V-1))
# aic<-paste("AIC",Imcovern,sep="_")
# assign(aic,AlC)
AlCcresli,2]<-AIC
kolm<-ks.test(Imcover$residuals,pnorm)
kolmogorov[i,2]<-kolm$p.value
res<-var-(exp(powcover$fitted[,2]))
rssl <- sum((res)*2, na.rm=T)
V<-ddI[3]
AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2 * V+ (2*V*(V+1)/(le-V-1))
# aic<-paste("AIC",powcovern,sep="_")
# assign(aic,AlC)
AlCcres[i,3]<- AIC
kolm<-ks.test(powcover$residuals,pnorm)
kolmogorov[i,3]<-kolm$p.value
res<-var-(exp(logcover$fitted[,2]))
rssl <- sum((res)"2,na.rm=T)
V=ddI[4]
AIC<-le + le * log(2 * pi) + le * log(rssl/le) + 2 * V+ (2*V*(V+1)/(le-V-1))
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# aic<-paste("AIC",logcovern,sep="_")
# assign(aic,AlC)
AlCcresli,4]<-AIC
kolm<-ks.test(logcover$residuals,pnorm)
kolmogorov[i,4]<-kolm$p.value

# this is to keep the results of each model using the names
assign(pownn,pown)
assign(nn,n)
assign(lImcovern,Imcover)
assign(powcovern,powcover)
assign(logcovern,logcover)

detach(dados)}

##AIC
# AICc are in AlCcres:
rownames(AlCcres)<-noms

colnames(AlCcres)<-c("null","In_cover","power_cover","log_cover")

AlCcres

# dAICc computation: minus the lowest value of each line
dAICc<-AlCcres-apply(AlCcres,1,min)
dAlICc
# wAICc computation
wAICc<-matrix(rep(0,x),y,2)
for (iin L1y) {

den=0

for(j in 1:4){

den<- den+exp(-dAICc[i,j]/2)
b
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den
for(j in 1:4){
num<-exp(-dAlCcli,j]/2)
WAICc[i,j]<-num/den
¥
¥

rownames(wAICc)<-noms
colnames(wAICc)<-c("null","In_cover","power_cover","log_cover")

WAICc



