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Morro S&do Pedro. Crédito: Danielle Camaratta

“Todos os caminhos sdo os mesmos, ndo conduzem a lugar algum. Sdo caminhos que
atravessam 0 mato ou que entram no mato. Em minha vida posso dizer que ja passei por
caminhos compridos, compridos, mas ndo estou em lugar algum. A pergunta de meu
benfeitor agora tem um significado. Este caminho tem um coragdo? Se tiver o caminho é
bom, se n&o tiver ndo presta. Ambos os caminhos ndo conduzem a parte alguma, mas um
tem coracdo e o outro ndo. Um torna a viagem alegre, enquanto vocé o seguir, sera um

com ele. O outro o fard maldizer sua vida. Um o torna forte, o outro o enfraquece.’

Don Juan Matus, em Carlos Castaneda
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Bugio-ruivo (Alouatta guariba clamitans). Crédito: Danielle Camaratta

Dedico asta dissertacdo aos bugros-raivos,

que me guIaram a6 aqul.
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RESUMO

A compreensdo dos fatores ecologicos que influenciam a presenca, a abundancia
e a distribuicdo das espécies nos ambientes naturais é essencial para a conservagdo da
biodiversidade em longo prazo. No caso dos consumidores primarios, como a maioria dos
primatas, a riqueza e a disponibilidade de plantas utilizadas na alimentacdo sao
considerados fatores-chave que direcionam a densidade populacional em diferentes
escalas espaciais. No entanto, pouco se sabe sobre como (e se) essas variaveis influenciam
a dispersdo das unidades sociais de um td&xon em uma escala fina, em nivel de parcelas de
habitat. Nessa pesquisa investiguei se a riqueza e a disponibilidade espaco-temporal de
alimento s&o bons preditores da distribuicdo espacial de bugios-ruivos (Alouatta guariba
clamitans) dentro do habitat em um remanescente de Mata Atlantica (ca. 1.200 ha) no sul
do Brasil. Para isso, realizei um censo populacional a cada duas semanas no periodo de
janeiro a junho de 2015, percorrendo um total de 205 km distribuidos em cinco
transeccOes lineares. Além disso, utilizei dados de levantamentos floristicos do estrato
arboreo, realizados em todas as parcelas com avistamento de bugios e parcelas controle,
e de amostragem fenoldgica de 17 espécies principais da dieta para estimar a
disponibilidade espaco-temporal de alimento para os bugios-ruivos a cada duas semanas.
Foram registrados 95 avistamentos de bugios durante o estudo (2-12
avistamentos/periodo de amostragem). A disponibilidade de frutos (maduros e imaturos)
foi maior nas parcelas com avistamento de bugios do que nas parcelas controle, enquanto
a disponibilidade de folhas (jovens e adultas) foi semelhante. J& o nimero de individuos
observados em cada ponto de avistamento esteve diretamente (embora marginalmente)
relacionado a disponibilidade de frutos maduros, mas ndo a riqueza de arvores ou a
disponibilidade de frutos imaturos, folhas adultas e folhas jovens. Em conclusédo, a
distribuicdo e disponibilidade de frutos no Morro S8o Pedro possuem importante
influéncia no padréo de uso do espaco pelos bugios-ruivos durante o periodo de estudo.

Palavras-chave: disponibilidade de frutos; escala fina; distribuicdo de primatas; uso do
habitat; Alouatta guariba clamitans, transecc¢éo linear



ABSTRACT

Understanding the ecological factors that influence the presence, abundance, and
distribution of species within their habitats is critical for ensuring their long-term
conservation. In the case of primary consumers, such as most primates, the richness and
availability of plant foods are considered key drivers of population density at different
spatial scales. However, little is known about how (and whether) these variables influence
the spacing of social units within a finer, habitat patch level scale. | investigated whether
resource richness and spatiotemporal food availability are good predictors of local,
within-habitat spatial distribution of brown howler monkeys (Alouatta guariba
clamitans) in a 1,200 ha Atlantic forest remnant in southern Brazil. | censused the
population every two weeks from January to June 2015 by walking 205 km distributed in
five line transects. Then, | used data on tree inventories in all sighting and control plots
and phenological surveys of 17 top food tree species to estimate bi-weekly food
availability for the monkeys. We recorded a total of 95 sightings (2-12 sightings/sampling
period) and found that fruit (ripe and unripe) availability was higher in sighting than in
control plots. Leaf availability was similar. On the other hand, the number of individuals
observed in each sighting was marginally directly related to the availability of ripe fruits,
but not to tree richness or the availability of unripe fruits, mature leaves, and young
leaves. We concluded that the distribution and availability of fruit sources was an
important driver of the pattern of habitat use by brown howler during the study period.

Key words: food availability; fine-scale sample; within-habitat monkey distribution;
habitat use; Alouatta guariba clamitans, distance sampling
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APRESENTACAO GERAL

A presente dissertacdo de Mestrado é apresentada na forma de artigo cientifico e
estd configurada de acordo com as normas do periodico American Journal of
Primatology. Todas as legendas, figuras e material suplementar estdo incluidos no final

do artigo, conforme as regras do periddico.

As flutuacGes na abundancia de primatas podem ser afetadas por diversos fatores
bidticos como presenca, diversidade e abundancia de recursos alimentares, predadores,
parasitos e doencas [Bicca-Marques, 2009; Strier & Mendes, 2009; Arroyo-Rodriguez &
Dias, 2010], assim como por varidveis climaticas [e.g., fotoperiodo e precipitacao:
Fernandez-Duque et al., 2002; Rudran & Fernandez-Duque, 2003; furacdes: Pavelka et
al., 2003; Pavelka & Behie, 2005]. Dentre estes fatores, a disponibilidade e/ou riqueza de
recursos alimentares tem sido apontada como um dos principais determinantes da
presenca e/ou abundancia populacional de primatas em uma escala espacial ampla
[Chapman et al., 2006; Arroyo-Rodriguez & Dias, 2010; Hanya & Chapman, 2013], e em
uma escala espacial fina, em nivel local [Marshall & Leighton, 2006; Stone, 2007; Potts
et al., 2009; Mourthé, 2014], conforme a definicdo em Chapman et al. [2002].

Apesar da importante contribuicdo de estudos realizados em escalas espaciais
amplas na deteccdo de diferengcas nas variaveis-resposta contrastando populagdes
separadas por longas distancias (centenas ou milhares de quilémetros), os estudos em
escala fina podem ser considerados detectores mais sensiveis de determinantes ecologicos
da abundancia local de primatas do que os contrastes gerais [Chapman & Chapman,

1999]. Contudo, poucos estudos avaliaram a influéncia da disponibilidade espaco-
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temporal de alimento na distribuicdo espacial de uma espécie em uma escala fina
[Estrada, 1984; Williams-Guillén et al., 2006]. Em geral, a disponibilidade de recursos
alimentares para os primatas encontrada em plantas, tais como folhas jovens e frutos,
varia amplamente no tempo e no espac¢o [van Schaik et al., 1993; Chapman et al., 2005;
Zimmerman et al., 2007]. Sendo assim, os estudos que examinam a influéncia da
disponibilidade de alimento como determinante ecologico da abundancia e distribuicéo
espacial de primatas e que consideram apenas a area basal (bem como comparacdes entre
tipos de vegetacdo ou diversidade de espécies arboreas) estdo medindo apenas a
disponibilidade de recursos alimentares “potencial” das espécies de plantas [veja revisdo
em Hanya & Chapman, 2013]. Ao realizar uma andlise refinada da disponibilidade de
itens vegetais (tais como folhas adultas e jovens, frutos maduros e imaturos, flores)
podemos estimar a “real” disponibilidade de recursos em um determinado habitat
considerando uma escala espacial fina.

O padrdo de distribuicdo dos recursos alimentares (aleatorio, agregado ou
uniforme) pode influenciar a distribuigéo espacial dos primatas no habitat [Milton, 1981],
uma vez que eles podem enfocar o forrageio em alimentos de alta qualidade energética,
quando disponiveis [Bravo & Sallenave, 2003]. Como 0s recursos ricos em nutrientes e
energia ndo estdo distribuidos homogeneamente e variam temporalmente, estudos
indicam que os primatas sao capazes de rastrear as principais fontes de alimento com base
em uma representacdo mental, topoldgica, das rotas espaciais que dao acesso a esses
recursos [p. ex. Alouatta: Fortes et al. 2015; Hopkins, 2015]. Esta cogni¢cdo mental esta
relacionada com a estratégia de “traplining” [Dew & Wright, 1998], que consiste em
revisitar as principais areas de alimentacé@o de acordo com a variagédo da disponibilidade

espacial destes itens ao longo do tempo [Anderson, 1983]. Especies folivoro-frugivoras,
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como o bugio-ruivo (Alouatta guariba clamitans), forrageiam por frutos e folhas novas
quando disponiveis, podendo ser mais facilmente encontradas nas areas com alta
disponibilidade de alimentos ricos em nutrientes durante periodos de producdo destes
itens [Chaves & Bicca-Marques, 2016].

Os bugios possuem habitos alimentares flexiveis [Estrada et al., 1999; Cristdbal-
Azkarate & Arroyo-Rodriguez, 2007; Chaves & Bicca-Marques, 2013], sendo capazes de
adaptar a dieta a mudangas na vegetacdo, incluindo principalmente a utilizacdo de
espécies exaticas (tais como Citrus sinensis, Eucalyptus spp., Psidium guajava, Vitis spp.,
Diospyros kaki e Malus spp.) como fonte de alimento durante periodos de escassez de
frutos nativos em ambientes antropizados [Bicca-Marques & Calegaro-Marques, 1994;
Estrada et al., 2012]. Eles apresentam uma dieta composta principalmente por folhas,
frutos e flores de acordo com a composicdo floristica e a disponibilidade espaco-temporal
de recursos alimentares na area [Bicca-Marques, 2003; Chaves & Bicca-Marques, 2013].
Apesar da flexibilidade alimentar, os bugios, assim como outras espécies de atelideos,
concentram seus habitos alimentares em um pequeno grupo de espécies denominadas
espécies “top” (i.e., espécies que juntas constituem >80% dos registros de alimentacao)
[Alouatta guariba clamitans: Chaves & Bicca-Marques, 2013, 2016], as quais podem ser
determinantes na presenca e/ou abundancia desses primatas [Alouatta palliata mexicana:
Serio-Silva et al., 2002; Arroyo-Rodriguez et al., 2007; Ateles geoffroyi: Chaves et al.,
2012].

O objetivo deste estudo foi avaliar a influéncia da disponibilidade e riqueza de
recursos alimentares na distribuicdo espacial de bugios-ruivos em uma escala espacial
fina, em nivel de parcelas de habitat, em um fragmento de 1200 ha de Mata Atlantica no

Morro Sao Pedro, Porto Alegre, Rio Grande do Sul, Brasil. O Morro S&o Pedro é o maior
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remanescente de Mata Atlantica de Porto Alegre, caracteristica que o qualifica como o
fragmento de maior importancia para a conectividade funcional entre os remanescentes
florestais e para a conservacdo do bugio-ruivo no municipio [Alonso, 2010]. O presente
estudo poderad contribuir como fundamento cientifico para planos de manejo para a
conservacao da populacao de bugios-ruivos do Morro Sao Pedro. Além disso, 0 municipio
apresenta um preocupante cendario de fragmentacdo devido a crescente urbanizacdo em
direcdo as areas de paisagem natural mais preservadas [Alonso, 2010; Lokschin, 2012],
0 que compromete a disponibilidade dos principais recursos alimentares deste atelideo e,
consequentemente, a sua distribuicdo espacial no ambiente e sobrevivéncia em longo

prazo.
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ABSTRACT

Understanding the ecological factors that influence the presence, abundance, and
distribution of species within their habitats is critical for ensuring their long-term
conservation. In the case of primary consumers, such as most primates, the richness and
availability of plant foods are considered key drivers of population density at different
spatial scales. However, little is known about how (and whether) these variables
influence the spacing of social units within a finer, habitat patch level scale. We
investigated whether resource richness and spatiotemporal food availability are good
predictors of local, within-habitat spatial distribution of brown howler monkeys
(Alouatta guariba clamitans) in a 1,200 ha Atlantic forest remnant in southern Brazil.
We censused the population every two weeks from January to June 2015 by walking
205 km distributed in five line transects. Then, we used data on tree inventories in all
sighting and control plots and phenological surveys of 17 top food tree species to
estimate bi-weekly food availability for the monkeys. We recorded a total of 95
sightings (2-12 sightings/sampling period) and found that fruit (ripe and unripe)
availability was higher in sighting than in control plots. Leaf availability was similar.
On the other hand, the number of individuals observed in each sighting was marginally
directly related to the availability of ripe fruits, but not to tree richness or the availability
of unripe fruits, mature leaves, and young leaves. We concluded that the distribution
and availability of fruit sources was an important driver of the pattern of habitat use by

brown howler during the study period.

Key words: food availability; fine-scale sample; within-habitat monkey distribution;
habitat use; Alouatta guariba clamitans, distance sampling
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INTRODUCTION

Plant species distribution and phenology may vary widely in space and time [van
Schaik et al., 1993; Chapman et al., 2005; Zimmerman et al., 2007]. Climatic variables
(e.g., rainfall and photoperiod) and extreme meteorological phenomena (e.g.,
hurricanes) may also have strong influences on plant phenology [Richardson et al.,
2013], thereby promoting increases [Wright & Calderdn, 2006] or decreases [Harrison,
2000] in food availability for primary consumers (e.g., young leaves and fruits). These
dynamic and sometimes unpredictable changes in food availability may directly
influence the survival, abundance and/or spatial distribution of animals at a broad scale
[Hanya et al., 2013], or at a fine, local scale [Marshall et al., 2014; Schwartzberg et al.,
2014]. Whereas studies at the broad (or large) spatial scale compare areas widely
separated (sometimes by hundreds or thousands of kilometers), those at the fine (or
small) spatial scale focus on understanding the ecological characteristics of areas within
a single habitat patch or of a single site over time [Chapman et al., 2002].

At the broad spatial scale, plant species richness and food availability in tropical
forests [Janson & Chapman, 1999] are major drivers of vertebrate density [e.g., reptiles:
Wasko & Sasa, 2012; birds: Mulwa et al., 2013; primates: Janson & Chapman, 1999;
Chapman et al., 2004; Marshall & Leighton, 2006; Marshall et al., 2009; other
terrestrial mammals: Carbone & Gittleman, 2002] and richness [primates: Kay et al.,
1997; Stevenson, 2001]. In this respect, the carrying capacity of a given habitat is likely
to be set particularly by lean periods because of their negative influence on individual
fecundity, growth, health, and/or survival [Goldizen et al., 1988; Lee & Hauser, 1998;
Altmann & Alberts, 2005; Chapman et al., 2006; Marshall & Leighton, 2006; Foerster

etal., 2012].
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Although these broad scale studies allow dectecting differences in the abundance
of individuals between widely separated populations, studies at finer spatial scales are
more sensitive for detecting important local ecological determinants of species
abundance [primates: Chapman & Chapman, 1999; Potts et al. 2009; Jung et al., 2015].
Despite this advantage, little is known about whether and how spatiotemporal variations
in food availability influence the dispersion of individuals or social units of a species at
a finer habitat scale [e.g., Ateles belzebuth: Mourthé, 2014; Pan troglodytes: Potts et al.,
2009]. For instance, the dispersion of the highly frugivorous Ateles belzebuth was more
strongly related to seasonal variations in fruit supply than the dispersion of the less
frugivorous species [Cebus olivaceus, Alouatta macconnelli; Mourthé, 2014]. Similarly,
the density of Pan troglodytes in two sites separated by only 12 km was related to the
availability of fruits during lean periods [Potts et al., 2009]. The positive influence of
the protein-to-fiber ratio in leaves on the biomass of folivorous African colobines was
also found at the fine scale level [Chapman et al., 2002; Wasserman & Chapman, 2003].

Consumers may show a dispersion similar to that of the resources that they
depend upon. Therefore, in general terms both plant species and their primate
consumers may show a random (or aleatory), clustered (or clumped) or uniform (or
homogeneous) distribution within a given habitat patch [Krebs, 1999]. This seems to be
particularly true for primate species that feed on highly seasonal and clumped plant
foods such as ripe fruits and/or young leaves [van Schaik et al., 1993; Zimmerman et
al., 2007]. Additionally, consumer dispersion may vary temporally in response to
spatiotemporal shifts in resource availability (as described above) and the presence of
competitors that forage for the same limited resources [Milton, 1981; Chapman, 1988].

For instance, Alouatta palliata spent up to 14 days near a clump of food trees before
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travelling to new feeding sites when in syntopy with Ateles geoffroyi and Cebus
capucinus [Chapman, 1988]. Similarly, Lagothrix lagothricha reduced the competition
with three other primate species by feeding on unripe fruit when ripe fruits were scarce
[Stevenson et al., 2000].

In addition to their rarity, most studies at a fine spatial scale have employed
indirect estimators of food availability, such as comparisons of vegetation type, tree
species diversity, and basal area of preferred food sources [e.g., Thomas, 1991;
Anzures-Dadda & Manson, 2007; Gémez-Posada et al., 2007; Hopkins, 2011], instead
of actual food availability [for a review see Hanya & Chapman, 2013; Marshall et al.,
2009]. A more robust and informative analysis of the influence of within-site
differences in habitat quality on primate abundance and dispersion at a fine spatial scale
must integrate data on spatiotemporal shifts in food availability. Syagrus romanzoffiana
(Arecaceae) helps to illustrate this point. This palm is an important food source for
brown howler monkeys (Alouatta guariba clamitans) in southern Brazil. However, it is
only exploited for food when fruiting or flowering because its leaves are not eaten by
howlers [Chaves & Bicca-Marques, 2013]. Therefore, its importance to the diet of
howler monkeys varies through time. The same variation is real for all sources of
seasonal resources.

Here we test the hypothesis that the availability of plant foods within a large
Atlantic forest remnant drives the spatial distribution and abundance of brown howlers
at a fine spatial scale. Based on the aforementioned heterogeneity of the spatial
distribution and phenology of plants and the reliance of brown howlers on highly
seasonal plant items [Chaves & Bicca-Marques, 2013, 2016], particularly those items

rich in energy and/or protein [e.g., mature fruit and young leaves; Lambert, 2011;
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Lambert & Rothman, 2015], we predict that the distribution of brown howler social
groups is driven by the availability of mature fruits and young leaves (prediction 1).
Furthermore, as spatiotemporal availability of plant foods may positively affect primate
group size [Chapman et al., 1995; Chapman & Chapman, 2000] and overall primate
abundance [Oates, 1990; Hanya et al., 2011], we also predict that the abundance of
brown howlers is directly related to the availability of their preferred plant items [e.qg.,

mature fruits and young leaves: Chaves & Bicca-Marques, 2016] (prediction 2).

METHODS
Study Species

Howler monkeys are folivorous-frugivorous primates that have the largest
distribution and occupy the widest range of forest types among Neotropical primates
[Crockett & Eisenberg, 1987]. The brown howler monkey, Alouatta guariba clamitans,
occurs from the state of Minas Gerais to the state of Rio Grande do Sul in Brazil and in
the province of Misiones in Argentina [Gregorin, 2006]. The taxon is endemic to the
Atlantic forest, a world’s biodiversity hotspot [Myers et al., 2000] that is currently split
into 245,000 forest fragments [83% <50 ha; Ribeiro et al., 2009]. Diet composition
includes primarily leaves and fruits from Leguminosae, Lauraceae, Moraceae and

Myrtaceae species [Chaves & Bicca-Marques, 2013, 2016].

Study Site

The study was conducted in Morro S&o Pedro (hereafter MSP; 30°8'34"N -
30°12'6,4"S, 51°5'26"E - 51°8'7,5"W, 35-289 m a.s.l.), the largest Atlantic forest
remnant (ca. 1,200 ha of forest) in the municipality of Porto Alegre, state of Rio Grande

do Sul, Brazil (Fig. 1). The site is covered by a mosaic of mature and secondary
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subtropical semideciduous forests and natural grasslands surrounded by tree plantations
(Eucalyptus spp. and Pinus taeda), human settlements, pastures, and cultivated lands. A
total of 123 tree species distributed in 41 families were found in MSP in this study.
Most of these species (109 spp. or 89%) provide food sources for brown howlers (Table
SI). Twenty-five of them are considered top food species (i.e., those species that
together contribute >80% of total feeding records) according to Chaves & Bicca-
Marques [2013, 2016]. A small portion of MSP is legally protected in one public
(Reflgio de Vida Silvestre Sdo Pedro, 136 ha) and two private (Instituto Econsciéncia,
142 ha; Reserva Particular do Patrim6nio Natural Costa do Cerro, 12 ha) nature
reserves. However, most of its area experiences strong human pressures, especially via
urbanization, deforestation, illegal selective logging, fire, water contamination, and
motocross practicing [Velez et al., 1998; Overbeck et al., 2011].

According to our meteorological records for MSP, average monthly temperature
between 2012 and 2014 was 22°C. Daily temperatures ranged between 7°C and 26°C in
the Winter and between 22°C and 34°C in the Summer. Average total annual rainfall
was 1,130 mm for these years.

The brown howler monkey is the only primate inhabiting the site and the largest
surviving arboreal frugivorous species of the original regional fauna. Therefore, it is
unlikely that any of the other remaining arboreal frugivores are capable of outcompeting
brown howlers at food sources via contest competition. This absence of “stronger”
competitors qualifies the study site as an adequate scenario for testing the influence of
food availability on howler monkey distribution because interspecific spatial
segregation is probably null. We estimated a population of 1,662 brown howlers (=1.4

inds/ha; 95% confidence interval: 1,225-2,256) for MSP (Table SlI, Fig. S1).
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Howler Monkey Surveys

We established five line transects (2.6-4.3 km long, Fig. 1) marked with colored
flagging tape at 3-m intervals (removed after the study) from August to December 2014.
DC (eventually accompanied by one assistant) walked transects from 7:00 to 13:00 and
from 13:30 to 18:30 at an average speed of ca. 1 km/h as suggested by Buckland et al.
[2010a]. Each transect was walked once in periods of three days every two weeks from
January to June 2015 (sampling effort per transect=12 surveys). Therefore, a total of ca.
205 km was walked during 36 days of sampling. The starting point (south or north of
transect) was alternated between consecutive surveys to reduce sampling bias. Because
the rain critically compromises visibility and animal detection, no survey was carried
out during rainy days.

DC collected the following data during each sighting of a howler monkey group
or solitary individual: date, time, transect number, number of animals, sex-age
composition [sensu Mendes, 1989], perpendicular distance from the transect to the
center of the group using a 30-m measuring tape [Buckland et al., 2010a, 2010b], and
geographic positioning using a GPS devise (Garmin Oregon 550t). The center of the
sighting location was marked with a flagging tape. We used the number of brown
howlers recorded in each sighting location [i.e., cluster size, sensu Thomas et al., 2010]

as an estimate of abundance at the fine spatial scale.

Spatiotemporal Food Availability
We carried out vegetation surveys from January to September 2015 to estimate
local food availability. In each sighting location (whose center was marked with a

flagging tape) we established 20 m x 20 m tree survey plots (hereafter sighting plots)
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and identified and measured all trees with diameter at breast height (DBH) > 5 cm.
OMC identified the trees based on taxonomic keys of the flora of the state of Rio
Grande do Sul [Sobral et al., 2006]. Botanical vouchers of trees that could not be
identified in the field were collected for later identification in the laboratory and/or the
Herbarium of the Museum of Science and Technology of the Pontifical Catholic
University of Rio Grande do Sul, Brazil. Twenty-five 20 m x 20 m additional tree
survey plots were established 120 m SE of 25 randomly selected sighting plots (five
sighting plots per line transect) to estimate food availability at control sites. Overall, we
sampled one hundred and twenty 20 m x 20 m plots (=4.8 ha).

DC and OMC monitored the phenology of 1 to 11 adult trees (mode and
median=10) of 17 native top food species for brown howlers [according to Chaves &
Bicca-Marques, 2013] in the central transect (T3, Fig. 1) the day before the beginning of
each three-day howler monkey survey period. The availability of ripe and unripe fruit,
mature and young leaves, and flowers of the 132 adult trees was estimated by the semi-
quantitative method of Fournier [1974]. A Phenological Index for the Species (PIS) was
obtained by averaging the scores of each phenophase of the individual trees of each top
food species at the respective sampling period. Following Agostini et al. [2010], we
calculated the Food Availability Index (FAI) by multiplying the dominance (total basal
area of a given species in the 400-m? plot) by its PIS. Then, we summed up FAI (for
each phenophase) of each species found in each plot for calculating an overall FAI of

each phenophase per plot during a given period sampled.
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Statistical Analyses

We tested whether the availability of ripe fruits, unripe fruits, young leaves, and
mature leaves affect the distribution of brown howlers by comparing the FAI of the
same number of sighting and control plots per sampling period via one-tailed Mann-
Whitney tests using the function ‘wilcox.test’ in R [R CoreTeam, 2015]. The subset of
control plots matching the number of sightings in a given sampling period was
randomly chosen using the function ‘sample’. We tested the relative influence of food
availability (ripe fruits, unripe fruits, young leaves, mature leaves, and tree richness) on
brown howler cluster size (i.e., the number of individuals observed in each sighting) by
performing a Generalized Linear Mixed Model with Poisson error distribution [GLMM,;
Zuur et al., 2009] using the R package nlme [R CoreTeam, 2015]. We reduced the effect
of multicollinearity between predictor variables by selecting those variables with
Variance Inflation Factor (VIF) <2 as suggested by Zuur et al. [2009]. We identified
these variables by using the ‘VIF’ function of the R package car [R CoreTeam, 2015].
Unlike other linear models, GLMMs account for temporal and/or spatial pseudo-
replication problems by simultaneously assessing the influence of random factors (i.e.,
the repeated variables) and fixed factors on the model [Zuur et al., 2009]. We specified
the line transect and the sampling period as random factors and the availability of each
plant item as fixed factors. We determined the minimal adequate (i.e., the most
parsimonious) model by the model simplification process described by Crawley [2012].
In this procedure, the model containing all factors, interactions and covariates of interest
(i.e., the maximal model) is simplified until a model that produces the least unexplained
variation or the lowest AIC is achieved [see Crawley, 2012]. All statistical analyses

were ran in Rv.3.2.1 [R CoreTeam, 2015].
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239 This research was approved by the Scientific Committee of the Faculty of

240  Biosciences of the Pontifical Catholic University of Rio Grande do Sul (project SIPESQ
241 #5933). It met all Brazilian animal care policies and adhered to the ethical and legal
242 requirements established by the American Society of Primatologists and the Ethical
243  Committee of the Zoological Society of London for research with nonhuman primates.
244

245  RESULTS

246 A total of 95 howler monkey sightings were recorded during the 205 km walked
247  (transect 1=28 sightings, 2=12, 3=27, 4=17, 5=11). The number of sightings per

248  sampling period varied from 2 to 12 (mean + S.D.=8 * 3; G-test=13.8, d.f.=11, P=0.2).
249 The availability of unripe and ripe fruits was significantly higher in sighting
250  plots (median=4.4 and 1.1, respectively) than in control plots (unripe fruits:

251  median=2.1, W=5572, P=0.0009; ripe fruits: median=0.4, W=5347, P=0.006).

252  However, the availability of young (median=13.7 vs. 13.3, W=4345, P=0.5781) and
253  mature leaves (median=276.4 vs. 194.8, W=4844, P=0.127) did not differ between

254 sighting and control plots (Fig. 2). Prediction 1 was supported in relation to the role of
255 ripe fruits, but not in relation to young leaves.

256 On the other hand, the abundance of howler monkeys (number of individuals
257  recorded) in each sighting location was positively related to the availability of ripe

258  fruits, although its effect only approached significance (3=0.02, P = 0.06, Table I).

259  However, unripe fruits, young leaves, mature leaves, and tree richness or the

260 interactions between these variables did not influence brown howler abundance (Table
261 ). Therefore, we found only weak support to prediction 2.

262
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DISCUSSION

We found that the availability of fruit of top food species was the most likely
driver of the spatial distribution and abundance of brown howlers within the 1,200 ha
Atlantic forest fragment in south Brazil. This importance of fruits can be explained, at
least in part, by their key role in satisfying the nutritional demands of primates [Milton,
1998; Lambert, 2011; Behie & Pavelka, 2015; Righini et al., 2015]. Overall, ripe fruits
are high quality foods (i.e., easily digestible foods with a high content of carbohydrates
and minerals compared with other plant items exploited by primates, such as mature
leaves and flowers [Lambert, 2011; Behie & Pavelka, 2015; Lambert & Rothman,
2015]. This critical role was clearly highlighted by Silver et al.’s [1998] description of
howler monkeys as “as frugivorous as possible, as folivorous as necessary.”

Contrasting with fruits, mature leaves are more abundant resources that are rich
in protein, but that are also high in fiber and secondary metabolites against herbivory
[Dias & Rangel-Negrin, 2015; but see Righini et al., 2015]. Therefore, the exploitation
of a more frugivorous diet is expected to result in a higher energy intake than that of a
more folivorous one. Compatible with this expectation, brown howlers tend to cover
longer day ranges when feeding heavily on fruit [Limeira, 1996; Agostini et al., 2010].
These findings give support to the adoption of a high cost-high reward strategy during
periods of higher frugivory and a low cost-low reward strategy during periods of higher
folivory [sensu Zunino, 1986]. However, these patterns may not hold true when
consumers exploit abundant, but clumped, fruit species. Under these circumstances,
frugivores may camp during several days near productive fruiting sources [Zunino,

1986]. This strategy has been reported for other frugivores [Unruh, 1990], including
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Brachyteles hypoxanthus [Strier, 1987; Tabeli & Lee, 2010] and Alouatta seniculus
[Palacios & Rodrigues, 2001].

Although such camping behavior is compatible with our findings, it is also
possible that the strong relationship between howler monkey distribution and fruit
availability resulted from its limited supply during the study period. The FAI of fruit,
particularly ripe ones, was much lower than that of leaves. Although data from a recent
3-year study on two brown howler groups at the same site showed that the availability
of these items does not vary widely throughout the year, the production of ripe fruit
tended to be higher in the first half of the year (the period covered by this study),
whereas the yield of young leaves tended to be higher in the second half of the year
[Chaves & Bicca-Marques, 2016]. However, there is reliable evidence that the
availability of ripe fruit and young leaves of most top food species is indeed higher in
the Spring (particularly in September and October; Chaves & Bicca-Marques, 2016), a
period that was not covered by this study.

In fact, MSP brown howlers intensively exploited abundant sources of young
leaves during their 1 to 2-mo long flushing [Chaves & Bicca-Marques, 2016].
Therefore, it is reasonable to expect that this heavy exploitation of young leaves may
significantly influence the spatial distribution of brown howlers in a similar way at these
times. Whether the most limiting or the most profitable of these seasonal resources play
a major role in driving the distribution of consumers during lean and wealth periods by
directly influencing their pattern of space use is an interesting open question for future
research.

The fact that howlers feed on a limited number of plant species per day [mean

SD=7 £ 2, N=12; Bicca-Marques, 2003] is compatible with the adoption of a
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“traplining” strategy [Dew & Wright, 1998]; that is, a strategy by which consumers
travel between consecutive target resources of the same species [see Bicca-Marques,
2005]. The consecutive heavy exploitation of a small set of trees of species that fruit
asynchronously throughout the year in the study region [e.g., Syagrus romanzoffiana,
Areacaeae, and Ficus spp., Moraceae: Marques, 2001; Chaves & Bicca-Marques, 2016]
is a good example of this strategy. This strategy is also compatible with evidence that
howlers are capable of keeping a mental map of the distribution of important food trees
[Fortes et al., 2015]. Therefore, if howlers are traplining fruit sources of a few species
during a given period, they are more likely to be found near them instead of in areas of
the home range where these species are absent. Understanding which resources brown
howlers are exploiting in these food sources may better qualify us to evaluate their
potential contribution to the distribution of these animals at a finer spatial scale.

While stronger interspecific competitors are absent from MSP, the site presented
a high population density of brown howlers. This high density of conspecifics might
force social groups to explore small home ranges where they travel shorter distances
[Fortes et al., 2015]. Both the absence of interspecific food competitors and a higher
availability of potential sources of high quality foods support this high howler monkey
density. The difference in the availability of fruit between sighting and control plots
gives support to the contention that howler monkey clumped distribution at MSP is
centered on fruit sources.

In sum, we found that the spatial distribution and availability of fruit sources
seem to play a critical role in the pattern of habitat use by this high density population
of brown howlers of Morro S&o Pedro, at least during part of the year. Understanding

the proximate cause(s) of this relationship would require an examination of the
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nutritional content of food items exploited throughout the year together with a longer (at
least one year) phenology sampling and the identification of the species that drive their
ranging behavior. An increase in the number of control plots would also potentially
increase the reliability of the comparisons with sighting plots. Nevertheless, we
highlight the importance of spatiotemporal fine scale studies in detecting determinants

of primate spatial distribution and abundance.
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Table I. Results of the GLMM for the three best models examining the influence of food
availability and tree richness on brown howler cluster size in Morro S&o Pedro, Rio

Grande do Sul, Brazil.

Variable? AIC* B S.E. t d.f. P-value
Model 1° 458.2
Intercept 4.16 0.33 12.80 48 <0.0001
Ripe fruit 0.02 0.01 1.90 0.06
Model 2 463.7
Intercept 3.53 1.17 3.02 47 0.004
Ripe fruit 0.02 0.01 1.93 0.06
Tree richness 0.03 0.06 0.56 0.58
Model 3 474.8
Intercept 3.55 1.17 3.02 46 0.004
Ripe fruit 0.02 0.01 191 0.06
Tree richness 0.03 0.06 0.52 0.61
Young leaves 0.0005 0.004 0.13 0.89

8We specified the line transect and the sampling week as random factors and the availability

of ripe fruits, unripe fruits, mature leaves, and young leaves as fixed factors (see Methods).
bMinimal adequated model or best model.

¢Akaike’s Information Criterion.
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Figure legends

Fig. 1 Satellite image of the study site (Morro S&o Pedro) showing the length and location of
line transects and sampling plots where tree surveys were performed (see Methods). Circles

represent sightings plots and squares represent control plots. Adapted from Google Earth©.

Fig. 2 Availability of vegetative and reproductive structures of the top food tree species
exploited by brown howler monkeys. Comparisons between sighting (S) and control (C) plots
are shown. Boxes represent the first and third interquartiles (IQR) of Food Availability Index
(FAI), whiskers represent the IQR multiplied by 1.5, the black line within each box represents
the median of FAI, whereas the small red line represents the mean FAI. Dots represent the
FAI of each plot. Different letters indicate significant differences according to the Mann-

Whitney test (P<0.05).
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Supporting Information

Camaratta D, Chaves OM, Bicca-Marques JC. 2016. Fruit availability drives the spatial

distribution of brown howler monkeys within a large Atlantic forest remnant.

Table SI. List of tree species found in Morro Sdo Pedro, Rio Grande do Sul, Brazil. Data
based on plant surveys of trees >5 cm diameter at breast height (DBH) in one-hundred-and-
twenty 20 m x 20 m plots (=4.8 ha).

Family Species! Food source?? Basal area (m?) VI
Euphorbiaceae Sebastiania serrata yes 15313.94 56.4
Nyctaginaceae Guapira opposita yes 7013.79 26.4
Primulaceae Myrsine umbellata yes 3804.09 18.4
Salicaceae Casearia sylvestris yes 2780.37 17.4
Anacardiaceae Lithraea brasiliensis yes 3843.86 15.7
Euphorbiaceae Actinostemon concolor no 1159.13 12.8
Sapotaceae Chrysophyllum marginatum yes 1475.98 10.7
Meliaceae Trichilia claussenii yes 1211.38 10.5
Sapindaceae Allophylus edulis yes 1086.92 8.87
Ebenaceae Diospyros inconstans yes 823.71 7.76
Moraceae Sorocea bonplandii yes 320.07 7.31
Sapindaceae Cupania vernalis yes 566.86 6.42
Salicaceae Casearia decandra yes 249.20 6.08
Moraceae Ficus cestrifolia yes 1330.21 5.77
Fabaceae Enterolobium contortisiliquum yes 654.50 4.57
Malvaceae Luehea divaricata yes 399.01 4.54
Lauraceae Ocotea porosa yes 497.78 3.86
Myrtaceae Myrciaria cuspidata yes 113.52 3.7
Urticaceae Coussapoa microcarpa yes 455.90 3.55
Fabaceae Machaerium stipitatum yes 108.59 3.17
Salicaceae Banara parviflora yes 137.52 3.14
Rubiaceae Faramea montevidensis yes 44.74 2.94
Rutaceae Zanthoxylum rhoifolium yes 26.04 2.75
Clusiaceae Garcinia gardneriana yes 42.57 2.55
Myrtaceae Annona sylvatica yes 31.10 2.54
Annonaceae Myrcianthes pungens yes 76.38 2.54
Boraginaceae Cordia americana yes 102.67 2.4
Lauraceae Ocotea pulchella yes 97.15 2.32
Myrtaceae Myrcia glabra yes 32.21 2.23
Lauraceae Nectandra megapotamica yes 65.09 2.19
Meliaceae Calabrea canjerana no 153.57 2.14



Rubiaceae
Meliaceae
Fabaceae
Myrtaceae
Erythroxylaceae
Sapotaceae
Euphorbiaceae
Rubiaceae
Myrtaceae
Myrtaceae
Sapotaceae
Arecaceae
Fabaceae
Primulaceae
Myrtaceae
Moraceae
Sapindaceae
Euphorbiaceae
Avraliaceae
Cannabaceae
Euphorbiaceae
Myrtaceae
Rutaceae
Primulaceae
Salicaceae
Chrysobalanaceae
Rosaceae
Rubiaceae
Myrtaceae
Myrtaceae
Fabaceae
Myrtaceae
Symplocaceae
Urticaceae
Quillajaceae
Primulaceae
Meliaceae
Musaceae
Anacardiaceae
Sapotaceae
Moraceae
Rhamnaceae
Rutaceae
Myrtaceae

Chomelia obtusa
Trichilia elegans

Inga striata
Campomanesia xanthocarpa
Erythroxylum argentinum
Chrysophyllum gonocarpum
Sebastiania brasiliensis
Guettarda uruguensis
Eugenia rostrifolia
Eugenia sp.?
Chrysophyllum inornatum
Syagrus romanzoffiana
Mimosa bimucronata
Myrsine glomerata
Myrcianthes gigantea
Ficus luschnatiana
Matayba elaeagnoides
Pachystroma longifolium
Dendropanax cuneatus
Trema micranta
Sebastiania commersoniana
Psidium cattleianum
Esenbeckia grandiflora
Myrsine guianensis
Xylosma ciliatifolia
Hirtella hebeclada
Prunus myrtifolia

Randia ferox

Eugenia bacopari
Eugenia involucrata

Inga marginata

Eugenia uniflora
Symplocos uniflora
Cecropia pachystachya
Quillaja brasiliensis
Myrsine coriaceae
Guarea macrophylla
Musa acuminata*
Schinus terebinthifolius
Sideroxylon obtusifolium
Maclura tinctorica
Hovenia dulcis*
Zanthoxylum caribaeum
Eugenia sp.3

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes
yes
yes
yes

Camaratta 41

17.83
11.50
158.65
33.21
49.42
12.98
6.40
3.29
5.98
5.84

11.54
12.04
12.22
15.44
5.43
11.01
12.63
14.98
4.00
4.35
1.04
1.03
1.11
2.24
0.54
2.86
3.63
0.23
0.44
1.11
2.38
0.87
0.80
2.29
1.40
0.93
0.08
0.67
1.07
1.87
1.09
2.06
0.47
0.24

2.13
1.99
1.9
1.75
1.63
1.59
1.39
1.39
1.35
1.22
1.1
0.96
0.91
0.89
0.83
0.75
0.73
0.73
0.71
0.62
0.58
0.53
0.52
0.49
0.44
0.44
0.43
0.43
0.42
0.41
0.38
0.35
0.35
0.34
0.33
0.33
0.32
0.31
0.31
0.26
0.26
0.25
0.24
0.24



Aquifoliaceae
Styracaceae
Verbenaceae
Myrtaceae
Lamiaceae
Euphorbiaceae
Boraginaceae
Rhamnaceae
Anacardiaceae
Euphorbiaceae
Anacardiaceae
Malvaceae
Myrtaceae
Lauraceae
Rosaceae
Lauraceae
Euphorbiaceae
Myrtaceae
Pinaceae
Myrtaceae
Myrtaceae
Moraceae
Asteraceae
Lauraceae
Ebenaceae
Lauraceae
Oleaceae
Rutaceae
Proteaceae
Solanaceae
Rutaceae
Myrtaceae
Lauraceae
Bignoniaceae
Solanaceae
Myrtaceae
Cardiopteridaceae
Myrtaceae
Lauraceae
Myrtaceae
Rutaceae
Chrysobalanaceae
Sapindaceae
Lauraceae

Ilex dumosa

Styrax leprosus
Citharexylum myrianthum
Eugenia sp.5

Vitex megapotamica
Alchornea triplinervia
Cordia ecalyculata
Colubrina glandulosa
Manguiffera indica
Sapium c.f. haematospermum
Schinus molle

Ceiba speciosa
Eucalyptus grandis*
Ocotea acutifélia
Eriobotrya japonica*
Ocotea sp.2

Sapium glandulosum
Blepharocalyx sp.2
Pinus taeda*

Psidium guajava
Syzygium jambos

Ficus adhatodifolia
Gochnatia polymorpha
Nectandra sp.2
Diospyros kaki*
Ocotea sp.1
Chionanthus trichotomus
Zanthoxylum sp.2
Roupala brasiliensis
Solanum sp.1
Zanthoxylum sp.1
Eugenia sp.6

Ocotea sp.3
Handroanthus pulcherrimus
Solanum sp.2

Myrcia sp.1

Citronella paniculata
Eugenia sp.1
Nectandra sp.1
Blepharocalyx sp.1
Citrus reticulata
Hirtella sp.1

Matayba sp.1
Nectandra oppositifolia

yes
yes
yes
yes
yes
yes
yes
yes
no
no
yes
yes
no
yes
yes
yes
no
yes
no
yes
yes
yes
no
yes
yes
yes
no
no
yes
yes
no
yes
yes
yes
yes
yes
no
yes
yes
yes
yes
yes
yes
yes
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0.15 0.24
0.13 0.24
5.60 0.24
0.22 0.21
0.28 0.2
1.01 0.19
0.74 0.18
0.47 0.18
2.77 0.16
1.49 0.15
0.25 0.14
1.95 0.13
4.16 0.12
0.11 0.12
0.03 0.12
0.02 0.12
0.02 0.12
0.02 0.12
1.31 0.1
0.51 0.09
1.27 0.08
0.46 0.06
0.26 0.06
0.22 0.06
0.08 0.06
0.05 0.06
0.04 0.06
0.03 0.06
0.03 0.06
0.03 0.06
0.01 0.06
0.01 0.06
0.009 0.06
0.008 0.06
0.008 0.06
0.007 0.06
0.005 0.06
0.005 0.06
0.005 0.06
0.004 0.06
0.004 0.06
0.004 0.06
0.004 0.06
0.004 0.06
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Moraceae Morus nigra* yes 0.003 0.06
Myrtaceae Eugenia sp.4 yes 0.003 0.06
Euphorbiaceae Sebastiania sp.1 no 0.003 0.06
Fabaceae Schizolobium parahyba yes 0.002 0.06
No. families = 41 No. species = 123 No. TFS =25

! Alien species are marked with an asterisk.

2 Top food species (TFS) for brown howlers according to Chaves & Bicca-Marques [2013,

2016] are highlighted in bold.
IVI=Importance Value Index
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Estimation of brown howler density

We estimated the density of brown howler monkeys implementing the Conventional Distance
Sampling (CDS) method in Distance v.6.0 [Thomas et al., 2010]. This method uses a set of
flexible semi-parametric functions to model a detection function, which represents the
probability of detecting an animal as a function of the animal-transect distance [Thomas et al.,
2010]. We tested the hazard-rate, half-normal, and uniform detection function models using a
cosine adjustment. For each model, we truncated both 5% of data and outliers, and selected
the best model based on the Akaike’s Information Criterion corrected (AICc) as
recommended for small sample sizes [Buckland et al., 2001]. We determined the expected
cluster size (number of individuals in each sighting) using size-biased regression methods
(natural log of cluster or group size against estimated g(x)) to account for the fact that large
groups are easier to detect at greater distances than small groups [Thomas et al., 2010]. The
detection probability decreased at greater distances from the transect (Fig. S1). However, as
most sightings were grouped near transects, the fit of the data to the model was poor, limiting

the prediction value of the model.
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Table SII. Results of the density function models tested for brown howlers in the Morro Séo

Pedro, Rio Grande do Sul, Brazil.

Model description No. ind/ha Density®

Key function®  Truncation AICc®

Uniform 5% 575.5 1.4(1.0-1.8) 1662 (1225-2256)
Half-normal 5% 576.1 1.4(1.0-1.9) 1683 (1229-2303)
Negative-exponential ~ outliers 630.4 2.2 (1.5-3.1) 2618 (1835-3737)

Half-normal outliers 636.3 1.3(0.9-1.8) 1601 (1160-2211)

¥The adjustment term was Cosine for all the models.

bAkaike’s Information Criterion corrected (AlCc).

“Density of individuals in the entire study area (i.e., 1200 ha).

In parentheses 95% confidence intervals for the best density function model.
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Fig. S1. Detection probability plot for brown howlers sighted from five line transects during

the study period in Morro S&o Pedro, southern Brazil.
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