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Abstract

Despite its obvious importance, an understandirgpecies and communitjstribution
patterns at a scale with sufficient resolutiondonservation planning is often lacking,
even for relatively well-known taxa. This thesiamines potential drivers of primate
distribution and community heterogeneity at twotgpacales in south-western
Amazonia: at the scale of a major watershed, aimagysccurrence and abundance of 12
species of primates at 37 survey sites and, didhee range scale, quantifying the
habitat use, diet, and ranging and feeding pattefrfise habituated groups of bald-
faced saki monkey#(thecia irrorata).

Substantial primate community heterogeneity wasiesl in this relatively small
region of Amazonia, reflecting species patchinesthier than species turnover. Two
species known to occur in the region were undetieattall 37 survey sites, while three
others were present at fewer than half the sitébitat type and geographic location
each affect community heterogeneity, and humanitgipressure increases
heterogeneity by reducing the abundance of largkeldospecies.

The bald-faced saki, one of three species dispigyatchy distributions in the region,
maintained a broad diet of over 220 plant speaigscansumed primarily the seeds of
immature fruit. By feeding on unripe fruit, whiglas more consistently available than
ripe fruit, sakis appeared to reduce competitiotn wther larger fruit-eating primates
and reduce the need to expend greater foraging effaonsume less desirable foods,
even in periods of low fruit availability. Dietapwerlap with another arboreal seed
predator, the larger-bodied macawsd spp), appeared to be limited. Movement
patterns of sakis appeared to be affected moreregtftype than food availability. Use
of terra firme forest overall was greater than exp@, and large group size, small home
range, and high home range overlap associatedthgiorest type all suggest that saki
densities in south-western Amazonia will be higheserra firme forest with well-
developed vegetation structure. Areas preferreshliis had greater, more uniform
canopy structure, both within study group home esrand in the surrounding
landscape, suggesting that habitats that facilitateement and reduce detectability for
a species with high vulnerability to predation @ngbtic colouration and behaviour are
preferred.

Habitat and dietary preferences must be considegather with other factors in
determining occurrence and population densitieseatandscape level. In accordance
with these findings, regional barriers to dispersath as rivers, and finer-scale
ecological specialisation, such as a preferenctaflar, more uniform canopy, may
limit the utility of coarse-scale data, such ascggerange maps, for regional-scale
conservation planning, even for relatively welleigd taxon like primates.
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Chapter 1: Introduction

Spatial patterns of communities and species distriltions

Two of the basic puzzles of animal ecology are Bpecies are distributed across a
landscape and what determines their distributidtepss. Both are essential for
effective conservation planning (Currie et al. 199@rgules and Pressey 2000). If
species distribution patterns vary in heterogen@aiigral communities across a region
of interest, conservation efforts must focus orueng that high conservation value
areas that best capture species diversity and coityrheterogeneity are represented in
conservation planning and implementation (Pres®& 1Gaston 2003, Groves 2003,
Brooks et al. 2004).

Despite its obvious importance, an understandirgjstributionpatterns at a scale with
sufficient resolution for meso-scale {00 km?®) conservation planning within the
Amazon basin is often lacking, even for relativeigil-known taxa (Emmons 1999,
Phillips et al. 2003a, Peres 2005, Tuomisto 20®P8tchy distribution patterns resulting
from a species’ specialization on spatially resdchabitats, such as bamboo or palm
swamp forests (Emmons 1984, Kratter 1997) or oreeanal habitats created by fluvial
dynamics (Salo et al. 1986, Peres 1993, Tuomishah 995) are well documented and
can be estimated through analysis of satellite @aagegetation maps, and similar
tools. In contrast, assessing species preserai@gsence and, consequently, the level of
community heterogeneity within a spatially dominhabitat, such as unflooded terra
firme or floodplain forest, remains a major chaflerio conservation planners. Range
maps based on coarse occurrence data delineatesgestributions and have been
used for conservation planning, yet their levebadcision may not be sufficient for
regional-scale planning (Hurlbert and White 20082, Jetz et al. 2008).
Consequently, documenting and understanding tlverdrof the degree to which
species vary in abundance, the structural hetemtyeof the communities they form,
and the determinants of this variation can proviaeable insights for designing and
implementing conservation strategies across lagmns of tropical forest, such as the

Amazon basin.



Spatial patterns of rare species

While discussion of rarity and patchy distributipsitterns for a given taxon often
focuses on the results of habitat loss and fragatient (Peres 2001, Mbora and Meikle
2004, Michalski and Peres 2005), many speciesattgally rare at different scales
(e.g. Kunin and Gaston 1993, Yu and Dobson 200@;dtat et al. 2002, Borges 2006).
These patterns of rarity vary from restricted raagesas with high density, to wide
geographic ranges with uniformly low density (Ratbwitz 1981, Dobson and Yu 1993,
Pitman 1999), to natural patchiness in which sgedensity varies from low to high at
sites of close proximity relative to the speciesggaphic range (Gentry 1988, Terborgh
and Andresen 1998).

Habitat quality likely plays an important role ietdrmining species abundance and
distribution patterns. For example, habitat qydi&s been shown to be negatively
correlated with primate home range size but paaditicorrelated with population
density (e.g. Struhsaker 19€&rcopithecusStevenson 200bagothriX). The
availability of high-quality food is a known detemant of the ranging patterns of
various primate taxa (e.g. Vedder 1984rilla, Dietz et al. 1997, Stevenson 2006,
Suarez 2006), particularly for frugivores, who spkze in an ephemeral resource,
though the relationship between food availabilitgd @pace use of primate groups is
variable (Chapman 1988ebusandAlouattain Costa Rica, Stoner 1996). Forest
structure, which facilitates access to food, movwenaeross a home range, and
potentially predator avoidance for canopy residems been shown to affect the use of
certain habitat types by primates (e.g. Lemos derf@aStrier 1992, Porter et al. 2007)
and other prey taxa (Fortin et al. 2008). Nevéeitw food, vegetation structure, and
other features of suitable habitat are poorly kndevrmany species, particularly in

tropical forests.

The primates of Madre de Dios

Amazonian primates provide a good example of artawoc group that is relatively
well known on a coarse scale, but remains poorbnknat a scale that is fine enough
for landscape conservation planning. Southeagtera boasts some of the highest
primate alpha-diversities on earth (Terborgh 1#8mons 1999), with 13 resident
species, ordered from smallest to largest body pizgmy marmosetGebuella

pygmaey saddleback tamariiséguinus fuscicolljs emperor tamarinS. imperatoy,



Goeldi's marmosetGallimico goeldi), Bolivian squirrel monkeySaimiri boliviensiy,
brown titi (Callicebus brunneysnight monkey Aotus nigricepy bald-faced saki
monkey Pithecia irroratg), white-fronted capuchirQebus albifronjs brown capuchin
(C. apellg, Bolivian red howler monkeyAouatta seniculus Peruvian spider monkey

(Ateles chamgkand grey woolly monkeyagothrix cand.

Within this diverse primate community, several seedisplay patchy distributions
across their geographic ranges that are poorlydgtex and largely unexplained. For
example, the large-bodied frugivorous woolly monk&kiich has been detected
intermittently in regional surveys (e.g. Freesalefl982, Peres 1997), lives in large
groups and may rely on large fruit patches to pe(Bleres 1994a, Stevenson and
Castellanos 2000). Although it is widely huntednwynans (Peres 1990, Ohl-
Schacherer 2007) and is less abundant at hunesd(Bieres 1997, Kirkby 2004, Endo et
al. 2010), it is absent from some historically nomted sites (Terborgh 1983) and
purportedly from most of the MDD basin (Kirkby ét 2000, Schulte-Herbriiggen and
Rossiter 2003, Kirkby 2004). At the other endha spectrum, the small-bodied
Callimico goeldij considered a bamboo / canopy gap specialistdP2004), is seldom
reported in MDD (Terborgh 1983, Pitman 2008) anly stightly more regularly in
surveys in adjacent Pando, Bolivia (Christen ans$sean 1994, Buchanan-Smith et al.
2000). Finally, a medium-bodied seed predatorptid-faced sakiRithecia irrorata),

one of the more enigmatic primates of the Amazarabse of its cryptic, retiring

nature, occurs at highly variable abundance irepadtthat are unexplained, but seem to

result in it being absent or rare in much of thgior’'s extensive protected areas.

My first research objective, therefore, was to difiathe meso-scale heterogeneity of
primate communities of the Madre de Dios basin,tarekamine potential natural and
anthropogenic drivers of that heterogeneity. Sdlygithe outstanding lack of
information about habitat and dietary requiremenht3. irrorata led me to focus on this
species and to investigate aspects of its ecojmmyicularly its habitat use, diet, and
ranging and feeding patterns, that might affegpitssence/abundance throughout its
geographic range. This study thus attempted terohée why such variation in its
density occurred within forests that, for now, remalatively intact at a regional scale.



Bald-faced saki monkeys

Five species of saki monkeRithecia aequatorialisP. albicansP. irrorata, P.
monachusandP. pithecig are currently recognized (Hershkovitz 1987), Hredr
ranges span the Amazon from the northeast in Fr&uwiéina and Suriname, south and
west to northern Bolivia and southeastern PerkisSae mediunsized (1.8 — 2.3 kQ)
arboreal seed predators that live predominantfgmmly groups of 2 — 8 individuals,
typically consisting of a male, one or more femase®l one or more generations of
offspring. Sakis south of the Amazon River arewngrimarily from mammal
inventories (Branch 1983, Peres and Janson 1998naten et al. 2002, Youlatos 2004,
Haugaasen and Peres 2005, Sheth et al 2009), aadatyggical studies (Johns 1986,
Soini 1986), with a few species-specific monitoreftprts (Happel 1982, Peres 1993).
Their dispersal appears to be affected by maj@rsivas the geographic ranges of all
saki species are bounded at least partially bysif®ranch 1983, Bennett et al. 2001,
Heymann et al. 2002, Haugaasen 2004, Norconk andli@eBrittain 2004). For
example, the geographic range of the bald-facedcsaisidered in this study includes
the humid forests of the Amazon basin south ofAimazon River from the Tapajos
River in east-central Brazil west to the Madre desCand Jurud rivers in southeastern

Peru.

Importance of the study

This study is important or novel for several reason

(1) The relative integrity of the forested sitesveyed in this region allowed an
assessment of the structure and composition ofgpemommunities, as well as species-
level habitat selection and sub-population dynamiitsout the confounding influence

of forest fragmentation.

(2) Rarity in animals is still not well-understoadd natural patchiness even less
so, and this effort attempts to identify the chtgastics affecting the distribution of one
tropical forest vertebrate naturally distributedoat and sometimes highly variable

densities.

(3) While frugivores must either shift their behawi or their diets during
periods of seasonal ripe fruit scarcity (e.g. Tegbal983, Symington 1988, Peres
1994b, Stevenson et al. 2000, Palacios and Roarigd@l, Porter et al. 2007), species
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relying on more consistently available food researsuch as leaves or seeds, may be
able to maintain their staple diet for a greatetipo of the year (Norconk 1996). Seed
predation is unusual in primates but is the prialkcgetary strategy for Pitheciines,
potentially exposing them to reduced seasonal gganed allowing them to live
sympatrically with larger or more aggressive fruges. This strategy has to date been

studied primarily in Pitheciines north of the AmazRiver.

(4) This is the first long-term systematic studyPatheciasouth of the Amazon
River. The few longer-term studiesitheciaranging behaviour to date have
monitored non-habituated groups (Peres 1993bhtreduced individuals (Vié et al.
2001), chance encounters during synecological esudiohns 1986, Soini 1986), or
groups in habitat remnants (Oliveira et al 1985rddok 1996). The scarcity of
systematic habitat use data Ritheciaspecies to date has precluded our understanding
of essential relationships between them and traditats and, consequently, our ability
to make informed decisions relative to their disition. Sakis in southern Amazonia
are larger tha. pithecia are generally allopatric with larger Pithecii{€hiropotes
andCacajag, spend more time in the forest canopy and hawetad an appropriately
guadrupedal means of locomotion, and may need totanalarger home ranges than
P. pithecia

Study region

This study considers two main spatial scales: tlefd de Dios basin in southeastern
Peru and a single site within it, in the sub-badithe Los Amigos River (Figure 1). At
the broader scale, | studied the heterogeneityiofgte community composition and
structure at sites across the Madre de Dios (MDd3)rb To complement the primate
surveys that | led at 12 sites within the watersh&fdhe Las Piedras, Los Amigos,
Madre de Dios and Tambopata rivers, | compiled ttata surveys at 15 additional
sites along these rivers (Kirkby et al. 2000, Sthtiderbriggen and Rossiter 2003,
Nufiez-Iturri and Howe 2007), as well as in the M&iner basin (Kirkby 2004, Endo
et al. 2010).

Madre de Dios biodiversity and conservation
The high levels of biological diversity and theatglely intact state of the forests of the

MDD watershed make this region one of global im@ace for nature conservation. The



region harbors some of the world’s highest numbéspecies of various taxa,
including birds (Terborgh et.&990), mammals, including the 13 primate species
(Pacheco et all993, Solari et al. 2006), amphibians (Rodriguet @adle 1990), and
trees (Gentry 1988, Foster 1990).

DE -
- A
DIOS Medre ')
de Dios
Vi,
s
"-&ﬁ»-wﬂﬁ"’k\\
c, % ' -,
o, ‘9/% n,
%) _o”C: z:' N Focal saki 3

i study

Rt

W - k.
N " / area (
£ ; g e
wel < Maldonadyy s f.-f“‘-‘"
el gan‘-R il |
Madre { W

.y P
— Amarakaere) A Sl ” =
1 Communal e i |nombariRive AU

" Reserve At i — -
S SR et

@0 j 0w r""":‘b\"}:;;" a Bahua}a -Sonene
-—'—r—el — Rit fi
7 Kj —iefasy \) e { National Park
| f

Figure 1. Orientation map of the study region in Madre desDPeru. Primate community

surveys were conducted across the region, whiléotted area for the saki study is denoted by
the star near the confluence of the Los AmigosMadre de Dios rivers. The Inter-Oceanic
highway is shown as a thick dashed line runningubh the main town of Puerto Maldonado
and separating the conservation areas of the Maadr®/de Dios and the Tambopata

watersheds.

Legally designated areas for conservation or sueléde resource use, which cover
approximately 60% of the 85,000 kmf the MDD region (Figure 1, inset), include
three national parks, two reserves designateddimmeunal use, an area for indigenous
people in voluntary isolation, privately-manageds&rvation and tourism concessions,
as well as various smaller concessions designateskfraction of Brazil nuts or timber
that have restrictions on other uses. The higbgrerof forest cover (~90%, Phillips et
al. 2006, Asner et al. 2010) means that most obtbeiversity is still also found

outside, as well as within, protected areas.



Human population in MDD was historically sparse andcentrated into a few towns
along the highway and larger rivers. Neverthelassyntold number of temporary
settlements housing legal and illegal mining argtjing teams have become established
across the basin. Overhunting of larger-bodieohatés and subsequent decline in seed
dispersal services has already affected foreshe¥gtion at established settlements
(Nufez-Iturri and Howe 2007, Terborgh et al 20@@spite the absence of road
transport and intensive development. Although lasel change in the region has been
moderate until recently (Dourojeanni et al. 20@@)rent development patterns and
policies have prompted the rate of forest lossdagtadation to rise precipitously
(Asner et al. 2010). The paving of the Inter-Oge&tighway, which connects Brazil
with Peru’s Pacific coast and cuts through the meidd MDD (Figure 1), has rapidly
increased pressure for land use change in themedioojections by the Amazon
Scenarios study (Soares-Filho et al. 2005) inchidestantial forest conversion along

the development corridor associated with this nqvalyed highway.

Focal study area for bald-faced sakis

Within the larger survey region, monitoring of sakidy groups took place in a focal
area of approximately 335 ha of unfloodégtia firme) and floodplain forest at the
CICRA field station. The station sits at approxieta 270 masl between the Madre de
Dios and Los Amigos rivers in the southeastern @oofithe Los Amigos Conservation
Concession, at 12°34'07"S 70°05’'57” W (Figure 1jieh protects approximately
145,000 hectares of Amazonian lowland moist forethe watershed of the Los

Amigos River, a tributary of the Madre de Dios Rive

Foster (2001) divided the vegetation zones of the Amigos watershed into three
geologic formations: flat and hilly Amazon terrenfie forest and floodplains. The high
flat terrace, which occurs in the lower Los Amigueatershed and extends to the east,
consist mostly of tall, highly-diverse, closed-cpp@egetation with some open bamboo
stands on previously disturbed land. The dissestieep hills, large portions of which
have an understory of spiny bamb&uédua spp.occurring as open stands or under a
sparse tree canopy or are covered with dense angges, occupy much of MDD and
stretch north into central-eastern Peru, westeme Agrazil, and Bolivia (Nelson 1994,
Smith and Nelson submitted/in press). These stawadsir disturbed habitat specialists
and may be unsuitable for mature canopy specialigte Amigos floodplain, formed

7



from a third geologic formation, supports tall fth@ain forest as well as small stands of
Mauritia flexuosadominated palm swamp along the Madre de Dios Rilethis

thesis, | therefore discuss four primary forese/m the focal group study area: tall,
closed-canopy terra firme (upland) foréStjaduadominated bamboo stands (also
upland), mature closed-canopy floodplain forestl lnflexuosadominated palm

swamp.

From 2000 to 2006, annual rainfall averaged betv2¥@® and 3000 mm. Rainfall
patterns were seasonal: at least 80% of all rdlibvéewveen October and April while
less than 80 mm per month fell in June, July, ogdst (Pitman 2008, BRIT 2010).
Annual rainfall during this period ranged from 226hm in 2001 to 3,498 mm in 2003.
The first year of the study period, 2005, was arepkonally dry year in the Amazon
(Giles 2006, Aragao et al. 2007, Phillips et aD2Q with relatively low rainfall in
January, February and April, and unusually highfedi in June (typically the “dry”
season).

Despite increasing hunting, logging, and miningsptees both throughout the region
and in nearby areas along the Madre de Dios rikerLos Amigos watershed is
relatively undisturbed compared with other Amazonatersheds, and a full
complement of vertebrate species, including 1hefregion’s 13 primate species, is
found there (Pitman 2008). Of the primates, onbplly monkeys Lagothrix cana
and pygmy marmoset€ébuella pygmagaare absent from the lower Amigos

watershed.

Thesis aims and overview

The aim of this thesis is to contribute to our ustinding of the patterns and
underlying factors that affect the regional digitibn of primates, in the absence of the
effects of forest degradation, through complemegntasearch on primate communities
in MDD and the resource use and local and regidiséibution of its most poorly-
known primate species, the bald-faced saki monRéhécia irrorata). This species is
practically unstudied and, given a debate ovetiggibution and possible habitat
specialisation (Mittermeier and van Roosmalen 19&tborgh 1983, Haugaasen and

Peres 2005, Sheth et al. 2009), a second aimofdébearch was to better understand



the ecological requirements of this species anaseguently, help to interpret and

estimate its distribution over larger areas.

The six data chapters are written in the form @rgeviewed papers, the first two
covering primate communities and remaining fouestigating specific aspects of the
ecology ofP. irrorata. Chapter 2 assesses the fine-scale accuracy @aéspange maps
for regional conservation planning by comparinglsiied geographic range maps for
10 primate species to their occupancy at survey sit Madre de Dios, emphasizing the
importance of understanding ecological requiremehgpecies. Chapter 3 further
examines meso-scale heterogeneity of diurnal parmatmmunities across lowland
forested sites in the MDD watershed by quantifypagferns of species richness,
abundance, and community structure with respeebtironmental, geographic, and

anthropogenic influences.

Chapter 4 is the first of several chapters to faousne member of the Madre de Dios
primate communities, the bald-faced saki, one efrttost poorly-studied primates in
the Neotropics. Sakis were thought to be terradiforest specialists, so this chapter
uses data from nearly three years of monitoringss\study groups to examine the use
of space by sakis, including home range size aneement patterns, relative to forest
type. Findings may help to explain the high vac&m group density observed in this
region. AsPitheciais one of only a handful of primate genera foreihéeeds are the
mainstay of the diet, Chapter 5 analyzes the piateandvantages of eating seeds as an
alternative dietary strategy to the traditionalisorous diet that is comprised primarily
of ripe fruit pulp. This chapter combines phenotadidata with saki feeding data to test
whether immature fruit was available more consisgehan ripe fruit and whether the
patterns of saki feeding behaviour corresponddrdutbavailability. Chapter 6 then
compares the diets fitheciaand largeAra macaws, the other main canopy seed
predator in the region, and measures their ovettajpdicate the degree of potential
competition between these bird and primate taxaap&r 7 examines the importance to
sakis of forest structure, one key habitat charestie that varies among forest types, by
comparing the use of space within saki home rateanopy structure data derived
from a high-resolution airborne light detection aadging (LIDAR) system and
attempts to apply the results to assessing halgtatpancy by sakis across a larger
landscape. Chapter 8 presents the main conclusfdhe thesis and future research
directions.
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Chapter 2: Usefulness of species range polygons foredicting

local primate occurrences in southeastern Peru

Abstract

Species distribution maps are widely used in ptedjareas of conservation concern,
particularly where species distributions are po&rgwn. However, the accuracy of
range maps for regional/local planning is questid@ia \We compared published
putative geographic range polygons of 10 primaezigs to their actual occupancy at
23 survey sites in southeastern Peru to asse$ism¢hscale accuracy of these polygons
for regional conservation planning. We analyzedlgroportion of sites at which each
species was detected both inside and outside pfiikshed NatureServe (Patterson et
al. 2003) and IUCN (2008) range polygons. Thereeweismatches between our line-
transect survey data and range polygon boundamesrfe of the 10 species (from 15%
to 80% of cases), including both false presencddase absences. Each published
dataset overestimated the presence of seven prgpatées and the absence of four
species, though errors varied among species. @ocypatterns of species with larger
geographic ranges were no more accurately predibtedthose of more narrow-range
species. Regional barriers to dispersal, suclvassy and finer-scale ecological
specialisation may limit the applicability of rangep polygons to regional-scale
conservation priority-setting, even for relativelgll-studied taxa. Despite the risk of
errors, range polygons are still used as baselteid conservation planning. We

suggest some measures that could reduce the iskor r

Published as Palminteri, S., Powell, G.V.N., Endo, W., Kirkb@,A., Yu, D. & Peres,
C.A. 2009. Usefulness of species range polygonprdicting local primate
occurrences in southeastern Pémnerican Journal of Primatologyl: 1-9.
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Introduction

Conservation planning typically uses both coarkerfihabitat-based data and fine-
filter, species-based data to identify prioritiesl @ssess representation gaps (Pressey
2004, Stoms et al. 2005). Maps of the geograpBicilbutions of many species that are
now available as downloads from conservation webgPatterson et al. 2003, IUCN
2008) are considered to be fine-filter data (Raaegyet al. 2004, Brooks et al. 2004,
Higgins et al. 2004). As computers have facildatgerpolation of site-level data to
broader areas, these species distribution mapskenane widely used in predicting
areas of conservation concern (Hurlbert and J€07 2Rodrigues et al. 2004, Schipper
et al. 2008), particularly in tropical forest reggowhere actual species distributions are

poorly known.

Nevertheless, range polygons typically fail to captlocal habitat variability, certain
barriers to species movement, and other factotsiftarmine the presence of a species
at a given site and so may overestimate the degnehich its geographic range
distribution is filled in terms of actual habitataupancy (Jetz et al. 2008, Hurlbert and
White 2005, Schipper et al. 2008, supplemental nahe

Hurlbert and White (2005) found discrepancies nd lspecies richness patterns
between analyses using geographic range maps asel tising survey results. In a
follow-up paper (Hurlbert and White 2007), they gested that range map data alone
may be insufficient to assess the capacity of exjsir potential reserves to protect
areas of species richness or species of interesthay identified the potential for
inappropriate application of range polygon datguestions of local-scale patterns and

processes.

In this study, we examined the accuracy of spaeiege maps for conservation
planning at the landscape scale in the PeruvianzamaSpecifically, we examined
how range polygons of a relatively well-studieddax primates — compare to species
occupancy patterns at survey sites. Diurnal pesiate one of the few tropical forest
taxa for which ecology and habitat use, as wetjesgraphic ranges, are relatively well-
known (Brooks et al. 2004, Higgins et al. 2004)] #meir conservation status is
important to a broad audience, making them potiytgaod candidates for informing
conservation planning efforts (Emmons 1999). Wkndit attempt to extend this
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analysis to whether primates can be used as imdgchdr other taxa or habitats as
discussions of this concept are already availabtbe literature (e.g. Emmons 1999,
Sebastido and Grelle 2009, and Moore et. al. 2003).

Methods

Study area

The department of Madre de Dios (MDD) in southeasieru (Figure 1) covers
approximately 8,458,440 hectares and consists alembsely of relatively intact moist
forest cover. The region boasts one of the higthiestsities of primates on earth
(Terborgh 1983, Emmons 1984, Peres and Janson &89 relatively high rate of
protection -approximately 37% of MDD is covereddtsict protected areas (WWF
2008 unpublished data, Figure 1). The region’spwemlominant habitat types are
unflooded ferra firme) forest, typically found on dissected, steep-sitthces, and
supra-annually flooded forest (hereafter floodplaiAll survey sites were located in
relatively undisturbed areas between 250 and 4@0@awne sea level, except for three
premontane sites (Figure 1, sites 11-13) positi@i&D0-900m (Fernandez and Kirkby
2002).
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Figure 1. Study area in Madre de Dios, Peru. Dots reprdaber?3 sites (Table 1) at which

mammal communities were surveyed along 55 linestrets.
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Table 1 Profile of 23 mammal survey sites in Madre dedDiPeru.

Site Latitude (S), Survey Primate Overlying ~ Overlying
number Longitude length species IUCN NS
(Fig 1) Site (W) (km) found* ranges* ranges*

1 Yomybato 11°48' 71°55' 139 8 6 7
2 Tayakome 11°44" 71°39' 126 10 7 7
3 Cumerijali 11°52"' 71°38' 131 9 6 7
4 Upper_Panagua 11°58' 71°31" 135 8 5 7
5 Lower_Panagua 11°59' 71°21" 106 8 5 7
6 Cocha_Cashu 11°53' 71°24' 118 9 7 9
7 Pakitza 11057' 71°17 149 8 8 9
8 Salvador 12°00' 71°13 26 5 8 9
9 Pusanga 12021' 71°02' 31 4 6 7
10 Limonal 12°14"' 70°56' 25 6 8 8
11 Salvacion 120°50' 71°18' 35 4 5 6
12 Yunguyo 12°48' 71°19' 35 5 5 6
13 Pauijil 12°50' 71°16' 31 4 5 6
14 Amigos_3-4 12°20' 70°16' 80 7 8 9
15 Amigos_5-6 12022' 70°14" 72 9 8 9
16 Amigos_7-8 12025' 70°15' 64 9 8 9
17 Amigos_1-2 12°29' 70°10 100 9 8 9
18 Cicra 12°34' 70°05' 61 9 8 9
19 CM1 12°34' 70°02' 54 8 8 9

20 Piedras_south 12°04' 69°32' 275 8 9 10

21 Piedras_north 12°03"' 69°31" 98 7 9 10

22 Malinowski 12°56' 69°36' 122 7 4 7

23 Chuncho 12°57' 69°28' 96 6 5 7

* Considers 10 analyzed species only. IUCN= Irdéomal Union for the Conservation of Nature.

NS=NatureServe.

Field surveys

Between 1998 and 2008, primate communities weneegad at 23 sites representing

bothterra firmeand floodplain forests on both banks of the Matgdios River (Table

1; Figure 1). Five separate studies, spanningawetdry seasons, conducted diurnal

line transect surveys (Peres 1999), a standard nahmwentory method in tropical

forests. At each site, between one and four litasects 2000 — 5300 m in length and

>1 km apart, were walked 3-12 times each by traoteskrvers. Data on species

identity, group size, and distance from transecewellected following field

procedures outlined by Peres (1999). These andsahrch protocols reported in this

manuscript were reviewed and approved by Perut#uies for Natural Resources
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(INRENA) and adhered to the American Society offatiologist ethical principles for
the treatment of nonhuman primates. Neotropidahges are usually highly
conspicuous, group-living species, and their isiardetectability, even in lowland
Amazonian forests, is relatively high, with the egtion of the most habitat-specialist
species (Peres and Janson 1999; C.A. Peres, usipedbidata). In our field surveys, all
habitat-generalist species recorded at any gitensare detected before the last day of
census effort, so Type | errors (false absences) likely severely reduced in this

study for the 10 species that we considered.

Data analysis

The two primate range map datasets we used for aasom were published by
NatureServe (Patterson et al. 2003)- created bynsog or digitizing published species
range maps- and IUCN (Schipper et al. 2008)- cdelayeupdating the NatureServe
maps through literature searches and expert kngeled

We used a species-by-site matrix to identify presdi@and confirmed presences and
absences at each site. We calculated the propantisurvey sites for which field and
range data coincided, both inside and outsideefWCN (Schipper et al. 2008) and
NatureServe (Patterson et al. 2003) range polygbiesused t-tests to compare the
number of species correctly predicted for eachasitbthe number of sites correctly

predicted for each species by the two range polytzasets.

We assessed overlap of the two range datasets Msingjta’s overlap index [O = 2

Y (xiyi) | Oxi2 + Yyi%), Morisita, 1959, cited in Horn, 1966] in two wayBirst,x; andy;
were the proportions of survey sites at which sgmaivas correctly predicted by the
IUCN and NatureServe maps, respectively. Secgaady; were the proportions of the
total number of species correctly predicted to pgcsurvey site by each of the two
species range datasets. Morisita’s O varies bet®@deand 1.0, with higher values

indicating greater overlap.

Using a simple regression approach, we tested wh#ik two sets of range map
polygons predicted the occupancy of species witlelageographic ranges better than
those with smaller geographic ranges using a oneANOVA. We compared survey
encounter rates of any given species to the prgpoof successful predictions by the
two published datasets using pairwise Spearmamigelations. We also used
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Spearman’s correlations to compare species’ homgeraize with their mean encounter

rates and the proportion of sites at which theyevastected.

Species nomenclature follows Groves (2005), asukdN and NatureServe datasets

differed in their treatments of species hames.

Results

Field surveys

Over 2,000 km of line-transect census walks werelaoted in the 23 forest sites (mean
86.5 £ 48.0 km SD per site, Table 1). Ten of MatkeDios (MDD)’s 12 diurnal

primate species (Table 2), plus black-headed mygirtkeys Aotus nigricepys were
detected in at least one transect. The range prapgcted Goeldi’'s marmoset
(Callimico goeldi) and pygmy marmoseCéllithrix (Cebuella) pygmagao be present
throughout MDD (IUCN 2008, Patterson et al. 200Qur failure to detect these two
species may reflect their high degree of habitatsigity or low detectability due to

their cryptic nature. In addition, night monkeys (igriceps were rarely detected
during diurnal surveys. We therefore excludeddhbsee species from the analysis.

Species occupancy

Overall, the IUCN and NatureServe range polygoaskts did not differ in correctly
predicting either the number of species at eachegwsite (t=1.76¢=44, p=0.09, Table
1) or the number of sites occupied by each spéi8s52, df=18, p=0.61). Values of
Morisita’s overlap index between the two datasefgpsrted this result, indicating high
overlap in the proportion of correct predictionsoth the sites occupied by the 10
primate species (0=0.85) and the number of speested at the 23 survey sites
(0=0.98).
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Table 2.Geographic ranges (IUCN + NatureServe) and regioo@lipancy data for 10
analyzed primate species, with their respectivegrernges of correct predictions of species

occupancy. Species are ordered by their geographge size.

% of
Geographic  range Home % sites Nature
Species / Common Range in IUCN range present IUCN Serve
name (km?) MDD  status  (ha) (n=23) (%) (%)
Cebus apella
Tufted (Brown) capuchin 6,194,345 1.38 LC 80 100.0 100.0 100.0
Cebus albifrons
White-fronted capuchin 3,724,795 2.27 LC 156 69.6 69.6 69.6
Ateles chamek 150-
Peruvian spider monkey 2,466,828 195 EN 250° 91.3 21.7 91.3
Saguinus fuscicollis
Brown-mantled (Saddle-
back) tamarin 1,735,472 4.74 LC 34 87.0 87.0 91.3
Lagothrix cana 108-
Grey woolly monkey 1,383,941 5.06 EN 124 30.4 43.5 34.8
Saimiri boliviensis
Bolivian squirrel monkey 1,378,488 6.14 LC 250 87.0 87.0 87.0
Pithecia irrorata
Rio Tapajos
(Bald-faced) saki 1,309,981 3.64 LC 37 47.8 65.2 56.5
Alouatta sara
Bolivian red howler 408,156 13.41 LC 182 87.0 13.0 73.9
Callicebus brunneus
Brown titi 245043 20.00 LC 2-1%7 87.0 65.2 21.7
Saguinus imperator
Emperor tamarin 234,430 21.41 LC 36 39.1 82.6 73.9

* LC=Least Concern, VU=Vulnerable, EN=Endanger&DD=Madre de Dios department, Peru.
Sources for home range data: 1= Terborgh 1983%Véght 1986; 3= McFarland Symington 1988; 4=
DiFiore 2003; 5= Palminteri, unpublished data; &#alios and Rodriguez 2001; 7= Lawrence 2007.

Overall coincidence between the survey data angeramap prediction was not
significantly higher for species with larger geqgrec ranges for either the IUCN
(F1,6=1.27, p=0.29) or the NatureServe ££2.98, p=0.12) dataset. Both range maps
did match completely with survey results of onecgg® the wide-ranging brown
capuchin Cebus apellaFigure 2, Table 2).

Overestimation

Both the IUCN and the NatureServe range polygomseastimated the occurrence of
seven of the 10 primates (Figure 2, Inside-Absent)st particularhyC. albifrons L.

cang andP. irrorata. C. albifronswas predicted to occur throughout MDD by both the
IUCN and NatureServe datasets but was absent eh £d¢the 23 sites. While cana
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was predicted to occur at 21 (IUCN) and 23 (Natares) sites, it was detected at only
seven sites (Figure 1, sites 1-5, 7,11).

Underestimation

Each range map dataset also underrepresentedofu@asirrence of four species
(Figure 2, Outside-Present). The IUCN datasetusbed the range &. sarafrom

MDD almost completely, and it terminated the rang@&. chamekn the northern part
of MDD department, yet both of these species anencon throughout MDD, and each
was detected in at least 20 forest sites. In ashtthe older NatureServe ranges for
these two species coincided with survey resul@ 0% of sites, but the NatureServe
range forC. brunneusexcluded the species from 18 of the 20 sites attwihwas

detected.

We examined whether the population abundance ofjar@n species affected the
degree to which its site occupancy could be predicHowever, we found no

significant correlation between species-specificoemter rates (groups per 10 km of
census walks) and the proportion of overall corpeetlictions by either the IUCN
(Rs=0.055) or NatureServe range maps=R598, p>0.05 in both cases). Correlation
between the NatureServe prediction of species peesand species’ encounter rate was
just significant (B= 0.648, p=0.043).

Species’ home range size (Table 2) did not coeelath mean encounter rate

(Rs=0.109), number of sites found£®.241), or the proportion of correct predictions
by either IUCN (R=-0.248) or NatureServe &0.310, p>0.05 in all cases).
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Figure 2. Number of survey sites (n=23) in Madre de DiosuRetrwhich primate species were either presenbsera, both inside and outside
their respective predicted range polygons. Insidesent and Outside-Absent represent correct pimoof species’ occupancy records. Species

are ordered by the number of sites at which theNUW&hge correctly predicted their presence, froenttést to the worst fit.
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Discussion

Range maps as tools for conservation planning

Schipper et al. (2008, supplemental material) dies¢he IUCN range map data as
sufficiently accurate to evaluate global spatidtgras of mammalian distribution but
warn that, by their coarse-scale nature, these magysoverestimate species ranges.
Our study supports this caveat in demonstratingelagively poor fit between published
range maps and presence/absence data from fieldysueven for a relatively well-
known taxonomic group. Only one speci@sapella was present along all MDD
transects within its expected range boundary. Mishes between survey data and range
boundaries for the remaining species varied frofrb 1& 80% of the cases and included
both overestimation and underestimation. For sspeeies, particularlZ. brunneusthe
2008 IUCN range maps overlapped more with survey ttean the maps generated
previously by NatureServe (Patterson et al. 206@).A. chamelandA. sarg however,
the IUCN range polygons severely underestimated téal-world occupancy. Any
analysis of species protection status using thesgpns would exclude protection
afforded by the Manu and Bahuaja-Sonene Nation&isPas well as additional reserves

in central Peru and northern Bolivia (Figure 1).

Why false positives?

Sites at which the range maps predicted an unéetapiecies to be present (Inside-
Absent, Figure 2) are of particular conservationaawn, as inclusion in the range implies
that the area supports the species when, in faogy not. Various factors might limit
the presence of a species within its predictedegBgown et al. 1996) thereby resulting

in such Type Il errors (“false positives”) betwaange and survey data.

Range boundary edges

The difficulty for range maps to accurately captcianges in species occupancy
occurring at peripheral parts of their geographinges might explain some of the
discordance between survey data and range majsconsistency of species occupancy
tends to decrease at the edges of their geogreqiges (Brown et al. 1996) and may
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also change over time (Gaston 2003). Therefoersusf range maps for conservation
planning or other purposes should take into comataben the likelihood of inaccuracies

when using data from range boundary areas.

Dispersal barriers

Another potential source of discordance may beifaibf the range maps to take into
account potential physical barriers to disper3die role of rivers as dispersal barriers is
still under debate, with studies both supportingrés and Clutton-Brock 1992, Peres et
al. 1996) and challenging (Gascon et al. 2000)rttpact of rivers on gene flow. East of
the Andes, the Madre de Dios river system appedisiit the distribution of several
primate species. Two specidés-irrorata andS. imperator were absent south of the
main Madre de Dios River channel (Figure IL).canawas absent on the south side of
the east-west arch formed by the Madre de DiosrRind its major tributary, the
Inambari River, where NatureServe predicted it waadcur. Both the upper Madre de
Dios and the Inambari are braided, rather than oeamy, rivers and therefore lack the
process of avulsion, in which lateral river charnmération, coupled with meander cut-
off dynamics, shift resident populations acrossagjte banks of the same river (Puhakka
et al. 1992, Hamilton et al. 2007). The abseri@rolsion may greatly elevate the
effectiveness of fluvial barriers for arboreal spssuch as primates. The IUCN dataset
captured the influence of this process on regipnahate distribution by cropping the
ranges oP. irrorata andL. canaat the Inambari and lower Madre de Dios riverstuFal
range descriptions should pay close attention ¢égisp occupancy on opposite banks of

rivers, particularly those with stable or wide blied channels, within range polygons.

Habitat specialization

Species-specific patterns of habitat selection alsy confound the use of coarse-scale
range polygons because they may create large wottle distribution maps, particularly
for habitat-specialists. For instance, both IUGN &latureServe range maps predicted
C. albifronsto occupy sites throughout MDD, yet this species absent from all three
higher elevation sites (sites 11-13, Figure 1)yal as five additional higher-elevation

sites surveyed by Kirkby (2004), suggesting an @daoce of higher-elevation forests.
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Each of the primate species we surveyed in MDD bstl floodplain anderra firme
habitats. In contrast, two species that weranatided in the analysi€. pygmaeand
C. goeldit are known to exhibit high levels of habitat spdization (Peres 1993, Porter
2006). These rare species were predicted to atoartually all sites surveyed, yét
pygmaeads known for only a small portion of Cocha Cashal@&gical Station within
Manu National Park (less than 2% of a 1000 ha studg: Terborgh 1983; Endo et al.
2009). WhileC. goeldiihas been recorded regularly during line-transesteys in
northern Bolivia (Porter 2006, Buchanan-Smith 2000risten and Geissman 1994),
reports of its presence at sites in MDD are extigmage (Terborgh 1983), anecdotal, or
limited to general species lists (Solari et al. @@itman 2008). The applicability of
putative range maps for species with highly patdisyributions even in apparently
suitable habitat, like these small-bodied primatesyen more questionable. Greater
habitat specialization among other taxa, such adlenvertebrates, invertebrates or
plants, may further limit the applicability of cearscale range maps for regional

conservation of these taxa.

Hunting pressure

The sites used in this study had been exposethitet or no hunting pressure.
Therefore, species absences were not likely to heswdted from over-hunting. For
example, botA. chamelandA. saraare widely hunted species, yet they were found at
over 20 sites. Three of the seven sites occupidd bang another preferred game

species, were hunted sites (sites 1,-2, and 1lyé&i).

Survey underestimation:

The potential for false absences due to non-detediunlikely because the survey
efforts (kilometers walked) used here were comgarafth the distances surveyed
elsewhere (Branch 1983, Christen and Geissman F¥és 1997, Galetti et al. 2009)
and thus considered to be sufficient to detectgures of the 10 analyzed species in our
survey areas. Additionally, we found no corr@atbetween species’ home range size
and encounter rate or between either home rangesigncounter rate and the percent of

correct predictions of their occupancy by the ml®id datasets. In any case, failure to
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detect cannot explain the severe occupancy undegeggin of the generAlouattaand

Atelesby the IUCN ranges, dZallicebusby the corresponding NatureServe range.

Use of range maps at the landscape scale

Despite widespread recognition that species raragesimply a uniform distribution that
often severely overestimates true occupancy otthasges (Brown et al. 1996, Schipper
et al. 2008), range polygons continue to be aatafpbroad-scale conservation planning
(Rodrigues et al. 2004, Burgess et al. 2006, Helezet al. 2008, Vazquez et al. 2009).
Positional data on primates are far more abundhamt &re data on lesser-known taxa
(Jetz et al. 2008), yet this study shows that #iglyare insufficient to predict individual
species distributions within a landscape. Ovaregtion and underestimation of species
distributions occurred using both NatureServe &HdN range data. Thus, even for
relatively well-studied taxa like primates, currgpecies range polygons run the risk of
being too coarse to be relied upon for landscapetlonservation planning. Hurlbert
and White (2007) and Jetz et al. (2008) reachedasiconclusions based on their

analysis of bird distributions.

On-the-ground sampling is necessarily taxa-spe(ifc line-transect surveys for large
mammals, live-trapping for small mammals) and tfeeeea relatively intensive method
of assessing regional accuracy of species rangs.majiating mammal community
surveys at existing research sites may minimize twst, though such sites are rarely
randomly selected or representative of a regioiwdibersity. The accuracy of range
maps might be enhanced by the use of species gazeftHernandez et al. 2008), which
might expand the number of sites at which someispeeere confirmed to be present,
though it would not contribute to knowledge of sps@bsence. Use of long-term
monitoring (LTM) data has been suggested to impspexies distribution models,
particularly for more specialist species (Brotohale2007). Another potentially cost-
effective alternative mechanism for updating arfohireg these maps may be to combine
species distribution models with regional expepuit) as NatureServe has initiated for

endemic species in the Andes-Amazon region (Yoadg2007, Hernandez et al. 2008).
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Our results point to the need to make regionalaggochl knowledge, as well as existing
field locality and species ecology data, more adéd for conservation planning and
species distribution modeling, so that so-callédge-scale” species distribution data are

sufficiently fine scale for conservation use.
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Chapter 3: Regional-scale heterogeneity in primate
community structure at multiple undisturbed forest sites

across south-eastern Peru

Abstract

The forests of western Amazonia support high stell biological diversity, yet
regional community heterogeneity is poorly undesdtdJsing data from line transect
surveys at 37 forest sites in south-eastern Pexigssessed whether local primate
assemblages are heterogeneous at the scale ocbawadgrshed. We examined patterns
of richness, abundance and community structurefasction of forest type, hunting
pressure, land-management regime and geograplatdocThe primate assemblage
composition and structure varied spatially acrbgsrelatively small region of
Amazonia £ 85,000 km), resulting from large-scale species patchinet®rahan
species turnover. Primate species richness vanexhg sites by a factor of two,
community similarity by a factor of four and aggaég biomass by a factor of 45.
Several environmental variables exhibited influeaseeommunity heterogeneity,
though none as much as geographic location. Unfidddrest sites had higher species
richness than floodplain forests, although neithenerical primate abundance nor
aggregate biomass varied with forest type. Non-duaisttes safeguarded higher
abundance and biomass, particularly of large-bosiEties, than hunted sites. Spatial
differences among species assemblages of a ré&yagigreralist taxon like primates in
this largely undisturbed forest region imply thatmemunity heterogeneity may be even

greater in more species-rich taxa, as well asgiores of greater forest habitat diversity.

In press. Palminteri, S., G.V.N. Powell, C.A. Peres. Regibscale heterogeneity in
primate community structure at multiple undisturlb@est sites across south-eastern
Peru.Journal of Tropical Ecolog
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Introduction

The patterns and drivers of regional-scale hetereityeof biological communities in
the mega-diverse western Amazon basin remain poodgrstood (Terborgh and
Andresen 1998, Tuomistt al 2003), and assessing the level of meso-scale coityn
heterogeneity within spatially dominant habitatdgpsuch as unflooded (terra firme)
and floodplain forests, is a major challenge (Vatmet al 2004). There has been
considerable discussion of patterns of Amazoniantgommunity heterogeneity at the
meso-, or landscape, scale (Hubbell 2001, Phidtpd 2003, Pitmaret al 2001,
Tuomistoet al. 1995) but comparatively little on patterns oftebrate diversity.

The composition and structure (relative speciesmidances) of Amazonian primate
communities have been studied at local scales @&eeinal 2001, Emmons 1984,
Haugaasen and Peres 2005a, Peres 1993, Soinidi98@} the regional scale (10
km?, Freeseet al. 1982, Peres 1997). Little is known, however, alpatterns of
variation in Amazonian primate community structatéhe meso-scale (3a.0° km?),
and the only published primate surveys at thises(@ilichanan-Smitat al 2000,
Christen and Geissmann 1994, Heymanal 2002) did not quantify species
abundance or biomass. As sessile primary produgkensts would be expected to be
sensitive to fine-scale changes in abiotic conddi(Fineet al. 2004, Tuomistet al
1995) and may also experience dispersal limitaitubbell 2001), whereas vertebrate
taxa such as primates may be able to adjust to+sezde variation in resource
availability with limited change in their communitpmposition and structure. We
might therefore expect primate communities to bblstwith respect to microhabitat
change or geographic distance at spatial scalggngirom hundreds of thousands to

millions of hectares.

To test this hypothesis, we synthesized publisimeduapublishegrimate species
composition and aggregate abundance and biodsadrom surveys collected across
thedepartment of Madre de Dios (MDD) in south-easteru and quantified
community spatial heterogeneifijhe region encompasses millions of hectares yet
represents only a fraction of 1% of the AmazonthaBhis scale is well below that
typical for turnover in Amazonian primate species
(http://www.iucnredlist.org/mammals/data_typest&abnet al 2003), thereby

allowing us to measure community heterogeneityeahdent of species replacements.
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While primate species richness is only a fractibthat of plants, south-western
Amazonian primate communities are among the worast diverse (Emmons 1999,
Terborgh 1983) and may be sufficiently species-tactisplay variability in community
structure at this scale. To assess how habitatdgeeeity may affect primate
communities across the region’s relatively intaatts of tropical forest, we examined
patterns of primate community similarity as a fumatof geographic location, sub-basin
position, location north or south of the Madre dedRiver (to assess its potential as a

dispersal barrier), and major forest type (temad vs floodplain).

While the forest of MDD remains largely intact ahérefore appropriate as a landscape
to assess natural community heterogeneity, a ragrdwing human population has
begun to impact primate populations at sites thnougthe basinTo investigate how
hunting interplayed with natural community hetenogjéy, we also assessed community
composition and structure as a function of hunpressure and forest management
regime.Based on previous studiesewexpected that hunters would selectively remove
the most abundant large-bodied species (Ohl-Scheratteal. 2007, Peres 2000,
Schulte-Herbriiggen and Rossiter 2003). Based alepue suggesting density
undercompensation of non-hunted medium-bodied epa@gimoderately hunted sites
elsewhere in Amazonia (Peres and Dolman 2000),redigied that abundances of
smaller and rarer species would increase at hugitesito compensate for hunting-
induced reduction of relatively abundant largercéggse We further predicted that
hunting-induced population declines in larger speevould increase the structural

heterogeneity of primate communities.

Methods

Study area

We compiled data from line-transect surveys atd@edt sites in the Madre de Dios
(MDD) watershed of south-eastern Peru (Figure Jpefalix), 12 of which were
conducted by SP. This transition region betweerAtigean foothills to the west and
the vast Amazon lowlands to the north and eastrapagses an area of approximately
85,000 kmi. Seven of the sites lie south of the main chanhtie Madre de Dios

River, while the rest were grouped into four adshéil subregions, all north of the river.
Annual rainfall averages 2200-2700 mm, with a digtdry season between May and
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September (Botanical Research Institute of Tex&TB2007
http://atrium.andesamazon.org, Osher and Buol 1¥8yation ranges from 190 to
440 m asl along an east-to-west gradient. All sitege located within largely intact

primary lowland rain forest, as the MDD departmmtains over 90% forest cover
(Phillips et al. 2006).

Number of species
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Figure 1. Study area in Madre de Dios, south-eastern Pecludimg the 37 survey sites
considered in this study (Appendix 1). Pie chartBdate primate species richness, whereas
symbol sizes are proportional to the aggregate &ssnof each primate assemblage (0-50 kg,
50-100 kg, 100-300 kg, 300-500 kg, >500 kg per mOskirveyed). The dashed line indicates

the Inter-Oceanic Highway, which is currently bepayed.

The basin’s two predominant habitat types are édelyainflooded terra firme forest,
and supra-annually flooded, well-developed floodpfarest (Terborgh and Andresen
1998, Thiemeet al. 2007). Floodplain forests of the south-westerna&am are
inundated far less frequently and for much shgr&giods than those of the central and
western Amazon, though they still receive nutrieci-suspended sediments from the

Andes, rendering their soils more productive tharsé of surrounding terra firme forest
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(Hamiltonet al 2007, Salet al 1986, Terborgh 1983). The percentage of termasfir
forest at our survey sites ranged from 0% to 10Dfansect lines at 16 sites were
established in a single known forest type; food#ters, we overlaid the transect lines
with a forest cover map in a GIS to calculate tecpntage of terra firme forest along
transects. Two less common habitat typeS&staduabamboo thickets in upland forest
andMauritia flexuosadominated palm swamps in floodplains — also odcuhis

region but were excluded from the surveys.

Approximately 37% of the study region is registeveder strict protection, while
another 8% is managed for sustainable use (MINAMO206% is privately managed
for restricted-use activities that preclude huntiognservation, Brazil nut and tourism
concessions, BRIT 2007 http://atrium.andesamazgnkarTatum-Hume pers. comm.,
MINAM 2010, Sociedad Peruana de Derecho Ambiei8RIFA) unpubl. data), and
11% is within an uncontacted indigenous reservavéder, de facto land-use
restrictions vary across all land management caieegid-or example, subsistence
hunting by Matsigenka Indians is permitted withie btherwise strictly protected Manu
National Park. In addition, some areas of restilictee were heavily hunted prior to
reserve establishment and immediately prior tosamnpling. Remaining areas,
including areas of contacted indigenous group® tawestricted (direct) human

resource use and have been subjected to varyietslef/hunting pressure.

Field surveys

Primate communities at all sites were surveyedgusne transects of 2-7 km in length,
between 1997 and 2007, with observers systematiaiéirnating transects to avoid
observer bias. Transects were surveyed an avefdgeto(+ 11.4 SD) times each.
Diurnal surveys were conducted on mornings witlprexipitation from 06h00 to
11h00, thereby excluding the night monk&yius nigricepy the only nocturnal
primate in the region. For each primate group detkave recorded the time, species
identity, group size, sighting location, perpentaculistance from the transect, and
detection cue. Field procedures used in our suraegyslescribed in detail in Peres
(1999a). For the purpose of analysis, individuahgects within a subregion were
considered unique sites if they represented a erequbination of river bank, habitat
type and hunting pressure. Total survey effortgierranged from 25 to 315 km (mean
123 km, Appendix 1), with a cumulative survey efffoi 4537 km across 81 individual
transects at 37 sites. Sites were grouped intcsfiNgegions [corresponding to the
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Manu, Los Amigos, Las Piedras and Tambopata suindasd a section of the main
channel of the MDD River (North-MDD subregion), &ig 1], as well as two main

forest habitats, three levels of hunting pressackthree forest management regimes.

Data analysis

We used a kilometric index of groups encounteredlpekm walked (elsewhere
referred to as encounter rate, sensu Buckddrad 2001) to control for overall
differences in sampling effort (Peres 1997). Dusnll sample sizes for some species
and variability in perpendicular distances thatvpreed pooling data among sites, our
data did not meet the minimum prerequisites famesdton of density (Bucklandt al
2001) for all sites. Relative estimates of anintalradances were therefore used to allow
comparison of community heterogeneity across theystegion. We quantified a
relative measure of species abundance at eacfineiteafter, abundance) by multiplying
the site-specific number of groups of each spemesuntered per 10 km walked by its
mean group size, using values from all reliableugroounts at each site for which data
were available (Galetét al 2009). Data for one site (Boca Manu) were deriveoh
published density estimates of three size-gradedpgngs of primate species (Nufiez-
Iturri 2007, Nuiez-Iturri and Howe 2007, Terbomghal 2008). We multiplied the
proportion of each species in its size class adtose hunted sites in MDD by the
abundance estimate of the same size class at Baoa ¥ derive the abundance
estimates for individual species at this site. €&ach site, we also calculated the
aggregate relative biomass of each species (herghifbmass: Galetét al 2009) by
multiplying the mean adult body mass of each sgdai¢he region by its abundance

value at each site.

To estimate the extent of spatial structure indata, we ran a partial spatial regression
using the Spatial Analysis in Macroecology softw@AM, v 4.0, Rangedt al 2010)

with hunting pressure, forest habitat type, sulmegiatitude and longitude to identify
the amount of variance in species richness, agtgedmndance and aggregate biomass

explained by geography and environmental varialoésgpectively.

We compared species richness of survey sites aadtsouth of the MDD River using

a t-test. We evaluated species richness ang-tansformed aggregate abundance and
biomass at sites with different forest types (egpeel as percentage of terra firme
forest), management categories, hunting pressouree(brdinal categories based on
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information from landowners, researchers, guide®st guards, published and
unpublished reports and personal observationssP8@0), and subregions, entering
the predictors both individually, using one-way AMA, and in combination, using a
set of generalized linear mixed models (GLMMs). QUBifor species richness and
aggregate abundance/aggregate biomass used arPamsba Gaussian error structure,
respectively. Given the wide variation in survefodf we also included census effort
(km walked) as a covariate in each set of modelbregjion was strongly correlated
with elevation (r = —0.83), longitude (r = —0.7 Addatitude (r = 0.86, P < 0.01 in all
cases). Subregions thus served as both a measgeegfaphic location and as a proxy
of environmental factors beyond the scope of thudys such as forest structure, tree
species composition and soil types, all of whiclymaffect primate assemblage
structure. To account for possible effects of gapy on community structure, we
therefore treated subregion in each set of GLMM e®ds a random factor, within

which the environmental covariates varied.

Following Burnham and Anderson (2002), we calculdtee AIC, corrected for small
sample size (Alg), for candidate GLMMs of each of the three resporariables
(species richness, aggregate abundancey(kog 1), and aggregate biomass (g +

1)) using the AlICcmodavg package (Mazerolle 200@hiwthe R statistical framework
(R Development Core Team, v. 2.10.1). In each aaségls were ranked according to
their likelihood of being the best in each setarfididate models by rescaling the AIC
values such that the model with the lowest Ah@d a value of 0, i.&Ai = AIC; —

AIC in. Models for whichAi > 2 were considered unlikely to be appropriate (Bam
and Anderson 2002). We also computed Akaike wei@h)gor each model such that
the sum of weights for all models for each respamsble equals 1. These weights are
approximate probabilities that a given model islibst model in its candidate set, so
the values also provide an estimate of model setecincertainty (Burnham and
Anderson 2002).

We examined differences in abundance and biomassliefdual species with respect
to the same predictor variables using Kruskal-\Wadlsts. To examine the likelihood of
density compensation, we ran Spearman correlatioteg the abundance and biomass

values of individual species.
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We examined heterogeneity in primate species coitipogsnd abundance using
Primer (v.6, PRIMER-E Ltd., Plymouth, UK). To evata similarities in species
composition among sites, we constructed a pairsirsdarity matrix of species
occupancy, based on the Jaccard similarity indeguspecies presence/absence data.
We used a partial Mantel test (zt software, Boramet Van de Peer 2002) to examine
pairwise species similarity values among sitestiEtan the same side (either north

or south) of the MDD River with those located orpogite sides of the river while

controlling for geographic distance.

We assessed spatial patterns of community struaging non-metric
multidimensional scaling (NMDS, Clarke and Warwi®01). We initially square
root--transformed the abundance and biomass databi species at each site, to
decrease over-dominance of abundant species, anverted these two datasets into
separate pairwise similarity matrices based orBtlag-Curtis similarity coefficient,
to exclude treatment of joint absences as a sigmafarity. We then tested whether
patterns of community structure differed amongsséte a function of forest type,
hunting pressure, restrictions on human use, abegion using Analysis of
Similarities tests (ANOSIM, Clarke and Green 1988)e ANOSIM statistic (R)
behaves like a correlation coefficient, rangingrirel to +1, with significantly
positive R-values implying that samples (siteshwitgroups are more similar than
expected by chance. We examined the relative irapoet of the four main
environmental variables, as well as geographi@dcst among sites, in determining
primate community similarity, using Primer’s BIO-ENunction (Clarke and
Warwick 2001) and a simple Mantel test, respecfivle also conducted partial
Mantel tests to examine the significance of eacth@fenvironmental variables on
community composition and structure, while contngjifor pairwise distances

between sites.

Results

Species richness and composition

We recorded 10 of the 13 primate species knowrttoroin Madre de Dios (Groves
2005, Table 1) in sufficient numbers to conductiyses. Observations of the night
monkey Aotus nigricepswere excluded from the analysis because detdityaddi this
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species is inconsistent during daylight hours, @odldi’'s marmosetGallimico goeldi)
and pygmy marmose€Cgebuella(Callithrix) pygmaeawere not recorded at any of the
sites. We recorded between four and 10 primateespat each site (Figure 1, Appendix
1), with 10 species recorded at only one hunted(3idyakome) within Manu National
Park. Only one species, brown capudl@ebus apella was found at all sites (Table 1),
whereas three species—woolly monkkegdgothrix cang, emperor tamarinSaguinus
imperatol and bald-faced sakiP(thecia irroratd)—were recorded at only 6, 12 and 18

sites, respectively, all north of the MDD river.

Table 1L Summary of 10 primate species occurring at 3vesusites considered in this study,
including mean (= SD) body mass, groups per 10 latked, numerical abundance (individuals
per 10 km walked) and biomass (kg per 10 km walk8dgcies are ordered by body mass, from
smallest to largest.Mean body mass values derived from the followsogirces (as available):

! Clutton-Brock and Harvey 1977FEmmons 1984° Robinson and Redford 1986Ayreset al.
1991, Mittermeier 1991° Peres 1993, Emmons 1997.

Body Number Groups

English mass  of sites  per 10
Species name (kg) * found km Abundance Biomass
Saguinus fuscicollis ggddle-back 1.4 +
Spix tamarin 0.38 36 1.0 75+6.2 29124
Saguinus imperator  Emperor 0.2 +
Goeldi tamarin 0.40 12 04 09x21 0.4+0.8
Saimiri boliviensis Bolivian
I.Geoffroy and de squirrel 05= 7.7
Blainville monkey 0.84 31 0.5 9.2+13.3 111
Callicebus brunneus  Brown 0.8 +
Wagner titi 0.84 32 0.8 21+22 1.7+18
Pithecia irrorata Bald-faced 0.3+
Grey saki 2.35 18 0.5 1.1+1.7 26+4.1
Cebus albifrons White-
Humboldt fronted 04+ 10.6 =
capuchin 2.75 25 0.5 3.9+57 15.6
Cebus apella Tufted
Linnaeus (Brown) 15+ 225+
capuchin 2.97 37 0.8 76143 12.9
Alouatta sara Bolivian red 0.6 +
Elliot howler 6.67 33 0.5 25+23 16.7 £ 15
Ateles chamek Peruvian
Humboldt spider 1.7+ 63.4 +
monkey 8.13 29 2.2 7.8+12.1 98.7
Lagothrix cana
E. Geoffroy (in Grey woolly 04+ 234+
Humboldt) monkey 10.20 6 1.1 2.3+6.9 69.9

43



Sites north of the Madre de Dios River were thusamspecies-rich (mean + SD = 7.3 =
1.6; range = 4-10 species) than those south afvbe(5.7 £ 1.1; range = 4—7 species,
t-test: t = -2.47, df = 35, P = 0.018). Despitedbsence of three species from all sites
south of the river, pairwise similarity in spec@smposition was not correlated with
river bank once we controlled for geographic diseaamong sites (partial Mantel; r = —
0.051, P = 0.278); geographic distance itself ¢ateel weakly with species
composition (simple Mantel: r = —-0.164, P = 0.020).

Species richness was highest in the Amigos and Mahtegions (2= 3.05, P =
0.03, Table 2, Appendix 1) and was positively catexl with proportion of terra firme
forest (r = 0.463, P = 0.004, N = 37 sites). Althbwverall species richness did not
differ among management regimes or levels of hgrpiressure (one-way AVOVA, P >
0.05 in both cases), heavily hunted sites had feivdre three largest species =
4.44, P = 0.02) than the subset of 15 non-hunted,sand at least one large-bodied
species was likely driven to local extinction aefiof the hunted sites (Sites 1, 26, 34,
36 and 37, Figure 1 and Appendix 1). Community cositfppn was consequently more
similar among the 15 non-hunted sites (mean pagrgiisilarity = 74.1% + 13.1%,
range = 38%—-100%) than among the 22 hunted sitear{ similarity = 57.7% *
16.6%; range = 25%—-100%; t = —8.400, df = 228,(P081).

Aggregate abundance and biomass

Primate abundance and biomass estimates acr@&sites were highly variable
(Figure 2, Table 2). We encountered between 11718 groups per 10 km (mean £ SD
=7.9 + 4.4) across all survey sites, while aggieghundance ranged from 15.5 to
164.5 individuals per 10 km walked (Appendix 1).ghggate biomass varied even more
than abundance, ranging from a low of 14 kg pekrhn a hunted site along the MDD
River (Reserva Amazonica) to 615 kg per 10 km mo@a-hunted site in Manu
(Cumerjali); even among non-hunted sites, biomasied by more than an order of
magnitude (34-615 kg per 10 km). Aggregate prinasiendance and biomass were
higher in strictly protected areas than in zonedii@ct human use (abundancef=
4.10, P = 0.025, biomass 2= 7.85, P = 0.002; Figure 2a), and higher at namtéd
than at hunted sites (abundangg= 9.50, P = 0.0005, biomasgd= 7.83, P = 0.002;
Figure 2c). Neither aggregate abundance nor biowasesd with the proportion of terra

firme forest (P > 0.05 in both cases).
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Figure 2. Mean (+ SD) aggregate primate abundance (indivedpaf 10 km walked) and
biomass (kg per 10 km walked) values: by land-mensmt category, PA = strictly protected
area, RU = restricted forest resource extractiddirect forest resource extraction (a); by
subregion, N-MDD = North bank of the Madre de Ditiger, Tambo = Tambopata (b); and by

level of hunting pressure (c).
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Table 2. Summary statistics for mean species richnesseggtg abundance, aggregate biomass
and Simpson diversity index (2. for survey sites across three levels of hungiressure
within each subregion. Tambopata is located soltheoMadre de Dios River (all other

subregions north of the river).

Mean
abundance Mean
(individuals  biomass (kg Mean
Hunting  Mean species per 10 km per 10 km Simpson
Subregion pressure richness walked) walked) index
Manu overall 7.4 68.4 303.5 0.87
None 7.6 89.0 424.2 0.88
Light 7.3 27.6 107.1 0.88
Heavy 6.0 46.8 47.9 0.77
Amigos overall 7.7 36.1 97.3 0.90
None 8.5 48.8 120.7 0.90
Light 7.5 30.8 81.5 0.90
Heavy 7.5 39.4 121.5 0.90
Piedras overall 7.3 374 108.0 0.90
None 7.7 47.4 115.9 0.90
Light 7.0 31.7 106.0 0.90
Heavy 7.0 24.7 90.4 0.91
North-MDD overall 5.0 26.5 29.0 0.79
Light 5.0 30.8 44.0 0.84
Heavy 5.0 22.3 14.0 0.75
Tambopata overall 5.7 32.8 70.8 0.84
None 6.3 40.7 103.4 0.87
Light 5.0 155 32.1 0.88
Heavy 5.3 30.8 51.1 0.80

Primate—environment relationships

The partial spatial regression using two environtalerariables (hunting, per cent terra
firme forest), together with latitude and longitutke explain species richness and site-
level abundance and biomass showed that geogrppsition was a contributing factor
to any explanatory power of the environmental Jdas. Spatial location contributed
53%-79% of all explained variation in the threep@sse variables and alone accounted
for 24% of the total explained variation in speaiebness, 35.4% of aggregate
abundance and 51.2% of aggregate biomass. Thasss\ddcreased to 0.2%, 13.1%
and 28.4%, respectively, when subregion was incladea predictor variable, which
supported the nesting of random effects within eglan in the GLMM to help account
for the spatial structure identified in the parsphtial regression.
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No single explanatory model for species richness ele@arly supported. The model
including the single covariate, per cent of temaé forest, was judged to be the best
approximating model in the set of seven candidaidets, although its Akaike weight
of 0.36 suggests considerable model selection taiogr (Table 3). The simplest
models, with hunting pressure as a single covanatee the only GLMMs supported
by the data for both aggregate abundance and bgiasiting pressure accounted for
over 97% and 85% of the modest amount of overaiamae that could be explained in

aggregate abundance’(R24.7%) and biomass {R 34.5%), respectively.

Patterns of community structure and heterogeneity

Primate community structure was highly variableoasrall 37 sites (Figure 3), but
determinants of the heterogeneity were unclear. i@onity similarity over all 666
pairwise comparisons ranged from 19% to 90% (me8D+=59% + 12%) using

abundance values, and from 16% to 90% (56% + 15¥pgbiomass values.

The potential drivers of community structure that examined were, for the most part,
significant but weak predictors of primate commusimilarity. Primate community
structure across MDD could be grouped most cldarlgubregion — based on either
species abundance (Global ANOSIM,Rdance= 0.248, P = 0.001) or biomass (Global
Rbiomass= 0.299, P = 0.001, Figure 3). There were sigaifiqairwise differences
between most subregions, and differences betweethdNDD and both Amigos and
Piedras were marked (pairwisgdRass> 0.9, P < 0.05 in both cases). The Manu
subregion differed from the others by the high tagsvalues for the two largest-bodied
ateline primates (spider monkételes chameland woolly monkey). Woolly monkeys
were recorded only in the Manu subregion, and ahuoicel of spider monkeys was
significantly higher in the Manu subregion tharother subregions (Kruskal-Wallis test
H,=10.4, P = 0.034). High abundances of two rgpecies (bald-faced saki and
emperor tamarin) distinguished the Amigos subregidnle the Piedras subregion was

characterized by highly variable abundances ofre¢gpecies.
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Table 3 Summary of generalized linear mixed model (GLMdd)ection results assessing the

association between primate species richness, gajgrabundance, and aggregate biomass and

a set of candidate GLMMs, assigning subregionrandom factor (see text and Figure 1).

Model fit based on the global model is shown farresesponse variable as the percentage

deviance explained (% dev).

Cum

Response variable Model description LL K AlIG A o, . O

Species richness %TF -5.66 3 18.06 0.00 0.36 0.36

% dev = 53.0 Hunt + %TF -5.10 4 1945 140 0.18 505
Hunt -6.49 3 19.71 166 0.16 0.71
%TF + Effort -5.62 4 2049 243 011 081
Effort -7.11 3 2094 289 0.09 0.9
Hunt + %TF + Effort -5.03 5 21.99 394 0.05 0.9
Hunt + Effort -6.42 4 22.08 4.02 0.05 1

Aggregate

abundance (lag x

+1) Hunt 1.33 4 6.60 0.00 1 1

% dev = 36.9 Hunt + %TF -484 5 21.62 15.02 0 1
%TF -6.73 4 22.7 16.10 0 1
Hunt + Effort -552 5 22.98 16.38 0 1
Effort -6.90 4 23.05 16.45 0 1
%TF + Effort -13.04 5 38.02 31.42 0 1
Hunt + %TF + Effort -11.7 6 38.19 31.59 0 1

Aggregate

biomass (log, x +

1) Hunt -14.2 4 37.7 0.00 1 1

% dev = 50.6 Hunt + %TF -188 5 49.5 11.80 0 1
%TF =22 4 53.21 1551 0 1
Hunt + Effort -20.70 5 53.33 15.63 0 1
Effort -23.7 4 56.63 18.94 0 1
Hunt + %TF + Effort -25.3 6 65.38 27.69 0 1
%TF + Effort -28.2 5 68.42 30.72 0 1

For each model, LL = log-likelihood; K = numbereastimable parameters, AIE Akaike’'s

information criterion for small sample sizeég;= the difference between a given model and the

best model, in units of AIC®; = Akaike weight, interpreted as the probabilitytttree model

best represents the data. % TF = Percentage offiteneaforest, Hunt = Hunting pressure

(None, Light, Heavy), Effort = km of survey effort.
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Figure 3. NMDS ordination of the primate community at 37 ®yrsites coded by location in
one of five subregions. Stress = 0.17. Huntinggased community heterogeneity (displayed as
relative distance between pairs of sites), bothalvand within individual subregions. The
grouping of the 15 non-hunted sites (filled symbblg subregion shows spatial heterogeneity
independent of the effects of hunting. Limonal €3i0) appears as an outlier, and its extreme
separation from all other non-hunted Manu sitesienldcation at the edge of Manu NP
suggest that it has likely experienced greaterihgmtressure than officially reported. Numbers
correspond to site numbers, ordered west to eqgdgAdix 1). N-MDD = North-MDD; Tambo

= Tambopata.

Virtually no difference was detected among siteth wifferent amounts of terra firme
forest (Global Ryungance= 0.168, P = 0.05, fRmass= 0.087, P = 0.07), though
communities at sites consisting entirely of eittegra firme or floodplain forest were
slightly more similar to each other than would Bpexted by chance (pairwise
Rabundance= 0.288, P = 0.001, fRmass= 0.208, P = 0.002). Hunting pressure and land-
management category also had limited effects oilagity (Global Ripundance= 0.148—
0.174, P < 0.005; GlobalpRBmass= 0.146-0.245, P < 0.01), although pairwise
differences in community structure between non-bdind heavily hunted sites were
more pronounced (pairwisegngance 0.293, P = 0.002, pairwiseifhass= 0.304, P =
0.06). As expected, community structure was margl@ among non-hunted sites
(mean = SD similarity 61.6% * 12.7%, range = 29%846%fhan among the 22 hunted
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sites (mean similarity 52.2% + 15.6%, range = 2038468t = —5.067, df = 228, P <
0.001).

Higher abundances of large-bodied species sepateembmmunities of protected and
otherwise non-hunted sites from those at sitesestdyj to hunting pressure.
Abundances of both the spider monkey and howlerkepAlouatta sara were
significantly higher in non-hunted and strictly fgoted areas than in hunted sites and
areas of direct human use, respectively (Kruskali$Masts, P < 0.05 in all cases).
Woolly monkey wasecorded only within Manu National Park, where getious
hunting was either light or absent, and the abucelan this species did not differ
between these two levels of hunting pressusg £0.610, P = 0.457). Abundance and
biomass values of larger-bodied species were rgatively correlated with those of
medium- or smaller-bodied species (P > 0.05 ortpestorrelation in all cases),

weakening support for density compensation inrggon.

The influence of subregion on community structues \evident even among the
relatively clustered non-hunted sites (Figure 3anM's non-hunted sites sustained
outstanding primate biomass, even compared to athrethunted sites. All Tambopata
sites were located south of the Madre de Dios Rihereby lacking at least three
species occurring only north of the river. BIO-EMNMéntified subregion as the most
important single variable in explaining communitgusture using either the abundance
or biomass data, though a limited relationshiptedi®etween structure and the best
combination of variables (subregion + managemdminting, £ = 0.325 using biomass
data).

When partial Mantel tests were used to controgemgraphic position, subregion was
no longer a significant predictor of community stire (Table 4). The negligible
differences between these results and those andngdual ANOSIM tests indicate
that the effects of forest type and hunting pressur community structure were not
confounded by geography. The significant relatignéletween inter-site distance and
levels of community similarity for both abundancediomass indicates that
community structure among nearby sites was morgagithan that among sites farther

apart, even at this landscape scale.
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Table 4.Partial Mantel test results showing relationshipsudeen primate community
composition and structure and environmental vaemldontrolling for the effect of geographic
distance among survey sites. Community composisiddased on similarity in species richness,

while structure is based on similarity in abundaocbiomass.

Composition Structure Structure
(Richness) (Abundance) (Biomass)

r P r P r P
Hunting' -0.03 0.30 -0.141 0.01 -0.18 0.005
Habitaf -0.13 0.001 -0.24 <0.001 -0.19 0.001
Managemerit -0.04 0.18 -0.09 0.04 -0.15 0.006
Subregiofi -0.12 0.09 -0.01 0.45 0.001 0.51
Above variables combined -0.11 0.08 -0.22 0.001 .26-0 0.001
Geographic distance only
(simple Mantel test) -0.16 0.02 -0.27 0.001 —0.220.001

r = Pearson correlatiohHunting = None, Light, Heavy.Percent terra firme forest at site.
Management = Strict protection, Restricted usegbhnicted (direct) usé.Subregion = Manu,

Amigos, Piedras, North-MDD, Tambopata.

Discussion

By intensively sampling a single major watershedaith-western Amazonia, this
study revealed significant meso-scale biotic hgfeneity within an arboreal mammal
taxon that was largely independent of species uandespite the relatively short
distances among sites, at least at a pan-Amazendae, species richness varied by a
factor of two, species assemblage similarity bgcdr of four, and aggregate biomass
by a factor of ~45. These findings contradict oypdthesis that primate communities
remain constant despite meso-scale variation iitdtegiructure and resource

availability.

The variable primate community structure across MAppears to be due to large-scale
species patchiness, rather than actual replacenexats for some common species. The
non-linear patterns of primate species occupansgmed in MDD agree with findings
by Emmons (1984) of minimal turnover among mamnmagjanera across Amazonia,
together with a tendency for consistently rare geto drop out at less favourable
(usually nutrient-poor) sites. They were also cstesit with floristic evidence on both
trees and understorey plants of western Amazdmeaglistributions of which have been
shown to vary due to changes in microhabitats, sisabdaphic gradients, within a
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broad forest type (i.e. unflooded terra firme for&hillipset al 2003, Tuomist@t al
1995). The inclusion in the analysis of extremecgdists of minor habitat types, such
as pygmy marmoset (Peres 1988)§ Goeldi’'s marmoset (Porter 2006), might have
further amplified fine-scale variation in commun@dymposition and structure, but these
species are rarely detected during censuses prég®minant forest matrix of western
Amazonian forests, even at sites where they prelsiynoacur (C.A. Peres, unpubl.
data).

Environmental factors

The mechanisms behind the spatial heterogeneigredéd in MDD are not yet known.
The lack of support for density compensation segnimthe hunted primate
communities suggests that biogeographical and @mwiental factors, rather than
interference or exploitative competition, drive aoomity structure. In fact, each of the
environmental variables we examined appeared ttsibate to some component of this
heterogeneity, yet none was an outstanding connibEor example, the Madre de Dios
River and its large tributary, the Inambari Rivagppear to serve as a barrier to dispersal
for three rarer species (woolly monkey, bald-fasaki and emperor tamarin; Ayres and
Clutton-Brock 1992, Palminteet al 2009), decreasing species richness south of the
river, yet the inconsistent distribution of sevespécies among sites north of these

rivers remains puzzling.

Consistent with findings elsewhere that the spatighnization of primate communities
is partly shaped by habitat heterogeneity resultiog variable inundation regimes
(Ayres 1986, Haugaasen and Peres 2005b, Peres, 1&9a)firme forest sites in MDD
supported a higher mean number of primate spduaasadjacent floodplain forest.
These differences were less pronounced than tlepseted for central Amazonia, as
aggregate abundance, biomass and community stewtitinot differ significantly
between these habitats. Flood pulses in MDD aneajly supra-annual and short-lived
(Prance 1979, Thiemet al 2007), in contrast to the multiple-month seasdinalding

in the central Amazon. The western Amazon’s shamer less-frequent flooding
regimes and generally more nutrient-rich soils ¢éB&008, Phillipgt al 2006,
Terborgh and Andresen 1998) should produce sndifferences in both primary
productivity and, consequently, an intermediatdivere/frugivore community
structure between terra firme and floodplain fa€Bteres 1999b). The primate
communities in mature floodplain forests of MDD ,arefact, more diverse than those
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of seasonally flooded forest (varzea) sites fardast (Haugaasen and Peres 2005a,
Peres 1997), yet their high biomass levels ardairttctndoet al. 2010).

Inter-site similarity in community abundance andrbass correlated most strongly with
subregionANOSIM). Subregions represented four sub-basinksthe main MDD
channel, thereby capturing potential differencel®oal edaphic conditions (Sad al
1986) and floristic compositiofKalliola et al. 1993). For example, Kalliokt al

(1993) reported that floodplain soils in the Tamdagriver basin were highly
weathered and more acidic than those of flooddes either on the mainstem MDD
River or in the Manu River basin. Correspondingcegsional vegetation at the
Tambopata site was also different from the other $ites. Similarly, Foster (1990)
proposed that the ‘conspicuous’ abundance of feeiss bearing mammal-dispersed
fruits might underlie the relatively high densitygyimates and other mammals at
Cocha Cashu, Manu (Site 5). Major soil-relatediskoe differences have also been
observed among western Amazonian terra firme fer@atokolaineret al 1997), and
age of terra firme soils (Rasanetnal 1990) was found to be a key driver of variation i

tree species composition in MDD (Phillipsal 2003).

Nevertheless, the importance of subregion and altieers of primate species
composition, abundance and biomass in the MDD baasiconfounded by the effects
of geographic location, which appeared to be aretyitig key predictor of primate
community similarity. The importance of geograploication at a fine scale reflects that
of broad-scale patterns of primate community didanity recorded across South
America as a function of geographic distance (PaneisJanson 1999). Consequently,
both local environmental variability and geograpthitance appear to influence meso-
scale patterns of primate community heterogeneit DD, as noted for other taxa
(Phillips et al. 2003, Vormistcet al 2004).

The BIO-ENV and partial Mantel test results indezhthat a combination of
environmental factors, rather than any one fachaves the regional patterns of primate
community structure (Table 4). The 18-fold diffecenn biomass among non-hunted
sites illustrates considerable natural heteroggmitependent of hunting pressure.
Such spatial heterogeneity in distribution patteyha relatively generalist and widely-

distributed vertebrate taxon like primates in @ugély intact south-western Amazon
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forests implies that community heterogeneity wdldwven greater among more species-

rich tropical forest taxa, as well as in region$igher habitat diversity.

Anthropogenic factors

Consistent with other vertebrate studies (Fretsg 1982, Peres and Palacios 2007),
primate biomass in MDD was higher in non-huntedssihan in either lightly or heavily
hunted sites. In both MDD and elsewhere in the @asAmazon (Bennett al 2001,
Freeseet al 1982, Heymanet al 2002, Terborglet al 2008), large-bodied primates
bear the brunt of the effect of hunting pressureMDD, this effect was observed both
for the woolly monkey, which was restricted to MaxiR, and for the ubiquitous spider
and howler monkeys. These latter two prey specesvalespread in MDD (Lewt al
2009, Ohl-Schacheret al 2007) and were recorded in each of our huntinggcaies

but at lower levels of abundance and biomass indausites.

The greater dissimilarity among primate assemblagésinted sites suggests that
primate biomass collapse induced by hunting panadby results in greater
heterogeneity in community structure by selectivelyucing the abundance of common
and large-bodied primates to levels unrecordecbmunted sites (Figure 3). For
example, while non-hunted Manu sites support unygoigh primate biomass and
numbers of large-bodied species, the hunted Mdges along the MDD River, Pusanga
(Site 9) and Boca Manu (Site 11), lacked both spaael woolly monkeys, and they
supported very low abundances of howler monkeyamite-fronted capuchindebus
albifrons), two other hunted species. The ‘novel’ assemislageated by these changes
in abundance of the most common, large-bodied speesembled those at hunted sites
in North-MDD and Tambopata (Sites 26-27, 34-37) endosely than those of non-
hunted Manu sites (Figure 3). Likewise, primatesagsages at the three non-hunted
sites in the Tambopata subregion were remarkabiilagito each other, while those of
the hunted Tambopata sites downstream differedmigtfrom the non-hunted sites but
also from each other. Only one of 15 non-huntesksitimonal (Site 10), lacked both of
the two largest-bodied species. The absence oéispidnkeys, combined with the
presence of the patchily-distributed emperor tamaendered this community an
outlier (Figure 3). In sum, hunting-induced popigatdeclines in otherwise abundant,
large-bodied species, combined with the patchyorejidistributions of certain less-
hunted species (bald-faced saki, emperor tamamay, have resulted in community

signatures previously unknown in the region.
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Our results support the key role of strictly progecareas in maintaining primate
assemblage integrity, especially for large-bodecges, the disappearance of which
has been shown to affect ecological processes,asisbed dispersal and associated tree
recruitment, both in MDD (Nufiez-Iturri and Howe 200 erborghet al. 2008) and
elsewhere (Chapman and Onderdonk 1998, Holbrook aisglle 2009). While land
management was highly correlated with hunting preséand therefore excluded from
our abundance and biomass models), when analypadasely, both aggregate
abundance and biomass were significantly highseit@s with active conservation
management than in those without. Moreover, althaug found no significant
relationship between survey effort and speciesgsh, total abundance or total
biomass for the 37 sites included in our analysegarate ANOVAS restricted to only
25 sites with at least 48 km of census effort shbthat, in addition to abundance and
biomass, species richness also differed signifigamhong levels of hunting pressure
and protection.

Primate communities at the edge of Manu NP différech those in the park’s interior.
Within the park, large populations of primatesyedl as other endangered vertebrates,
occur at both non-hunted sites and those thatwareetd by small, localized indigenous
populations (Emmons 1984, Endbal 2010, Terborgh 1983). The sizeable populations
of large-bodied primates surrounding the huntedreaents may be masking the local
impact of hunting (Ohl-Schacheretral. 2007). Immigration from source populations
precludes local extinction of some species inadtlene of these sites (Tayakome, Site
2, Figure 1) and maintains population densities tuhile lower than those at non-
hunted Manu sites (Appendix 1), were higher thamn@irotected sites throughout the
rest of MDD. On the other hand, any animals huatesites 9 or even 10, located
within but at the edge of the park, may have exgpeed less recolonization from
neighbouring populations, as their community stiteetvas consistently different from

those in the park interior.

Combining these results with our assessment ofiepechness illustrates that while
primate communities in MDD are still largely intabtinting pressure has begun to
degrade them, particularly at sites near humanlptpaos (Sites 9, 11, 34-37, Figure
1). The MDD region is currently more than 90% foeelsand over 30% protected
(MINAM 2010). The presence of substantial sourcpytations of primates in the large
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protected areas and the relatively intact foresteculy surrounding most of our
unprotected sites has likely mitigated the impddtumting pressure compared to other
Amazonian regions. Spider monkeys, for exampleywed at 78% of our sites but
were not recorded at most lowland rain-forest steseyed in north-eastern Peru
(Bennettet al. 2001, Freeset al. 1982, Heymanet al. 2002), northern Bolivia
(Christen and Geissmann 1994) and south-westeziliABraAmazonia (Peres 1990),

absences that these authors attributed to huntesspre.

Nevertheless, the currently high annual deforestatite (~2%, G. Asner pers. comm.)
along the region’s infrastructure-development cloriis expected to increase due to the
newly upgraded Inter-Oceanic Highway running thifotlge centre of MDD (Figure 1).
The projected expansion of the human populationltiag from the paving of this road
threatens to significantly increase hunting aneég$bfragmentation (Dourojeangii al
2009), reducing the possibility of recolonizationdurrounding source populations of
primates and other animals. Intervention focusethamtaining connectivity among
faunally intact forest sites across MDD would hielstabilize forest retention and
integrity across the region’s development corridomajor regional initiative,

including a set of policies regarding developméong the road, is urgently needed to
prevent the deterioration of one of the largegglsiblocks of protected habitat in the

Amazon basin.
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Appendix. Profile of 37 survey sites (ordered and numbénmaa west to east, Figure 1) considered in thislgt subregion, bank of the Madre de Dios
River, per cent terra firme (TF) forest, managemegime (Mgmt), level of hunting pressure, numiberansects, survey effort (km), number of species
sampled (analyzed species only), mean number opgrper 10 km walked, aggregate abundance (indilscher 10 km walked), aggregate biomass (kg per 10
km walked), and Simpson diversity indexX(L-N/S = North or South of Madre de Dios River; BRrotected Area, RU = Restricted Use - e.g. tauris
research, non-timber forest products, DU = Dires¢ Ue.g. buffer zone, logging concession; 0 = hiating, 1 = Light hunting, 2 = Heavy huntingNumbers
correspond to contributing dataset: 1 = Kirkby &adlilla 1998; 2 = Kirkbet al 2000; 3. Schulte-Herbrliggen and Rossiter 200Rjrkby 2004; 5. Endet al
2010; 6. S. Palminteri, this study; 7. Nufiez-It@0D7.

Number
Survey of Grps

Site Sub- TF Hunt- Tran length species per10 Abun Simpson
number  Site region Bank (%) Mgmt ing sects (km) found km dance Biomass index

1 Yomybat8 Manu N 100 PA 1 3 248 8 6.09 28.20 101.66 0.91
2 Tayakome Manu N 100 PA 1 3 235 10 7.88 28.10 192.99 0.93
3 Cumerjalt Manu N 100 PA 0 3 227 9 17.78 98.44 615.53 0.88
4 U.Panagua Manu N 100 PA 0 3 170 8 16.03 96.09 499.56 0.89
5 CochaCashu Manu N 0 PA 0 3 218 9 12.24 68.32 277.28 0.89
6 L.Panagua Manu N 100 PA 0 3 235 8 13.7 77.18 435.08 0.90
7 Pakitza Manu N PA 0 3 162 8 15.47 95.23 535.23 0.88
8 Salvadot Manu N PA 0 2 26 5 16.67 164.47 572.69 0.80
9 Pusandga Manu N PA 1 1 31 4 4.19 26.41 26.67 0.81
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Number

Survey of Grps

Site Sub- TF Hunt- Tran length species per10 Abun Simpson
number  Site region Bank (%) Mgmt ing sects (km) found km dance Biomass index
10 Limonaf Manu N PA 0 2 25 6 6.48 23.48 34.13 0.90
11 Boca Man( Manu N DU 2 1 104 6 2.6 46.84 47.91 0.77
12 Amigos& Amigos N 90 RU 1 1 40 6 55 16.75 68.14 0.90
13 Amigosé Amigos N 25 RU 1 1 40 4 3.75 21.88 74.65 0.82
14 Amigos7 Amigos N 100 RU 1 1 32 8 6.88 36.89 119.52 0.93
15 Amigosé Amigos N 0 RU 1 1 32 9 6.88 39.58 87.67 0.92
16 Amigosé Amigos N 0 RU 2 1 36 7 8.33 58.23 163.27 0.87
17 Amigos% Amigos N 100 RU 2 1 36 8 5 20.50 79.81 0.93
18 Pumé Amigos N 98 RU 0 1 47 8 9.93 42.18 73.13 0.90
19 Tigré Amigos N 56 DU 1 1 53 9 5.33 25.73 76.43 0.93
20 Cicr& Amigos N 84 RU 0 1 61 9 13.4 55.35 168.19 0.91
21 CcMP Amigos N 100 DU 1 1 50 8 9.44 43.73  62.26 0.89
22 Piedras2 ¥ Piedras N 100 RU 0 2 220 8 3.77 19.45 62.40 0.94
23 Piedras2 £ Piedras N 100 DU 2 2 232 7 4.53 24.67 90.43 0.91
24 Piedras2_CbH Piedras N 100 RU 1 4 291 8 6.01 30.78 118.75 0.92
25 TRC Tambo S 0 PA 0 5 181 7 5.25 4535 106.30 0.85
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Number

Survey of Grps

Site Sub- TF Hunt- Tran length species per10 Abun Simpson
number  Site region Bank (%) Mgmt ing sects (km) found km dance Biomass index
26 Mali_ WP Tambo S 100 DU 2 1 48 4 4.79 29.24  35.09 0.78
27 Mali_N° Tambo S 90 DU 2 1 48 7 7.92 42.13 97.04 0.87
28 PiedrasA Piedras N 95 RU 0 1 512 8 12.98 72.39 158.30 0.90
29 Piedras€ Piedras N 49 RU 0 1 48 7 11.04 50.28 126.85 0.87
30 PiedrasB Piedras N 53 DU 1 1 46 6 5.21 28.95 98.30 0.89
31 Piedrasb Piedras N 44 RU 1 1 48 7 7.08 35.38 101.00 0.90
32 Chuncho Ft. Tambo S 0 PA 0 1 40 6 10.45 49.60 124.39 0.88
33 Chuncho TE Tambo S 100 PA 0 1 82 6 4.77 27.07 79.54 0.89
34 Sachavacalfin Tambo S 0 DU 2 5 296 5 1.72 21.00 21.31 0.75
35 Explorersini Tambo S 0 RU 1 6 172 5 2.62 15.47  32.07 0.88
36 ReservaAmdz N-MDD N DU 2 315 5 2.79 22.26 14.03 0.75
37 EcoAmazona N-MDD N DU 310 5 3.65 30.76  44.02 0.84
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Chapter 4. Habitat effects on patterns of movemenand use

of space by a neotropical forest primate

Abstract

An understanding of landscape-scale populationityeaisd distribution in tropical
forest vertebrates is directly linked to patterhsse of space relative to habitat
structure and composition. To examine how forgs imay explain the ranging
behaviour and high variance in group density olevithin the geographic range of
the bald-faced saki monkeRithecia irrorata), we monitored the movement patterns
and habitat use of five neighbouring study groupis species in south-western
Amazonia over three years. To test whether sakikeys are unflooded (terra firme)
forest specialists, we compared the spatial vanat home range use by our study
groups to the corresponding availability of fourim@rest habitat types and estimated
home range size and several movement metricswascadn of forest type. Home
range size varied from 16 to 60 ha and was mooagly affected by forest type than
by group size. Although sakis were not obligatkitaé specialists, groups clearly
avoided bamboo forest and consistently preferred feme forest. Terra firme forests
were associated with large group size, small hangeas, more intensive than expected
home range use, relatively long travel distanced,lagh home range overlap, all of
which suggest that saki densities in south-wesd@nazonia will likely be higher in
areas dominated by terra firme forest where lasgehes of bambodsuaduaspp.)
forest are absent. The increased desiccationwdysgquent forest fires expected in this
region from the combined impacts of climate chasge human land use potentially
threaten the long-term viability of specialistsnaditure terra firme forest like the saki
monkey. Special attention will need to be giverrdgional conservationists to ensure
that extensive blocks of terra firme forest areggeted in areas that remain relatively
free of bamboo.
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Introduction

Patterns of movements and use of space in hetezogstandscapes provide key
insights into the resource and habitat requiremeidsimal populations (Powell 2000,
Hemson et al. 2005). Specifically, the size andgpositioning of adjacent home
ranges with respect to habitat type, combined thighoccupants’ use of different
habitats within their home range, help us idertifpitat preferences that affect the
density, ecological distribution and, ultimatelyetviability of a given population
(Powell 2000).

Analyzing an animal’s movements and behaviourgiveldo habitat type can be used to
understand the determinants of density, and, caresely, help explain distribution
patterns within a species’ geographic range. Tlsegeneral agreement among
ecologists that preference is implied by greaterafsa habitat type than would be
expected by chance, given the availability of thetbitat (e.g. Alldredge and Griswold
2006). Individuals of a species that consistesgigcializes on a particular forest type
should thus maintain some minimum portion of tiime range areas in that habitat
and use it preferentially. Similarly, smaller horaeges and patterns of greater home
range overlap within certain habitat types may es@windicators of habitat preference
(McLoughlin and Ferguson 2000); individuals woulddxpected to maintain larger
home ranges where preferred forest type(s) are spanesely distributed. In addition,
the length, velocity, and linearity of an animati®vements and the propensity of
individuals or group members to forage, rest, ameract agonistically with other
conspecifics within different habitats of their hemanges can shed light on the relative
value of habitat types to the species. For exanaleel routes are likely longer and
more sinuous in preferred forest types (Buskirk Biitspaugh 2006, but see Stevenson
2006), which may be more critical for foraging sittes and more heavily defended.
Conversely, in the case of habitat generalistsdémsity and patterns of travel and

space use of individuals should be similar acredstat types.

Saki monkeysRithecia spp are medium-sized, small-group living forest pates
distributed across the Amazon basin that specializenmature fruit from a broad
spectrum of plant species (Norconk and Conklint&irt2004, Peres 1993, Palminteri
et al. in press a). We would therefore expect thepccur at relatively consistent
group densities across the vast tracts of unbrékest within their geographic range.
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However, little is known about their use of spaceas different forest habitats, and
what little information is available is confoundin@ome studies have suggested that
sakis are habitat specialists of unflooded (heeeg#rra firme) forest (Mittermeier and
van Roosmalen 1981, Terborgh 1983, de la Torre , 198&th et al. 2009), whereas
others have found that they occur within multipleskt habitats (Oliveira et al. 1985,
Peres 1993a, Haugaasen and Peres 2005), thougaltypait low densities (Mittermeier
and van Roosmalen 1981, Christen and Geissmann P@&ds 1997, Buchanan-Smith
et al. 2000) or at uneven rates of occupancy (Eretal. 1982, Johns 1986, Alverson et
al. 2000, Chapter 3).

Here, we examine the patterns of habitat use dedtegm in bald-faced saki®{thecia
irrorata) in the southeastern Peruvian Amazon. In padicube investigate whether
habitat preferences indicated specialization omatimme forest and to what extent such
preferences may explain the patchiness or vargtolep density reported for this
species across its range (Branch 1983, ChristeiGamssmann 1994, Chapter 3).
Given the positive correlation between both graap gMilton and May 1976, Grant et
al. 1992) and group metabolic requirements (NurchBaron 2000) and home range
size in primates, we would expect groups with feimdividuals to maintain smaller
home ranges than larger groups. We therefore mehtiuie home range size, overall
use of forest habitats relative to their availapiland behavioural attributes (movement
rate, foraging time, and agonistic behaviour) &isas a function of both group size
and forest type. An assessment of habitat uskely lto be biased by variation in
ecological constraints, such as intraspecific cdrtipe or predation threat, that restrict
or otherwise modify an individual's access to hatb{/an Horne 1983, Hobbs and
Hanley 1990). Moreover, habitat preference may Wgrgroup (Aebischer et al. 1993,
McClean et al. 1998, Garshelis 2000), as well asdagon or year. The monitoring of
multiple groups over a three-year period in a ralyiheterogeneous landscape helped
to minimize these potential sources of bias whilel#ing between-group comparisons
of space use within a single saki population.ldb @allowed us to measure home range
overlap between the five adjacent groups to tegthdr overlap is positively associated
with home range size (Nunn and Barton 2000) orsfoyge, and thus whether overlap

estimates can refine saki density estimates.
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Methods

Study area

The study took place in the south-western Amazetwéen the Madre de Dios and Los
Amigos rivers of the Madre de Dios region (MDD)y®eThe 450-ha study area
(12°34°07"S, 70°05’'57” W) is located in structusalhtact moist forest ~270 masl
within the 145,000-ha privately managed Los AmiGasmservation Concession. Mean
annual rainfall at the site between 2005 and 2083 2y430 mm
(http://atrium.andesamazon.org, BRIT 2009).

The study area was selected for its habitat dityetsifacilitate examination of the
relative use of different forest types (Figure The study area was characterized by
two major geomorphological formations, the conterappfloodplain of the Los

Amigos and Madre de Dios rivers and a flat uplaedd firme) terrace, about 70 m
above the floodplain and separated from it by epsterested embankment. The supra-
annually inundated floodplain was characterizethprily by a 25 to 30 m tall, closed-
canopy evergreen forest but included two smalllEg8 and 15 ha) of monodominant
stands of the palivlauritia flexuosa(hereafter, palm swamp). The terra firme domain
was similarly covered primarily by mixed closed-ocpy forest 35-40 m in height but
also included two open-canopy forest patches daeuhay bambooGuaduaspp.)
stands (7 and 29 ha). We therefore define fouuailytexclusive habitat types in the

study area: floodplain, palm swamp, terra firmd bamboo forest.
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Figure 1: Study area at Los Amigos, southeastern Peru,thlspatial distribution of home
range (HR) polygons of individual bald-faced sakiliecia irroratg groups (solid lines) and
the four main forest types available in the studiaa

Data collection

To quantify saki movement patterns and behaviotin véispect to habitat type, we
followed five previously habituated study group$amen January 2005 and December
2007. Each group was monitored for 3 to 5 conseealays per month, for 6 to 28
months (median ~22 months) per group (Table 1jhaigh our study groups were
habituated, we were unable to follow them contiralpevery sample day, obtaining
approximately 6.2 (x 0.2 SD) contact hours per dardpy. We followed study groups
continuously from either their sleeping tree ofist contact during the day until they
entered their subsequent sleeping site. We sysitaityamonitored these groups by
following them with one to two observers recordangingle group location, habitat
type, and behavioural pattern (resting, movingadang/feeding, or social/agonistic)
every 15 min throughout all contact hours usingantaneous scan sampling (Altmann,
1974).
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Table 1.Home range estimates for five bald-faced sBikhcia irroratg study groups at Los
Amigos, Madre de Dios, Peru.

No. of
No. 15- No. Mean 95%  50% Percent Density
sample  min. GPS group size MCP? kernel kernel of HR (ind/
Group months scans points'  (+ SD) (ha) (ha)® (ha) shared km?°

A 27 3600 2803 4.7+0.5 75.8 42.4 9.8 255 111
B 28 3329 2756 6.5+0.8 53.1 30.6 6.5 16.3 21.2
C 6 579 380 2103 38.5 31.1 6.4 0.0 6.8
D 22 2453 1989 4.0+0.3 84.3 59.6 16.5 4.5 6.7
E 18 1388 1191 26+05 30.2 15.6 2.9 32.8 16.7

Mean 20.2 2270 1824 47+15 62.9 35.9 8.4 158 512

All ® 31 11349 9119 19.9 334.6 167.2 40.8 14.1 11.9

1 GPS locations used to generate home range essinfd#inimum Convex Polygon, excludes lakes.
95% kernel home range (HR) polygons, excludes |diarcent of 95% kernel home range overlapping
with other study groupsDensity calculation based on 95% kernel HR andusled HR overlap® All =
aggregate values use all group scans and unidhe éifre groups’ MCP, HR, and 50% kernel (core prea

polygons, respectively, counting overlap areas once

As individual recognition was effectively unreliable recorded the principal
behaviour of all visible group members and the tioceof the approximate geometric
centre of the group (Terborgh 1983, Stoner 1996Gthda/s 2009), while recognizing
that these scans were often incomplete. Grougitotawere either recorded directly
using a Garmin 12XL GPS or calculated in ArcView® &IS (ESRI, Redlands
California) using distance and angle from knownrdowates of 30 km of georeferenced
trails spanning the study area. To test the acgurhincomplete scans in representing
the collective behaviour of an entire group, faudset of observations (300 scans
during 70 days), a second, independent observerded the activity pattern of

outlying members of the group, and the number dthiag simultaneous observations

between the two data sets was converted into @pege of matching cases.

Data analysis

Habitat availability
The amount of habitat available to a given group walculated as the area within the
minimum convex polygon (MCP) enclosing all locasdor that group. The five MCPs

served as each group’s area of availability foraalselection analyses (Raboy et al.
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2004, Thomas and Taylor 2006) while also enablomgmarisons with other studies.
The juxtaposition of various forest types and closeimity of adjacent saki groups
that were not studied, rivers, and associated sson®al vegetation made the MCP a
better choice than a more remote ecological otipaliboundary (Aebischer et al.
1993, Buskirk and Millspaugh 2006) that risked urtlthg areas not physically
accessible to the groups. To determine the areadaf habitat type accessible per
group, we intersected each group’s MCP with a \&get map (ACCA 2007) that we
refined in a GIS by correcting the habitat typenglthe terra firme—floodplain forest
boundary according to the fine-scale habitat de¢anded during approximately 860 (
9%) of georeferenced saki locations. For habiat travel velocity and movement
pattern analyses, we considered each forest typecategorical variable, whereas for
analyses of full-day travel paths, forest type vegsesented by the proportion of time

in each sample-day that the group allocated ta ferme forest.

Patterns of habitat use

To quantify habitat use by each group withinhitsne rangeHR), we totalled time
spent (number of 15-min locations) in each habifb test whether temporal
autocorrelation in habitat use data was biasin@gtteyses (Aebischer et al. 1993,
Thomas and Taylor 2006), we used PopTools (vel 3Hood 2009) to randomly
resample 100 times the 15-min locations for the &aki groups whose HRs contained
multiple forest types. For each group, we thenmamed the median proportion of

locations in each habitat type to those of thedalia set.

For each study group, we calculated HR sizes frib@GRS locations using 95% fixed
kernel analysis (Worton 1989) and core area sigeg)ib0% fixed kernel analysis
(Hooge et al. 1999). MCP and kernel ranging pahggwere generated using the Home
Range Extension (HRE, Rodgers and Carr 1998) fowiew (ver. 3.3, ESRI 2002).

Ad hoc and Least-Squares Cross Validation smootiaicigrs, the two automated
statistical methods provided by standard GIS safwa generate kernel analysis
probability curves (Worton 1989, Seaman and Po2&96), oversmoothed and
undersmoothed our point data, respectively, a praldbserved by others (Rogers and
Carr 1998, Hemson et al. 2005, Gitzen et al. 2006)er 2008). Therefore, we
multiplied the ad hoc smoothing factor by 0.4 (Gard Rogers 1998), which provided
results that adequately represented the locatitanfdaall saki groups. Areas within
either the MCP or the 95% kernel polygon that edéehinto unusable habitag.§,
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lakes, rivers, or human clearings), were excludechfthe final home range polygon
(Irwin 2008). To calculate home range overlap leewvadjacent study groups, we
intersected the HR polygons of pairs of neighbaugroups. We then overlaid all HRs,

core areas, and overlap polygons with the refiredatat map.

We tested whether saki groups spent more timerfdeted by proportion of 15-min
scans) than expected by chance in their areBajverlap using a chi-square
goodness-of-fit test. Expected time was calculaiEskd on the proportion of eadR
within the overlap areaWe examined the relationship between each group’s
proportional HR overlap area and subsequent HR-feygulation densities (ind. KA
with the proportion of terra firme forest withinethtHR of each group using a Pearson
correlation. Given the substantial variation in group and HRsIi¢Table 1), we
analysed habitat selection primarily by study groiihis approach also allowed us to
include potential variability in habitat prefererem@ong groups in our analyses.
Similarly, by assessing habitat use by four offthe groups across all calendar months,

we avoided any potential seasonal bias.

For each group, we used a chi-square goodnessiesfito compare the proportion of
15-min scans in each of the four forest types &b &xpected given the proportion of the
group’s MCP comprised by each forest type. Weiagm@ Z-test with Bonferroni-
corrected 95% confidence intervals of the resid(ldés et al. 1974, Byers et al. 1984)
to determine which forest types were significapilgferred or avoided. We applied
this process to the observed versus expected giopaf each group’s sleeping trees in
each forest type, as well as the habitat compostgieach group’s overlap and core
areas (Garshelis 2000). To assess the overalighaise by thi®ithecia irrorata
population, we treated all five groups as a siisgle-population and repeated the
process, comparing the sum of all scans in ea@sfdoype to the number expected
within a single large MCP drawn around the locatiohall groups (Buskirk and
Millspaugh 2006).

Behaviour and movement patterns in different fonesttats

We quantified habitat preference with respect toaveour by assigning all 15-min
scans for each group to one of four mutually exekibehavioural categories —
resting, feeding/foraging, moving, and socializiagand comparing the number of
scans of each activity recorded in each forest tgghat expected based on the total
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number of observations in each forest type. Wedtenhiall scans for which the activity
was either unknown or ambiguous (4.3% of 11,34®npiagions). Intergroup disputes
were included in the social behaviour category. W&d a chi-square goodness-of-fit
test to determine whether sakis used certain halddaspecific activities more or less

often than expected by chance.

To measure relationships between movement chaistcterand habitat type,av
organized the observationsdaly travel paths. Westimated group travel distance
and velocity in the different forest types by cédting the straight-line distance covered
between each 18Hn scan using the Pythagorean theoréi'e used Hawth'’s Tools
(Beyer 2004) to calculate turning angleS{£0180) for each of 4,659 movements (or
step-lengths) between 15-min locations. In catoulgravel velocity and turning
angles, we included movements from 469 observakiys allocated to the five study
groups for which we had sufficient data pointsépresent movement$Ve examined
group velocity and turning angles as a functiofooést type, group identity, and group
size using Kruskal-Wallis tests. Group size in 8gtigly (range = 2 — 8) is defined as the
mean number of group members, other than dependants, per observation over the

entire study period.

The daily travel path length (DPL) was definedlas sum of the straight-line distances
between successive 15-min locations when a grogdoNlawed continuously between
two consecutive sleeping sitésvin 2008, Boyle et al. 20Q0%r for days consisting of

at least 8 h of observations terminating at a sheggite, if the previous night’s sleeping
site was not determinedhe ratio of straight-line distance (SLD) betweensecutive
sleeping trees to the corresponding DPL providedstimate of daily travel path
linearity (McKey and Waterman 1982, Normand and€0e2009), in which lower
values represented more sinuous travel paths. @&sumed the relationships between
three movement metrics — DPL, lggransformed relative DPL (daily path distance/HR
size, Kernohan et al. 1998, Wallace 2006), andatitye (the SLD:DPL ratio) — and two
indicator variables — the percentage of each dalyervations within terra firme forest
and group size (which has been shown to explamaig DPL, Irwin 2008) — using
Pearson correlations. Given the likely confoundéffgcts of group size and percentage
of terra firme forest each day, we used partiatatations to assess the relationships
between the three movement metrics and each idigédtile holding the effect of the

other indicator constant. We further compared thless®e movement metrics as a
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function of group, using one-way ANOVA. Group Gdhanly one full sample day so
was excluded from the DPL analyses.

Data were analysed using JMP and SPSS statistiftelese; all tests are two tailed and

based on an = 0.05 significance level.

Results

Over the 3-year study period, the five habituatexigs averaged 4.7 £ 1.5 SD
individuals, excluding dependent infants, and cioieid between two and eight
individuals at a given point in time, consistingoofe adult male, one to three adult
females, and associated juveniles (Table 1). Werded 9,119 georeferenced 15-min
group locations over 2,837 observation hours ofitreesaki groups. Median values of
habitat use intensity from our resampling testaiotocorrelation did not differ from the
overall data set; we therefore used the full dataseall groups (Powell 2000). On the
basis of 95% kernel polygons, mean HR size fofitteegroups was 35.9 ha (Table 1),
representing between 5 and 15 ha per individuabitdt composition of the HRs
varied substantially among study groups (Tablei@yié 2), resulting in a strongly
positive correlation between saki densities (irad-)hand the proportion of terra firme
forest in each HR (r = 0.973, p = 0.0065 5).
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Table 2 Percentage of use, composition, and availalfiipur main forest types for five bald-

faced saki groups at Los Amigos, Peru.

Terra Palm
Group Measure firme Floodplain Bamboo Swamp
Use 56.2%** 38.9%** 0.2%** 4. 7r**
A Core 72.7 20.4 1.4 5.5
Home Range 37.4 51.9 3.1 7.7
Available 29.6 47.7 14.3 8.3
Use 92.7%** 3.8*** 0.6*** 2.8%**
B Core 98.8 0.0 1.2 0.0
Home Range 85.0 3.7 7.5 3.8
Available 67.1 19.9 4.1 9.0
Use 0.0 100.0 0.0 0.0
C Core 0.0 100.0 0.0 0.0
Home Range 0.0 100.0 0.0 0.0
Available 0.0 100.0 0.0 0.0
Use 9.7x*x 89.7x** 0.0 0.6%**
D Core 8.1 91.9 0.0 0.0
Home Range 3.8 95.4 0.0 0.7
Available 4.7 83.5 0.0 11.7
Use 85.7x** 11.3* 0.0*** 2.9
E Core 84.9 14.7 0.0 0.4
Home Range 80.7 13.9 0.3 5.1
Available 71.8 9.3 16.6 2.3
Use 57.6%** 39.4%** <0.3*** 2.8%**
All groups' Core 39.4 58.8 0.5 1.3
Home Range 28.8 66.9 1.3 3.0
Available 34.7 52.1 7.0 6.3

Use = percentage of 15-minute scans (time) recardedch forest type

Core = percentage of core area (50% probabilityZomm kernel analysis) in each forest type

Home Range = percentage of home range (95% prdigatiihe from kernel analysis) in each forest type.

Available = percentage of Minimum Convex Polygoreath forest type

* *¥** = Use differed significantly from Availability (p=05, p=0.001)

1o Represents the combined use (% of 15-min sexHrad) study groups, within the aggregate Core,

Home Range, and MCP areas of all groups.
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Figure 2: The home range (HR) boundaries (solid lines)w# habituated bald-faced saki
(Pithecia irroratg study groups and neighbouring unhabituated grdugtsveen the Madre de
Dios and Los Amigos Rivers, southeastern Peru.uiddtoodplain forest (all white areas)
dominates the HRs of groups C and D, while terradiforest dominates the HRs of groups B
and E. HR polygons of individual saki groups (&-below) expressed as 95% kernel
polygons (solid lines) show the spatial distribataf 15-min group locations and forest types
available for each group. On the following indivéd group maps, labelled by group, dashed

lines represent home ranges of adjacent focal grobfabitat symbols remain the same.
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Patterns of habitat use

Considering all groups, year-round use of the foam forest types indicated a strong
preference for terra firme forest and an avoidafdeamboo habitatxf= 3,071.4, df =
3, p<0.0001, Table 2), as did sakis’ feeding amddimg time across all forest types
(x°= 1,394.2, df = 3, p<0.0001). Together, the fiveups used terra firme forest 2.4
times more often than expected, given the relatordgribution of this forest type to the
combined MCP, whereas floodplain forest, palm swaanp bamboo forests were used
1.5, 2, and 32 times less often than expectedeotisply (Figure 3). Habitat selection
analysis was then carried out for each of the $alr groups that used more than one
forest type, as the HR of Group C was entirelyrietsid to floodplain forest. For each
of these groups, the amount of time allocatedra tirme forest was greater than
expected by chance for both all activities combiaed for foraging and feeding
(p<0.05 in all cases; Table 2, Figure 3).
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Figure 3. Habitat selection ratios (Use:Availability, Mardy al. 2002) of four main forest
types for each of four saki groups. “All” denotés bverall values for all groups. Use =
proportion of 15-min scans recorded in each fasgst. Availability = proportion of area of
group’s Minimum Convex Polygon occupied by eaclesbtype. Ratios >1.0 and <1.0 indicate
positive selection (preference) and negative dele¢avoidance), respectively. TF=Terra
firme, FL=Floodplain, BA=Bamboo, PS=Palm swamp.o@r C's home range was entirely
restricted to floodplain forest and is thereforé stoown here. Group D lacked bamboo

vegetation and therefore lacks a value for thadotype.

Habitat composition of the core area (50% kernélgum) of each of these four groups
also differed highly significantly from that of MCP (xtests, p<0.0001). On average,
terra firme forest comprised 41% of the all coreasr, or 1.4-fold higher than the
proportion of this forest type available in all ME€Bombined. The proportions of terra
firme forest within the core areas of individuabgps were 1.2-2.5 times greater than
those in the groups’ respective MCPs, regardlesiseobverall habitat composition of
the MCP.

Overlap among home ranges similarly reflected ¢éineléncy of sakis to concentrate

their time allocation to terra firme habitat. bct, the HR of group C, which was
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entirely confined to floodplain forest, did not ohag with that of other groups. Home
ranges of the other four study groups overlappédden 4.5% and 33% (overall mean
15.8%, Table 1). These percentages reflect olyterlap with other habituated
groups, as it was not possible to quantify the tamtthl overlap between habituated
groups (particularly groups B and E) and neighbautinhabituated groups, which
typically fled or hid from observers.

Terra firme forest occupied between 37% and 85%@tombined overlap area of
each group, and these proportions were 1.2-7.9%tgneater than expected. Terra firme
forest accounted for over 75% of three of the foairwise areas of overlap (Table 3).
The proportion of time spent in overlap areas wastgr than expected by chance for
all groups with overlap, given the relative sizeovérlap areasyf tests, p<0.001 in all
cases). The overlap areas of groups B and E, vduchisted of 82% and 85% of terra
firme forest, respectively, were used during 19% a0% of observations, respectively.
Group D spent less than 10% of its time in its @gerone, but this area encompassed
only 37% in terra firme forest and only 4.5% ofHR size.

Table 3.Pairwise overlap areas and proportion of each foype in overlap areas between
neighbouring saki groups. Only pairs with overiagghome ranges (defined as the 95% kernel

polygons) are shown.

Overlapping Area Terra Palm
groups (ha) firme Floodplain Bamboo swamp
A-B 401 0.78 0.07 0.08 0.08
A-D 1.67 0.00 1.00 0.00 0.00
A-E 5.12 0.85 0.12 0.00 0.03
B-D 1.00 1.00 0.00 0.00 0.00

Time budget and movements in different habitats

Feeding/foraging was the most frequent activitygrat comprising 51.3% of all scans
(between-group range 35.4% to 53.8%). The remgitime was spent resting (24%),
moving (20%), or in social activities (5%), incladi grooming, playing and interacting
with neighbouring groups. Over half of the timmeated to each of four main
activities by all saki groups was in terra firmeest. Considering all groups, sakis
spent more time resting in floodplain forest thapexted, and less time in palm swamp
and bamboo habitats; in fact, 75% of the relatiwgshall amount of time in palm swamp

was spent feeding (Figure 4). Social behaviou¥ 40 which pertained to agonistic
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interactions between groups, was recorded more tften expected in terra firme
forest ? = 115.5, df= 3, p<0.001), and the percentage®fpnistic interactions in
terra firme forest (84%) was significantly highkah expected (S. Palminteri,
unpublished datg?= 33.7, df = 2, p<0.0001).

The preference of sakis for terra firme habitat anoidance of bamboo and palm
swamps was even more pronounced for their oversigeping sitesxf = 124.0, df =
3, p<0.0001). Of the 330 sleeping sites recordedlf five study groups, 212 (64%)
were in terra firme forest, 116 (35%) in floodplaiwo on the edge of a palm swamp,

and sleeping sites were never recorded in bamblitaha

100 - 6199 4343 29 285 10856
Moving
80 - 1 Social
1 Feeding
mmm Resting
c 60
Q
=
2 40 |
20 +
0 _

TF FL BA PS ALL

Figure 4. Activity budget (resting, feeding, moving, socialithin four main forest types [terra firme
(TF), floodplain (FL), bamboo (BA), and palm swali8)] for five habituated groups of bald-faced
sakis. Right-hand column (ALL) denotes the aggtegativity budget in all habitats. The number of
observations in each forest type is listed aboel ealumn. Behavioural data collected by an auxilia
observer matched simultaneous data obtained byrtheipal observer in 90% of cases, indicating not
only that data gathered during scans restrictemhlp 1 — 2 individuals in view could be used to aédse
the overall group behaviour, but also that actipiégterns of group members of were largely
synchronized.

Sakis moved in a trajectory that usually took tHesm one boundary of the HR to
another during the course of a day and includeaigiog in different habitats (Figure 5),
rather than a single core area. The straightdis@nce (SLD) between consecutive
sleeping trees (306 m, range 0—838\nx; 152) did not differ among saki groups (k7
=1.376, p = 0.245). However, the three groupsgiprimarily terra firme forest
travelled significantly faster and exhibited sigeaintly longer daily path lengths (DPL,
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1,108 £ 302.6 m) than the two groups with HRs datad by floodplain forest (868 +
187.8 m, k129= 5.03, p<0.001; Table 4). Travel velocity, caltad for 15-min steps
during which any forward movement occurred (medid®0.8 m/h; N = 5242), was

not significantly different in terra firme, floodgh, and palm forest (137 - 141 m/h), but
significantly faster in bamboo forest (251 m/h, 19.342, df = 3, p = 0.025).

Figure 5. Sample travel paths of three
consecutive full days of observation
(solid, dotted, dashed lines = days 1, 2,
3) for three bald-faced saki groups
showing typical group trajectories
within their home ranges. Circled solid

dots represent sleeping trees.

0 75150 300 450
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Table 4. Mean daily travel path lengths (DPL), relative ¢eghs (DPL/HR), and straight-line distances (SLEXW®&en consecutive sleeping sites
of five saki groups, together with mean daily petage of terra firme forest and median travel vigjoc

Mean
daily Mean Median travel
No. sample % TF + DPL Relative =~ DPL /Group  Mean SLD + SD velocity (m/h)
Group days' SD? +SD (m) Range (m) DPL® size (m)* (range)®
1,075 + 84 /141
A 140 /51 61.0+30.7 298 593 -1,741 25 229 321 £ 216 (0 -969)
1,176 + 100/ 156
B 138/ 44 93.8+£8.2 305 619 — 1,722 38 181 278 £ 146 (0-1,072)
8/119
C 23/2 n/a 777 £2 775-778 25 370 193+ 10 (0-543)
721128
D 104 /24 13.2+220 872x+194 497 -1,325 15 219 351 £ 162 (0-1,339)
1,013 + 63/128
E 55/13 86.9+16.4 287 579 —-1,489 65 390 237 £ 249 (0-924)
1,062 + 80/141
All 460/ 134 64.8+36.8 299 497 — 1,741 32 267 306 + 189 (0-1,339)

!Sample days = all days used to assess travel teldtill” days used for DPL?Daily % TF = percentage of each day’s 15-min scgesit in
terra firme forest®Relative DPL = daily travel path (m) / home ranpe)(*SLD = straight-line distance between consecutigehg sites.
*Travel velocity based on distance travelled dufiBgmin steps, considering all steps / consideriagssfor which velocity > 0.
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Across all groups, both group size and habitat {peecentage of observations in terra
firme forest on a given day) were positively coatetl with DPL and relative DPL [leg
(DPL / HR size)] and negatively correlated with g¢eagh linearity (Table 5), although in
each case the partial correlations were either areaknon-significant. The significant
positive relationship between group size 8RL remained across habitat types, while
the relationships between percentage of obsensiioterra firme forest on a given day
and relative DPL and path linearity, respectivetynained significant, regardless of
group size (Table 5). Likewise, groups B and EhwiRs dominated by terra firme
forest, had significantly more sinuous (less linemy paths than those of group B (&
=5.43, p=0.002), which primarily used floodplaordst. The turning angles between
15-min group locations (486range 0— 180, N = 4,659, mean 63 51° SD) did not
differ across forest types (H =5.71, df = 3, p.£A¥) or groups (H=4.51,df=4,p =
0.341).

Table 5. Pearson correlation coefficients between threeament metrics for bald-faced sakis —
day path length, relative day path length (day jextyth / home range area), and the straight line
distance:day path length ratio — and two contrgstifluences on movement patterns — habitat
type (the percentage of each day’s observatiofsmiiérra firme forest) and group size (the
number of individuals in the group each day). DPtlay path length , Lag RelDPL = logqy-
transformed relative DPL. SLD:DPL = Straight linstence:DPL ratio.

Movement % terra firme Group size
Metric % terra firme (partial correlation) Group size (partial correlation)

r=0.201 r=0.064 r=0.311 r=0.250

Day Path Length P =0.02 P =0.47 P <0.001 P =0.004
N =134 df =131 N =134 df =131

r =0.552 r=0.534 r=0.192 r=-0.097

Logiq RelDPL P <0.001 P <0.001 P =0.03 P=0.27
N =134 df =131 N =134 df =131

r=-0.338 r=-0.291 r=-0.185 r=-0.043

SLD:DPL P <0.001 P =0.001 P =0.04 P=0.64
N =119 df =116 N =119 df =116
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Discussion

Patterns of habitat use

Our results indicate that whikithecia irroratain south-eastern Peru is not restricted to
terra firme forest, groups show a strong preferdacthis forest type. Although saki
groups did not maintain a minimum proportion ofaefirme forest within their home
ranges and were not terra firme obligates, theirsi#ie, overlap areas between
neighbouring HRs, patterns of habitat use, andaeatporal distribution of foraging
activities and sleeping sites all indicated strealgction for terra firme habitat over other
forest types. Terra firme forest comprised a higlveportion than that expected by
chance for both overall occurrences and the digioh of core HR areas for all four

groups with at least some access to this forest typ

While group size explains part of the variatiorhome range size in primates (Milton
and May 1976), our results at the population Ig@eeht to the importance of habitat type,
rather than group size, in determining populatiengity and ranging behaviour in our
study region. Although group size can affect hoarege size in large-group living
primate species (e.g. Dunbar 1988), our results@msistent with the negative
relationship between HR size and habitat qualityntbfor other primate species and
genera (Struhsaker 1967, Dietz et al. 1997, DiF2®@3). Terra firme-dominated HRs
tended to be smaller, resulting in saki densitieteira firme forest that were double
those in floodplain forest. A comparison of hab#election and ranging patterns with
otherPitheciapopulations south of Amazon is difficult, due teevere paucity of studies
and substantial differences in soil fertility, habiheterogeneity and level of group
habituation (Soini 1986, Peres 1993b). HoweveglnHRSs recorded for congeners
north of the AmazonR. pithecia Norconk 2007) are consistent with the lower body
mass of white-faced sakis, undersampling of unbated groups (Norconk et al 2003),
and, possibly, competition with larger-bodied syinipaitheciines, primarily bearded

saki monkeys@hiropotes sppReres 1993b).

87



Although the correlation between the proportionienfa firme forest in the HRs of our
five saki groups and their proportional overlaphaieighbouring study groups was not
statistically significant (r = 0.772, p = 0.126 A\b), the addition of unknown areas of
HR overlap of groups B and E with those of unhadigd groups would have
strengthened this relationship. We observed twibage elusive groups using portions
of the HRs of our study groups, all in terra firfoeest, thereby increasing the overall
intensity of use byitheciaof this habitat. While HR overlap among our tdimae
study groups reached only 33% (Table 1), quantitioaof the overlap area between
groups B and E and unstudied neighbouring groupgdutave increased HR overlap
estimates to levels closer to the 50% overlap o$ ldRerra firme populations of buffy
sakis P. albican$ reported by previous studies (A. Johns, unpubtisimanuscript; Peres
1993b).

This contrasted with the situation among our fldadpforest groups, for which overlap
was less than expected by chance. For exampletaabituated group of only two
individuals with a small HR in floodplain habitadjacent to those of study groups C and
D (Figure 2f) was never observed within the HRitdiex of these groups, despite
interacting vocally with group C. In the extenssaasonally flooded forests of northern
Peru, where terra firme forest was not availalble,HR of a group of monk sakiB.(
monachupoverlapped <1% and ~70%, respectively, with thafsés two neighbours
(Soini 1986), showing that extensive overlap amiboadplain groups may occur under
some circumstances. Nevertheless, our data irdécgeneral lack of HR overlap in
floodplain forest, which further contributes to thieserved variation in saki densities
across the MDD region.

Time budget and movements in different habitats

Despite the smaller home ranges of bald-facedgakips containing more terra firme
forest, their absolute and relative day paths téridéoe longer and more sinuous. These
groups thus covered a larger area of their respeEtRs each day than groups with more
floodplain habitat. That 72% of known overlap aaea 84% of observed agonistic

interactions occurred in the terra firme portiohglbHRs may indicate a greater
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propensity for groups to defend preferred ternadiforest habitat. The tendency of
groups to move across opposite boundaries of thevittin a day, combined with the
higher than expected use of overlap areas, which teera firme dominated, further
suggests higher time and energy allocation to égpiee and/or interference defence of

higher-quality territories.

While more than half of the time spent by sakisach of four main activities was in
terra firme forest, other forest types were targéoe specific activities, a strategy seen
in other primates (e.g. Porter et al. 2007). B@neple, sakis foraged significantly more
often than expected by chance in palm swamp (Figureshere they primarily
consumedVauritia palm fruits. The canopy structureMauritia palm crowns, which
are widely spaced with little horizontal connedtjyrequires frequent leaps that make
movement conspicuous and therefore risky for tthemvise behaviourally cryptic
species. Sakis thus appeared to minimize theirerability inMauritia palm swamps by
largely restricting their time in this habitat ®efling bouts. The disproportionately high
amount of time spent feeding and lack of forwardrement in both palm swamp and
bamboo forest and intensive use of the edges eéthabitats (Figure 2) suggest that
sakis entered these relatively open-canopy foyesistto access a specific food source

and return to closed-canopy floodplain or terrenérforest as directly as possible.

Landscape-scale detection and population density

In a series of mammal surveys across the Madreiae Bgion of southern Peru,
Palminteri et al. (Chapter 2) partly attributed kingh variability in saki abundance
among sites to their higher abundance at terraefgites. Consistent with those findings,
a number of behavioural traits identified here rabyvate saki encounter rates in terra
firme habitat. Saki groups are more tightly packeterra firme forest habitat because of
both smaller HRs per individual and the much highesrlap among HRs, which
increased our group densities by 5 to 50%. Whilehabituated saki groups were
similarly observable in mature flooded and unflabdlerests, unhabituated groups are
likely more detectable in terra firme forest, asytlspend more of their time, feed more

frequently, and tend to be more vocal (intergrongognters) while in that habitat type,
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all of which may create an appearance of even gréansities for this normally highly

cryptic species.

However, these factors are insufficient to expllrof the observed regional-scale
variation in saki population densities. Sakis wadpeent from eight of eleven floodplain
forest survey sites and from four of 19 terra fifoeest sites in Madre de Dios (Chapter
2). Sakis in this region face little hunting prneres habitat disturbance from forest
fragmentation and logging, or potential competititom other seed-eating vertebrates
(Chapter 6). Thus, the observed patchiness immnedsiscale distribution is likely
independent of human disturbance and reflectssippeeies/habitat relationships that
remain largely unexplained. These habitat prefeemust be considered together with
other ecological and biogeographic factors (ewyidll barriers: Ayres and Clutton-Brock
1992), to better understand saki distribution dnahaance at the landscape scale.
Further studies of the habitat use and feedingoggobf Pithecia in conjunction with the
spatiotemporal distribution of food resources,eaa with varying saki densities
(including absences), would help strengthen ouetstdnding of this enigmatic species
by elucidating, for example, how food availabilityterra firme forest compares to that
in other forest types and which canopy structuggatteristics are favoured by sakis and

how they are distributed across forest types.

Quantifying the patterns of use of space acrodsrdifit forest types can help explain the
variation inPitheciadensity observed in surveys across lowland Amagzaviich have
typically found this small-group living pitheciirte be most frequently associated with
terra firme forests (Branch 1983, Christen and &e&n 1994, Peres 1997, Sheth et al.
2009, Chapter 2). Similarly, Haugaasen and P&@35) occasionally found sakis in
seasonally flooded varzea and igap6 forests, dytairsites immediately adjacent to
terra firme forest. At Los Amigos, use by sakisyature floodplain forest depended on
the presence of highly-developed forest structoir@ greater degree than their use of
terra firme forest (Chapter 7). Our results sugtestthe wider terra firme forest matrix
spanning the vast interfluvial regions of lowlanth@zonia will pack mor@ithecia

groups per unit area, thereby facilitating gre&tBroverlap and higher population
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densities (cf. Peres 1997; C.A. Peres, unpubl)ddtacontrast, sakis’ virtually complete
avoidance of low-phytomass habitat types, suchaashbo stands, suggests that they are
unlikely to persist in areas wheBiaduabamboo predominates, including large portions
of south-western Amazonia (165,000%melson 1994, Smith and Nelson, submitted/in
press). Alarmingly, these areas are expected tarekpnder a scenario of increasing
frequency and/or severity of seasonal droughtsnaltdires (Barlow and Peres 2004,
Asner et al. 2010, Smith and Nelson submitted/esg), as already witnessed in south-
western Amazonia (Aragao et al. 2007, Phillipsle2@09). The expansion of bamboo-
dominated forest and increasing threats to matura firme forest from climate and
human land-use change across the basin (Nepsthdl&99, Asner et al. 2010)
potentially threaten the long-term viability of spaists of mature terra firme forest,

such as sakis. Ensuring the protection of extensitact blocks of terra firme forest in
areas that will remain relatively resistant to4imeduced invasions dbuaduabamboo

should become a regional conservation priority.
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Chapter 5: On the advantages of granivory in seasah
environments: feeding ecology of an arboreal seedeqxator in

Amazonian forests

Abstract

Seed predation among arboreal vertebrates haspoeesrily considered a response to
seasonal ripe fruit scarcity faced by most gengrfdiigivores. The suggestion that
consuming seeds of immature fruits — that are atstalfor relatively long periods
compared to mature fruit — may reduce seasonal $oactity experienced by primary
consumers remains largely untested. To test whetimeature fruit was available over
longer periods or more consistently than ripe frwie examined the diet and feeding
behaviour of bald-faced saki monke¥Atliecia irroratg in southeastern Peru based on
systematic monitoring of five habituated groupsrav8-year period, and compared the
relative availability of ripe and unripe fruits their diet. Phenology data showed that
immature fruits were available for longer periodghim individual crowns of a given
tree and liana population, in more species, argieater quantities than ripe fruit. Fruit
availability, however, did not substantially afféle feeding patterns or food
preferences of sakis: fruits comprised an averd®®% of sakis’ monthly diet, with
seeds alone accounting for 75%, and no major mpdibtary shift was recorded
despite pronounced community-wide seasonal chandast production at our study
area. The wide taxonomic spectrum of over 220tpacies consumed by sakis,
comprised mainly of seeds of unripe fruits, likatynimizes both dependence on
particular plant species and intra- and interspecdmpetition for individual food
species or discrete food patches. The flexibldodgtion by sakis of a relatively
aseasonal food supply for which they face littlenpetition may reduce their need to
expend greater foraging effort or consume lessaesi foods, even during prolonged

seasons of fruit scarcity.
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Introduction

Fruit is a key element in the diet of many tropicakst vertebrates, including virtually
all diurnal primates, most of which consume ripétfpulp (Terborgh 1983, Cowlishaw
and Dunbar 2000), which is typically a highly epleeat resource (Fleming et al. 1987,
van Schaik 1993, Peres 1994). Individual fruiteae in an immature stage for
relatively long periods before maturation (Denné3,3Bollard 1970), and trees and
woody lianas bear immature fruit for longer peritiisn ripe fruit (Janson and Emmons
1990, Peres 1994, Haugaasen and Peres 2007). MkdiceO6) has suggested that
feeding on seeds of immature fruit may be an adiaptéo minimize seasonal variation
in food availability. The relative rarity of spatised seed predators, compared to the
overall seed availability, may also translate irduced interspecific competition (van
Roosmalen et al. 1988, Janson and Emmons 1990)edMer, seeds tend to contain a
higher nutritional value per unit volume than otplmnt parts, such as ripe fruit pulp
and leaves (Janzen 1971, Fleming et al. 1987dimad) higher levels of both protein
and lipids (Garber 1987, Kinzey and Norconk 1998himals that specialise on unripe
fruits may therefore be able to use less ephemaak reliable fruit resources than
pulp-eating generalist frugivores can. They ma&yp a&xhibit less pronounced spatial,
dietary and physiological changes that are consdler be seasonal responses to food
scarcity. These include home range relocationnmboe favourable areas (Leighton
and Leighton 1983); socioecological adaptationgroup structure, such as fissioning
into sub-groups (Symington 1988, Norconk and Kink894); increases (e.g. Peres
1994, Matthews 2009) or decreases (e.g. Stevensdn2000, DiFiore and Rodman
2001) in daily travel distances; shifts to alteiwvafood resources, such as arthropods,
nectar, or leaves (e.g. Terborgh 1983, Symingt@8,1Peres 1994, Stevenson et al.
2000, Palacios and Rodriguez 2001); and seasahattien in body mass (e.g.
Goldizen et al. 1988) and/or metabolic rate (Sch2@d0). Yet the general hypothesis
that vertebrate seed predators targeting unripts fave less likely to experience
seasonal food scarcity than pulp-eaters (Jansoiamdons 1990, Norconk 1996)

remains largely untested.

Despite the potential benefits of seed predatiom fasaging strategy, specialised
consumers of immature seeds are relatively rapgimates. In the Neotropics, only the
larger PitheciinesGacajaq Chiropotes andPithecig are known to specialise on seeds
(van Roosmalen et al. 1988, Kinzey and Norconk 1998ere has been relatively little
systematic research on the feeding ecology of thesera. While the feeding ecology
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of one of the five species of saki monképgheciaspp.) has been studied
systematically in northern Amazoni@. (pithecia Kinzey and Norconk 1993, Norconk
1996, Cunningham and Janson 2006), the remainungsfeeciesR. albicans P.

albicans P. monachusindP. aequatoriali$, all of which occur in southern and western
Amazonia, have been observed only through oppaticrsightings during
synecological primate surveys and follows of unhaied groups (Happel 1982, Johns
1986, Soini 1987, Peres 1993). In the two longisties of these species, seeds
comprised 40% of feeding observationsPomonachugn north-eastern Peru (Soini
1987) and 46% folP. albicansin central-western Brazilian Amazonia (Peres 1998)
preliminary study in southeastern Peru indicated biald-faced saki monkeyBithecia
irrorata, hereafter sakis) not only foraged primarily ordseof immature fruits (>80%
of overall diet) during the season of relative tfiegarcity but consumed seeds from a
wider range of plant species, without switchingtioer plant parts (Chapter 6)his
suggests that seed predation as a year-roundydgtategy may afford bald-faced sakis

access to a broader spectrum of food species ahdgsea more reliable food supply.

In this study, we tested whether sakis, by consgra@eds of unripe fruits, experience
reduced seasonal food scarcity by comparing tlaivelavailability of ripe and unripe
fruit in the study area, focusing primarily on th&e array of plant genera in the saki
diet. We hypothesized that saki food plants wdoddr immature fruit for longer
periods than mature fruit and that, at any giveretithe richness of plant species
bearing immature fruits consumed by sakis woulthigber than that of ripe fruit. We
further predicted that whenever fruit was availakkech food plant species would
supply larger crops of immature fruits per treeré¢ladter referred to as productivity)
than those of mature fruit. In sum, immature fouituld be available more consistently
over time across food patches and in larger numbigingn a given food patch than
mature fruit. We also monitored the seasonal tianan the diet and feeding ecology
of five habituated saki groups over a three-yeaiogeo test the corollary to the
reduced seasonality hypothesis, that, as seedtpregdtheir diet would (i) be largely
independent of mature fruit availability, therebgluding high intakes of fruit parts all
year-round and (ii) remain taxonomically diversgher than show the pronounced
seasonal dietary switches to alternative plantiess and/or arthropods that have been
typically reported for sympatric primates that fpegorimarily on mature mesocarps.

Finally, if unripe fruit parts are more consistgrdlvailable over time, then territorial
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defence through agonistic interactions toward n@dgining groups would occur

independently of food availability.

Methods

Study area

The study took place in south-western Amazoniayeen the Madre de Dios and Los
Amigos rivers in Madre de Dios (MDD), Peru on th D00-ha privately managed Los
Amigos Conservation Concession. This region sugor exceptionally high species
richness of trees (Gentry 1988) and primates (Ensd®84, Terborgh 1983). The
focal saki group study area (335 ha), describedore detail in Chapter 4, contains
both mature floodplain forest subjected to a swgmadal flood pulse and unflooded
terra firme forest. Phenological data were codldalong 30 km of trails north of the
Los Amigos River, adjacent to the saki study aFegure 1). Over 70% of the year-
round precipitation falls within 6 months (Octolaerd March), so for this study we

distinguished two main seasons: wet (October — N)aaad dry (April — September).

Figure 1. Map of the study area at Los Amigos, Peru, shgiine focal saki group area (solid
black outline) and the phenological data collecaoea (broken black outline) along adjacent

trail systems. Floristic plots are representediay dots.
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Data collection

Food availability

To estimate the temporal availability of saki foua extracted data on 573 plants,
comprised of 512 fertile treed0cm in diameter at breast height (DBH), 9 liarseas

52 arborescenpalms, belonging to 129 species or morphospelasitere known or
probable saki food plants from an unpublished 39#im@henology study (March 2005
— May 2008) on food plants for a suite of frugivesdird and mammal species (G.
Powell and R. Tupayachi, unpubl. data). Phenojdggts were located within 10 m
bands (30 m for exceptionally rare emergent treagither side of nine trails within a
30 km trail grid coveringz18 knf. Phenology plantsiere marked and identified to the
level of species or morphospecies [range 1-25 iddais per (morpho)species, mean
4.4+ 4.8 SD] Each tree crown was visually monitored usingia gf 10x40 binoculars
on a monthly basis and assigned a productivityevaflD-5 for each phenophase of
reproductive plant parts (flowers, immature frugged mature fruits) where 5 was the
maximum potential score (Fournier 1974). Mature iamghature fruits were
distinguished in each case on the basis of texndecolour of fruitstill attached to the
plant or the same traits plamell and taste dfuits (or fruit fragments) collected on the
ground following abscission or vertebrate consuarptif whole fruits. However, only
those fruits still attached to plants were recorttederive availability metrics from
phenology surveys. All phenology plants were uguabserved within the same 5 — 6
day period each month, with intervals of 27 — 3gsdaetween consecutive visits to the
same treeWWhenever either the saki food item or the monitgrieenology tree could
only be identified to genus and morphospeciesstbedonging to the genus (congeners)

were combined.

To independently estimate abundance of saki foadtplin the study area, we located
192 floristic plots, totalling 2.81 hectares, bygithlly overlaying a 25 x 25m grid on the
study area and randomly selecting 60-65 grid ¢elesach of three levels of saki use
intensity, based on initial two years of focal gvauonitoring. We obtained density
data on additional plant species from 18 plotslliog 1.8 ha, inventoried in the study
area by BRIT (2010).

Feeding patterns
Five adjacent groups of bald-faced sakis (meanmsme = 4.7 + 1.5 SD, range = 2 —
8) were previously habituated and then followeduptto 5 consecutive days per

103



month, for between 6 and 28 (mean 20.2 + 8.9) nsoedch, between January 2005 and
December 2007 (see Chapter 4 for details on obsenahsampling). To investigate
feeding patterns and food selection, we used itemt@ous group scan sampling
(Altmann 1974), taking a scan every 5 min, duririgol we recorded the group’s
location, modal activity pattern, forest type, amdtical position. We categorized all
scans for each group as resting, feeding/foragimay,ing, or socializing (including
intergroup agonistic interactions), omitting alaes for which the activity was not
known (4% 036,000 total 5-min observations). Insect feedimg &lso excluded
from this analysis. For all plant feeding boutsetved within a given food patch, we
recorded the plant species (or morphospecies)t plahconsumed (seed, mesocarp,
whole fruit, flower, young leaf), and status of omély of fruits or seeds consumed.

Data Analyses

Fruit availability

To estimate the overall monthly availability of iratnre and mature fruit, we first
calculated the monthly productivity score for eitmmmature or mature fruits produced
by each phenology plant multiplied by its basaba@f, Develey and Peres 2000), as
tree DBH is a reliable predictor of both immaturel anature fruit crop size (Chapman

et al. 1992, Leighton & Leighton 1982). We calteththe mean of these scores for all
trees in each species, to correct for uneven sasig#s, and summed the species means
to produce a monthly fruit availability index (FANVe then examined the monthly
variation in both the number of species bearing ature and mature fruits and their

FAI scores using one-way ANOVAs with Tukey post-Itests.

To examine whether the availability of immaturetguncluded in the diet of sakis was
less ephemeral than that of ripe fruits, we uspdiged t-test between the log-
transformed numbers of sample montNs39) during which each plant species
produced immature fruit and mature fruit. Pairdests were also used to compare the
number of species bearing immature fruit in eachpa month to that bearing mature
fruit, the mean monthly productivity values of imtmag and mature fruit for each
species, and the FAI values for the two phasesabfinty.

Feeding patterns
We tested for monthly differences in the proportdnime allocated to plant feeding
using a one-way ANOVA and the proportion allocaizeéither seeds (predominantly
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immature fruit) or fruit pulp (almost exclusivelgoin mature fruit) using a paired t-test,
across the 31-month saki observation period. Véd &&arson correlations to compare
the availability of immature and mature fruit — repented by the number of plant
species, productivity, and FAI scores for eithemiature and mature fruit — to patterns
of feeding behaviour, including the proportion iofi¢ sakis spent feeding, the
proportions of seeds and pulp in the diet, andltbary species richness. Spearman
rank correlations were used for parameters withmmrmally distributed data. To
standardize for varying observation effort acrossmitns, dietary species richness was
represented by the number of food species peri¢®ariinute observations. We
evaluated the dietary importance of flowers anéss\key food genera (e.lpga,
Mauritia, Socrated by comparing their respective contributions inntindy diets (%

time) to the overall and genus-specific availapifiteasures on the basis of
phenological surveys. To assess whether sakisadéild more time to agonistic
interaction with neighbouring groups during timédroit scarcity, we correlated the
total number of intergroup encounters per 100 dbservation to our measures of

overall fruit availability.

To assess the relationship between use and aviylaibia given food plant genus by
sakis, we used the comprehensive vegetation datdbened from the 210 floristic
plots & 4.28 ha), which were evenly distributed throughtbetstudy area (Figure 1,
BRIT 2010), to measure the abundance of 58 fooeémgerepresenting 72% of all
feeding observations on plant items (N = 6,703).eXamine preference for a given
food plant genus relative to its abundance in thdysarea, we extracted the residuals
from a regression equation predicting the propogia@ontribution of each genus in the
overall diet based on the overall density of trefethat genus in the vegetation plots.
Positive residuals indicated preference or posielection, whereas negative residuals
indicated less use than expected, given abundadtthe 129 plant food
morphospecies recorded in this study, 100% and &8¢ identified to genus and
species, respectively. For our comparative anajyse therefore restricted the
taxonomic resolution of plant identification to gisrbecause the number of
morphospecies in both the plant diet and the ficr[gots rendered species-level
comparisons unreliable. To account for habitatiieation of tree genera to a
particular forest type — those for which >80% addang observations were restricted to

either floodplain or terra firme forest (the twondimant habitat types used by sakis) —
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we related the proportion of feeding time allocatethe genus in that forest type to its

abundance in floristic plots in that forest type.

Finally, to determine whether preference for patticfood plant genera was related to
fruit availability, we correlated the preferencemeof each plant genus to the number
of months in which fruits were available, the méauit productivity score, and the FAI
score. We also compared preference scores taithbar of months in which each
genus was consumed by sakis and its respectivepiapin the saki diet. For
variables representing monthly availability andpdlegy scores, we applied genus-
specific data for immature fruit unless sakis caned only mature fruit from that
genus. Using one-way ANOVAS, we also compareds#he preference score of each
food plant genus to (1) the stage of maturity (irtur& mature, both) in which fruits
were taken; (2) fruit morphologgénsulanson 1983: fleshy mesocarp or aril with a
minimal pericarp; pods or fleshy pulp surroundedalpyrotective pericarp; and tough /
sclerocarpic fruits); and (3) the principal habtigie in which the genus was used (terra

firme forest, floodplain forest, or both).

Results

We observed the sakis feeding on fruit during >8,88min. scans during 3,000 hours
of observation, during which they consumed fruitseeds of 216 species from at least
112 plant genera belonging to 53 families (Appehdikhe combined proportions of
seeds, pulp, and whole fruits taken each monthageer 95.8% + 7.0% SD of the
monthly plant-based diet, with seeds (187 species)prising most (58 — 88%) of
sakis’ diet during all months, except May (early deason, 47%, Figures 2 and 3).
Sakis typically extracted seeds from unripe frieigving the pulp unconsumed (71% of
all feeding observations). Rarely, however, sakistinued to consume seeds of a
species even after the fruit appeared to be médusbservers, but these cases
comprised fewer than 50 feeding scans. Feedimmgperfruit pulp, principally from the
genusinga and the palnMauritia flexuosatogether with fruits from 19 other genera,
comprised 25% of total plant feeding time and pdakeMay. Flowers and young

leaves contributed just 3% and 1%, respectivelyheécoverall diet.
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Fruit availability

Based on monthly phenology data from 573 plantsessmting 129 species (62 genera
in 31 families), the number of species bearing ituregand mature fruit showed
marked seasonal variation. The number of spe@asry immature fruit was highest

in September (late dry season, mean + SD = 42.7 species) and declined through
March (late wet season, 22.5 + 9.2), with the ekoapof a possible second peak in
January, before increasing again(fz= 3.17, P = 0.01, Figure 1). This pattern was
mirrored in the immature fruit availability indekAl, productivity x basal area), which
was significantly higher in the late dry seasondist-September) than late wet season
(March-April, 1 27=5.14, P < 0.001). The number of species withuneafruit tracked

a similar trend, but the second peak (25.0 + 2.Gs€xies) was in February, rather than
January, declining thereafter through Jung £/= 4.00, P = 0.002, Figure 2). The FAI
score for mature fruit was highly variable acrosarg and did not differ significantly
across months k7= 0.60, P = 0.81).

Immature fruit was more consistently availabletmoaeal consumers than mature fruit
using all three measures of availability. The nanmtdif species per sample month=
129) with immature fruit (mean + SD = 32.0 * 8.®cles) was double that with mature
fruit (15.6 = 5.1 species, paired t-test: t = 12di6= 38, P<0.0001). Fruiting periods
for immature fruit of each species were also lor{gezdian = 7 months, range = 0 — 39
months) than those of mature fruit (median = 2 msntange 0 — 39 months, paired t-
test: t = 11.90, df = 128, P<0.0001), suggestisglsstantial potential advantage to
consuming immature seeds rather than, or in additpripe fruit pulp. Trees bore
immature fruit not only for longer periods but alagyreater quantities than mature
fruit. Across all trees in 129 monitored plant@ps, the mean monthly productivity
score for immature fruit (mean £ SD = 0.31 + 0.08) significantly higher than that
for mature fruit (0.09 £ 0.04, paired t-test: t& 14, df = 38, P<0.0001). Per capita
productivity scores adjusted for tree basal areatty amplified this difference. Mean
FAI scores for immature fruit (380.0 £ 152.2) wéaie greater than those for mature
fruit (126.8 = 78.0) in every sample month (paitedst, t = 10.90, df = 38, P<0.0001).
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Figure 2. Monthly indices of immature and mature fruit dahility, calculated for 573 saki
food plants (98% trees10cm DBH) over 39 months at Los Amigos. (a) Indiinal plants
(predominantly trees) with fruit, (b) species withit, and (c) index of fruit availability (FAI).
Months are numbered, beginning in March 2005.
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Feeding patterns

The composition and diversity of the diet of sakifected the prolonged availability of
immature fruits. The monthly proportion of timeaéated to plant feeding (mean + SD
= 25.9% * 5.9%) varied from 21.0% of all scans @bfuary to 35.3% of scans in
August but did not differ significantly among mostfone-way ANOVA I 10=1.93, P

= 0.10). However, mean proportion of time allodate plant feeding was not
correlated with our measures of fruit availabilitythe number of tree species bearing
either immature or mature fruit (Pearson corretegjdN = 29, P>0.10 in all cases, Table
1). The proportion of feeding time dedicated tedsewas higher than that dedicated to
pulp in all sample months, and usually consideraidyer (paired t-test: t = 7.704, df =
30, P<0.0001). The proportion of immature frugdds) in the diet remained high
throughout the year (70.8% + 17.1Bb= 31 months, Figure 3); excluding the values for
May (47.3% + 17.6% over the study period), thisgamion rose to 72.3% (+ 16.194,

= 29). While consumption of pulp appeared to tnaakure fruit availability, it varied
widely by month (5 — 39%) and was not significardtyrelated with either the number
of species bearing mature fruit or mature fruitiemlity (Table 1). The two months in
which sakis consumed the lowest amount of immdture(April and May) were also
those with the second and third highest levelsoosamption of mature fruit (Figure 3).
Consumption of flowers — 93% of which were fromiragée arborescent palm species
(Socratea exorrhiza— peaked from a base level of < 1% of feedingetim 16% when
that palm flowered. Flower consumption, in factrrelated most strongly with the
availability of flowers ofS. exorrhizgrs = 0.851, P = < 0.001, Table 1), suggesting that
flowers were actually consumed preferentialther than as a fallback food. Flower
consumption in June, in particular, was greaten fhr@dicted according to residuals of
the positive linear relationship betwesacrateaflower availability and consumption.
The positive correlation with overall productivity immature fruit further indicates that
flowers were consumed when other foods were aladadble.

To investigate possible links between the percentddeeding time allocated to unripe
and ripe fruit and seasonality in food availabjlitye assessed whether sakis might have
altered their dependency on individual plant spedigring April and May. During this
period, sakis fed more heavily upon ripe pulpMaturitia flexuosaa large palm

forming monospecific stands of up to 15 ha thatdpoed mature fruits all year-round.
Sakis fed orMauritia fruits at low to moderate levels throughout the year hat@y
increased their use during April and May, whivnflexuosaaccounted for 25% and
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28% of their plant feeding time, respectively.faot, the monthly proportion dfl.
flexuosain the saki diet was strongly correlated with pleecentage of both immature
(seeds) and mature fruit (pulp) in the diet (immatw = —-0.676, P < 0.001, mature=
0.753, P <0.001\ = 31). Neither overall consumption of immaturen@ature fruit nor
the proportion oM. flexuosan the sakis’ diet correlated with the monthly iedaility
score for maturdl. flexuosdruit (Spearman correlations P > 0.10 in all casd@he 26
species of the genuisga, the other major source of ripe fruit pulp, acdeanfor 9.5%
of the overall plant diet and comprised 5 - 19%hef monthly saki feeding time. The
overall amount of ripe fruit pulp consumed each thaorrelated positively with both
the productivity ofinga (rs = 0.468, P = 0.01) and the contribution of thiaggeto the
saki diet (¢ = 0.446, P = 0.01), yet both use and availabdftinga were lower in April

and May, the period of lowest seed consumption.
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Table 1. Spearman rank correlations between monthly varigtib= 29) in rainfall and fruit
availability and the feeding patterns of bald-fasa#lis. Feeding is defined as time allocated to
feeding and foraging on plant material. Seedspamgl are taken predominantly from unripe

and ripe fruit, respectively.

Spp. Spp.
Behavioural with with Imm_ Mat_
pattern Rainfall Imm! Mat® Imm F* Mat F FAI* FAl
Prop. time feeding -0.415*  0.117 0.006 0.025 -0.240.229 0.124
Feed time seeds (%) 0.056 0.284* -0.033 0.344 0.13252 0.219
Feed time pulp (%) 0.304 -0.030 0.194 -0.443  -0.02¥285 0.289
Seeds / Pulp ratio -0.317 0.255 -0.202 0.420* -0.098 0.216.325

Feed time flowers (%) -0.426* -0.052 -0.383* 0.427* 0.057 0.008 0.248
Species / 1000bs -0.076  -0.395* 0.105 -0.491* 0.080.230 0.184

Genera / 1000bs -0.144  -0.408* -0.087 -0.519* 0.110.284 0.088
Max from 1 genus (%) 0.203 0.007 -0.110  -0.076 -0.190 0.002 0.126

Intergr. interactions /M°  0.259 0.146 0.295 -0.148 -0.185 0.255 0.419
* P <0.05. 'Imm = Immature fruit’Mat = Mature fruit ’F = Mean productivity/phenology

score (0 — 5, Fournier 1974FAl = mean fruit availability scoréPearson correlatiorfintergr.

interactions / h = number of agonistic interactibesnveen saki groups per hour of observation
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Figure 3. Mean monthly fruit availability and consumption teahs by bald-faced sakis, across
39 months (fruit availability) and 31 months (sakigspectively: (a) mean number of species
consumed per 100 h of observation; (b) mean primpoof feeding time allocated to seeds,
pulp, flowers; (c) mean number of plant speciedwitmature and mature fruit present; (d)
mean fruit availability (FAI) of immature and maguiruit; and (e) rainfall (2005 — 2007).

Given the relatively predictable seasonality tdtfavailability (Figure 2), we combined all
months of phenology and feeding data to a 12-mpatiod to display annual cycles of resource
availability and use. FAIl = Monthly mean of protivity (phenology) score x basal area for

each tree, averaged by species to correct for ung@ple sizes.
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Dietary preference

Based on the floristic plot data, we were ableuardify the densities of 58 saki food
plant genera comprising 72% of all plant foragithgervations. AlthougM. flexuosa
was a favoured species contributing an additior&#aof all plant feeding

observations, it was excluded from the preferemedyais because it accounted for
virtually all trees in three small monodominantrpawamps in the study area but was
rare in other forest types. The remaining 47%heffood genera were not found in the
plots, so we were unable to independently estintetie densities. The densities of food
plant genera occurring in the vegetation plots vpergtively correlated with their
respective contributions to the sakis’ digt10.33, P = 0.01\ = 58). The median
preference score, represented by the residuateatgression equation relating density
to dietary contribution, was —0.006 (range —0.0&3rfartea to +0.074 foringa, Table

2, Appendix), and most plant genera were consurigittly less than expected, given
their overall abundance in the vegetation plotscdntrast, a few genera were both
relatively abundant and highly preferred. For egbanthe five most preferred genera
in the analysis— Inga, PseudolmediaBrosimum EschweileraandPouteria(range of
preference scores: 0.04 — 0.6#)comprised 35% of sakis’ total feeding time, argirth
mean overall dietary rank (4) was greater tharr tiedatively high mean density rank

(7) among the 58 genera for which density estimatre available.

Among the 42 genera for which we had density, @diet, phenology data, neither the
duration of the fruiting period nor the fruit aability score (FAI) correlated with the
degree of dietary preference (Table 2). This waes both for all food genera and for
the five top-ranking genera, the FAI scores of \Wuidal not differ from those of other
genera (Wilcoxon rank-sum test: W = 93, Z = -0.94%; 0.59, N = 42). Higher
preference scores correlated most strongly witmthreber of months in which food
plants contributed to the diet (Table 2). Preféfiemod genera were used three times as
long as non-preferred genera despite the low @iroel between preference and fruit
availability. Preference scores of the variousiptgenera did not differ by whether
immature fruit, mature fruit, or both were consumeakr by fruit morphology or the

principal habitat type in which each food genus s@ssumed (P > 0.10 in all cases).
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Table 2.Spearman rank correlations of genus-specific peefar scores by bald-faced sakis,
based on the residuals of a regression equatialicgirg the proportion of each food plant
genus in the bald-faced sakis’ diet to its densithe study area. Summary characteristics of
preferred and non-preferred plant genéta (58 genera found in both the diet and vegetation

plots, 42 of which were also found in phenologitaldy) are also listed.

Correlation
with pref. Preferred Non-preferred
score P (N = 20} (N = 38)
0.021 —-0.008
Preference score n/a n/a (0.002 —0.074) (—0.055 -0.002)
Prop. of months with fruit
(N =39, mean £ SD) -0.090 0.571 0.51 +0.29 0.45 +0.30
No. calendar months with
fruit (N = 12, mean £ SD) 0.184 0.170 89+29 £20
0.291 0.28
Imm. F-scoré -0.163  0.301 (0.03-1.71)  (0.01-1.53)
Mat. F-score -0.053 0.739 0.06 (0—0.54) 0.06 (0-0.57)
BA (m?)? 0.245  0.064 0.167 0.100
717.4 621.9
FAI scord -0.092 0.562 (41 — 3659) (0 —4615)
No. sample months in diet
(N =31) 0.455 <0.001 12 (3—-31) 4(1-24)
No. calendar months in
diet (N =12, mean % SD) 0.452 <0.001 8.4+3.0 354
0.020 0.001
Prop. of diet 0.641 <0.001 (0.005 —0.106) (0.0001 — 0.036)
Prop. of diet (sum) n/a n/a 0.610 0.113
Density’ -0.277  0.035 3.0(0.4-29.0) 1.80 (0.4 —39.6)

'Preferred genera = residuals > 0, Non-preferre@émgen residuals < 0. For phenological data,
Npreferred)= 17, Nnon-preferreay= 25. Median values (plus range) are used exgkpte noted *F-
score = mean productivity (phenology) score fotraks in each genus. F-score for immature
fruit was used except for genera from which prifgariature fruit was eaterfBA = mean

basal area of food trees used by sakis in eachsgéha 793 trees)?FAI = Fruit availability
index = F-score x BA. Immature and mature fruit fs&bres were available for 42 and 39
genera, respectivelyProp. of diet = proportion of saki plant feedingéi. °Density = stems /

ha from 4.28 ha of vegetation plots in the studyaar
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Intergroup interactions

Interactions between saki groups were generallyiago but infrequent, with only 116
independent intergroup encounters in over 3,000shoiustudy. The monthly number
of agonistic interactions per hour of observatianed substantially (mean £ SD = 0.04
+ 0.03, range 0 — 0.09) but was not correlated Wighnumber of species bearing
immature or mature fruit, the number of speciessoomed by sakis, or the immature
fruit availability score (P > 0.10, N = 29 in aliges). While more interactions occurred
in months with higher mature fruit availability, & 0.419, P = 0.024, N = 29), they did
not generally occur around fruiting trees, and fiethan 15% of all interactions were

preceded by feeding bouts.

While sakis generally ignored smaller sympatrieraie species, they almost invariably
gave way to largerAteleg and more aggressiv€é€bus frugivorous primates. Of the
3,000 hours of observation conducted over 31 moaihysroximately 20 hours were
spent interacting, usually avoiding, these two sgse(Palminteri unpubl. data).

Discussion

Our results support the general hypothesis thall gmaup-living pitheciine primates,
such agithecia irrorata minimize the potentially detrimental effects ehsonal food
scarcity through the flexible exploitation of aa&lely aseasonal food supply for which
they appear to face little interspecific competitidOur phenology data indicated that
immature fruits of food species consumed sakis waraverage available for five
months longer each year than mature fruits of émeesspecies. Immature fruits were
also available in more plant species at any giiae &ind in larger crops per plant than
mature fruits. Sakis further extended the resoaveability from some food species
by continuing to consume seeds once fruits hadheigpe Furthermore, supplementing
the diet of immature fruit with fruit pulp from anll number of relatively abundant
genera, such adauritia andinga, further reduced the likelihood of food scarcity.

A diet dominated by seeds of unripe fruit has beeorded for all members of the three
Pitheciine genera Rithecia(Soini 1987, Peres 1993, Norconk 199Bhjropotes
(bearded sakis, Ayres 1989, van Roosmalen et 88,1Reetz 2001), ardacajao
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(uacaris, Ayres 1989, Boubli 1999). Whieirrorata in this study consumed primarily
immature fruits (79% of genera), some 15% of folahpgenera were taken when
mature as well as immature, a pattern also seBnatbicangPeres 1993)Cacajao
melanocephalu@Boubli 1999), andChiropotessatanagNorconk 1996).P. pithecia

on the other hand, appears to select plant foochwftber unripe or ripe, but not both,
and has displayed greater monthly switching froetdsdo alternative foods, primarily
leaves and flowers (Kinzey and Norconk 1993, Nokc&rConklin-Brittain 2004,

Cunningham and Janson 2006).

Feeding patterns

Our five saki study groups did not show dietanftshsuch as increased consumption of
foliage or other fibrous portions of plants that &rpically exhibited by midsized to
large-bodied Amazonian primates during periodsdficed food supply. In fact, sakis’
high fruit intake was stable throughout the yeapite the marked community-wide
seasonality in fruit production (Figure 2), withuifrcomprising at least 82% of their
monthly feeding time, well over half of which cosigid of seeds. In May, the only
month in which immature fruit comprised less th@&of the sakis’ diet, their primary
“alternative” food was ripe fruit pulp, primarilydm Mauritia flexuosapalms (28% of
diet), while flowers and leaves combined represkotdy 15% of sakis’ diet.

Moreover, the overall proportion of time spent fiegdchanged seasonally, but not with
respect to fruit availability, as the monthly maxim and minimum amounts of time
allocated to feeding did not occur during monthiighest or lowest fruit availability.
Overall, we can conclude that the sakis maintamdat dominated by seeds and fruit
pulp across the year and consumed flowers as arpedf rather than a fallback, food
source and leaves as a minor portion of the dietn @uring months of lowest fruit

availability.

The ability of sakis to consume fruits at both intuna and mature stages expanded the
number of species available to them at any givee tthereby potentially increasing
dietary diversity. At the same time, the extendedilability of immature fruit

potentially allowed sakis to specialise on a smallenber of consistently available
species. Our results indicate that sakis maintiankigh taxonomic richness in their
diet throughout the year. Despite the increasedoyssakis oMauritia in April and

May, dietary diversity did not decrease during snoélower production of immature
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fruits. The fact that numbers of both food speeied genera were strongly correlated
with observation effort suggests that our datacareservative with respect to dietary
diversity and that, while sakis act as dietary sgists in largely restricting their
foraging behaviour to young seeds (Kinzey and NakcI®93, Peres 1993, Norconk
1996), they have apparently adopted a generalagegly within that guild.

The tendency of bald-faced sakis to forage on &\aiday of species, including plant
families such as Lecythidaceae and Bignoniaceadruiits of which contain favoured
seeds but lack fleshy pulp, reduces their depemdenspecies that are heavily
exploited by generalist frugivores. For exampigs {Moraceae), a heavily-used staple
or “keystone” species for other frugivores (e.grbbegh 1983, Felton et al. 2008), were
taken very infrequently and by only one of the fsaki groups. Palm fruits, which are
similarly considered to be a keystone food for saiweertebrates and are heavily
consumed by capuchins and spider monkeys (Terld®88, Stevenson et al. 2000),
were used variably by sakis (see below).

Dietary preference

In general, sakis fed upon fruits of most plantegaraccording to their abundance, as
indicated by a positive relationship between thesdg of each of the 58 food genera
occurring in the floristic plots and their respeetdietary contribution, though clearly
certain genera were taken preferentially. Evenragibe five highest-ranking food
genera in the diet, four were both widespread atatively abundant. That preference
was more strongly correlated with months in thé than months available may imply
that sakis seek out favoured foods throughout fneiing cycles, even as they become
less available, a pattern also seeR.ipithecia(Norconk 1996). Consequently,
preferred food genera typically included specidst@ing prolonged fruiting periods
(Mauritia, Minquartia, Iryantherg or genera represented by multiple species but
sharing a similar fruit morphologynga, Brosimumn). Sakis did not change their overall
feeding patterns according to either the temporailability or fruit crop sizes of these
genera, probably because at least some trees vadtalde for most of the year. The
trees of food plant genera most preferred by sa&i® not larger or more productive
than those of other plant genera in their dietgesting that sakis were not seeking out
particularly large food patches. This is in costraith preferences shown for tree

genera with abundant food crops by primates widatgr metabolic demands due to
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either body sizeAteles Felton et al. 2008) or group sizZgaimiri, Terborgh 1983;
Cacajaq Boubli 1999).

Fruits of the three palm species consumed by s&kise among the most consistently
available throughout the year in both immature aradlure stages; their use by sakis
illustrates contrasting levels of preference. Sakinsumed very few fruit dfiartea
deltoidea the most common tree species in our floristicgpénd the most negatively
selected of all potential food taxa. WhN&uritia flexuosaaccounted for >9% of the
sakis’ overall feeding time, its consumption wagelated with the availability of
alternative foods, rather than its own availabilifauritia fruits were available
throughout the year, but their monthly contributtorthe diet ranged from 0-3% in June
— September to a high of 21-28% in April — May, wltemmunity-wide immature fruit
availability was lowest. This suggests that sakigched toMauritia to overcome
shortages of alternative food sources. In contedigtough fruits oSocratea exorrhiza
were only infrequently consumed by sakis, the flsaa this species appeared to be
highly sought after, independently of other resesrauring the short period they were
available. This was the only food resource at Wimntra-group agonistic interactions
were observed during feeding bouts (S. Palmintepubl. data), providing further
evidence thaBocratedlowers were a highly preferred food.

Phenology sampling limitations

Our conclusion that the use by sakis of seeds ofatare fruit augmented their
potential food supply may be conservative becdusainall sample sizes of monitored
trees did not fully represent community-wide framailability. Over two-thirds of the
genera used by sakis were consumed during atdeastalendar month for which our
phenology data recorded no fruit present, cleaudlyciating that immature fruit were
available for longer periods than recorded. Irt,ghrs mismatch can be attributed to
the once-monthly phenological monitoring of trgeaticularly for detecting the initial
presence of immature fruits. We suggest howehat,a greater part of the mismatch
likely resulted from the fact that sakis undoubyesimpled a far greater number of
individuals of each food species within their horaeges than the 4.4 (£ 4.8 SD) used
in the phenology study. The larger sample woulohathem to capitalize on temporal
variation in fruit production in even tree poputats that largely synchronize their
fruiting cycles, which the small phenology sampies failed to capture. Conversely,
recording the presence of immature fruit does regessarily mean that they were
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already palatable to sakis. Either of these cagggests potential limitations of
phenology studies in determining fruit availabilioy vertebrate consumers, especially

granivores.

Effects on saki movement and behaviour

Consistent with our conclusion that sakis have s&tbp foraging strategy that
minimizes seasonality in food availability, we picted that saki home range (HR) size
and movement patterns would show little or no sealschanges. In fact, the HRs of
three of our five study groups did not change sealo(see Chapter 4). The HRs of
the two smallest groups may have been of low gualitbelow a size viability
threshold, as they expanded considerably in theseagon (May-June and August-
September, respectively). These expansions wgnmessed as short (1-2 day) forays
that did not coincide with periods of lowest immatéruit availability (March-April) or
with feeding bouts on particularly uncommon fooéa@ps, and the purpose of these

occasional forays remains unclear.

The daily travel paths of our saki groups (see @ap) tended to be longer during wet
season months, when a larger number of plant spbor® immature {&= 0.546, P =
0.067, N = 12) and mature fruit & 0.587, P = 0.045, N = 12). Day ranges, however,
were not correlated with the number of speciesadlgtaonsumed by sakis or the FAI
scores of either immature or mature fruit (P > ONL& 12 in all cases). In addition,
while time spent feeding, moving, and resting datl vary significantly by season,
social behaviour, including intergroup encounteomprised a higher proportion
(6.0%) of their wet season time, when more food awaslable, than during dry season
(4.6%). Longer wet season travel distances malyheehssociated with higher
investments in intergroup interactions (cf. Stewenst al. 2000). However, it is
unclear whether these longer movements broughhhbeiging saki groups into contact
more frequently, thereby resulting in more agoaistieractions, or whether increased
travel represented an enhanced “patrolling” efflarting periods of high fruit
availability. The propensity of sakis to approdietir HR boundaries during daily
movements (Chapter 4) suggests that greater fqmuliea during the wet season may
release time that would otherwise be allocate@tading to reinforce boundaries with

neighbouring groups.
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Sakis may avoid direct contests with larger sympaiimates by visiting trees and
lianas with unripe fruits, and with neighbouringiepecifics by including a large
number of plant food species each month. For el@mgjven that sakis share at least
25 of their food genera with the larger, more aggineeCebusspp. (capuchin monkeys,
Terborgh 1983), focusing on immature fruit likelyadled them to avoid interference
competition with capuchins, which are relativelyiatlant at Los Amigos (Chapter 3).
Furthermore, focusing on seeds allowed sakis t éeespecies bearing sclerocarpic
fruits, includingEschweileraLecythidaceaelevea(Euphorbiaceaefcacia
(Fabaceae), and several Bignoniaceae genera, ¢éhatnet consumed by eith€ebus
species elsewhere in Madre de Dios (Terborgh 19838h Roosmalen et al. (1988) and
Kinzey and Norconk (1990) have both suggesteddtestation by bearded sakis
(Chiropotes satanan seeds of immature fruits, which are eatenthgroprimates
only when mature, evolved to avoid competition vather frugivores. As with
Chiropotes(van Roosmalen et al. 1988), sakis in this refpme potential competition
for unripe fruit primarily from macaws\¢a spp) and squirrels§ciurus spp, the only
other arboreal vertebrate seed predators. Howthesge species are substantially
smaller-bodied, and macaws were seen to retreatdrtood tree and wait outside it
while sakis were present. In any case, dietarylapdetween sakis and macaws has
been shown to be minimal (Chapter 6).

Our data suggest that by adopting a taxonomicahegalist feeding strategy within a
relatively specialised dietary niche, arboreal grares likePithecia irroratacan
minimize both the potential effects of seasonattflations in fruit/seed availability and
potential interspecific competition for ripe fruiNevertheless, sakis occur at low
densities or are patchily distributed across mudhelargely intact forest landscape of
south-western Amazonia (Freese et al. 1982, P&@8, Haugaasen and Peres 2005,
Endo et al. 2010, Chapter 3), despite their redativmunity to pronounced seasonal
changes in food resource availability. In conttastur finding that sakis were flexible
with respect to food resources, for these samegsakips, forest structure was shown to
be a powerful indicator of use/occupancy (Chapj}erThis contrast suggests that a
well-developed forest structure, rather than foealability, may be limiting saki

population density and distribution.

120



Acknowledgements

Wethank the Peruvian Natural Resource Agency (INREM#fgNndente Forestal y de
Fauna Silvestre, now Direccion General Forestayna Silvestre, Ministerio de
Agricultura) for permission to conduct this investiion and the Asociacion para la
Conservacion de la Cuenca Amazonica (ACCA) for pesion to work at the Los
Amigos field station. Funding for this study wasyided by a grant from The Gordon
and Betty Moore Foundation to World Wildlife FundsU WWF provided valuable
logistical support throughout the project. We grrateful for the phenological data and
assistance from Raul Tupayachi and Paola Mart8&'F AREAS project), and we
thank Edgard Collado, Rufo Bustamante, Nestor J#dmrRelipe Sinca, Sandra
Thorén, Zunilda Hoestnig, Victor Davila, John Jaemoand his team of botanists from
the Botanical Research Institute of Texas (BRITY a host of volunteers for dedicated
field assistance and/or plant identification. Btaaves and Marilyn Norconk provided

valuable comments on earlier drafts of the manpscri

121



References

Altmann, J. 1974. Observational study of behawsampling methods. Behaviod®:
227-267.

Ayres, J.M. 1989. Comparative feeding ecology efulhkari and bearded sakiacajao
and Chiropotes. Journal of Human Evolution 18: 828-

Boubli, J.P. 1999. Feeding ecology of black-headtzhris(Cacajao melanocephalus
melanocephalush Pico da Neblina National Park, Brazil. Interoatl Journal of
Primatology 20: 719-749.

BRIT. The Botanical Research Institute of Texad @Atrium® biodiversity
information system version 1.7.1 ©2005-9 BotanRakearch Institute of Texas.
http://atrium.andesamazon.org/.

Chapman, C. A,, Chapman, L. J., Wrangham, R. WntH« D., Gebo, D., and
Gardner, L. 1992. Estimators of fruit abundanceapical trees. Biotropica4: 527—
531.

Cowlishaw, G. and R. Dunbar. 2000. Primate Consiemvdiology. The University of
Chicago Press, Chicago.

Cunningham, E.P. and C.H. Janson. 2B0thecia pithecia’dehavioral response to
decreasing fruit abundance. American Journal oh&ology 68: 491-497.

Denne, M.P. 1963. Fruit development and some &e®ffs affecting it. New Zealand
Journal of Botany 1: 265-294.

Develey, P.F. and CA. Peres. 2000. Resource sdag@mal the structure of mixed
species bird flocks in a coastal Atlantic foressofitheastern Brazil. Journal of Tropical
Ecology16: 33-53.

DiFiore, A. and P.S. Rodman. 2001. Time allocapatterns of lowland woolly
monkeys agothrix lagotricha poeppigiiin a Neotropical terra firma forest.
International Journal of Primatology 22: 449-480.

Emmons, L. 1984. Geographic variation in denstied diversities of non-flying
mammals in Amazonia. Biotropica 16: 210-222.

Endo, W., Peres, C. A,, Salas, E., Mori, S., Santhega, J., Shepard, G. H., Pacheco,
V.and Yu, D. W. 2010. Game vertebrate densitidsuinted and nonhunted forest sites
in Manu National Park, Peru. Biotropica 42: 251-261

Felton, A.M., A. Felton, J.T. Wood, and D.B. Linaeayer. 2008Diet and feeding
ecology ofAteles chamein a Bolivian semihumid forest: the importancd~afus as a
staple food resourcénternational Journal of Primatology 29: 379-403.

Fleming, T.H., R. Breitwisch, and G.H. Whitesid&887. Patterns of tropical vertebrate
frugivore diversity. Annual Review of Ecology angs&matics 18: 91-1009.

122



Fournier, L.A. 1974. Un método cuantitativo paranedicion de caracteristicas
fenologicas en arboles. Turrialba 24: 422-423.

FreeseC.,Heltne,P.,Castrqg N. & Whitesides,G. 1982. Patterns and determinants of
monkey densities in Peru and Bolivia, with notesl@tributions.International Journal
of Primatology 3: 53-90.

Garber, P.A. 1987. Foraging strategies among lipimgpates. Annual Reviews of
Anthropology 16: 339-64.

Gentry, A. 1988. Tree species richness of upperzamian forests. Proceedings of the
National Academy of Sciences 85: 156-159.

Goldizen, A.\W., J. Terborgh, F. Cornejo, D. T. Rgtrand R. Evans. 1988. Seasonal
food shortage, weight loss, and the timing of lsiithsaddle-back tamarinSgguinus
fuscicollig. Journal of Animal Ecology 57: 893-901.

Happel, R. 1982. Ecology #fithecia hirsutain Peru. Journal of Human Evolution 11.:
581590.

Haugaasen, T. and C.A. Peres. 2005. Primate assgenstiructure in Amazonian
flooded and unflooded forests. American Journd&mrinatology 67: 243—-258

Haugaasen, T. and C.A. Peres. 2007. Vertebratemssp to fruit production in
Amazonian flooded and unflooded forests. Biodiwgrand Conservation 16: 4165-
4190.

Janzen, D.H. 1971. Seed predation by animals. Arikexew of Ecology and
Systematics 2: 465-492.

Janson, C.H. 1983. Adaptation of fruit morphologylispersal agents in a Neotropical
forest. Science 219: 187-189.

Janson, C.H. and L.E. Emmons. 1990. Ecologicattira of the non-flying mammal
community at the Cocha Cashu Biological Stationni&lational Park, Peru. In: A.
Gentry, EditorFour Neotropical Rainforestd’ale University Press, New Haven,
Connecticut.

Johns, A.D. 1986. Notes on the ecology and custattis of the buffy sakRithecia
albicans.Primate Conservation 7: 26-29.

Kinzey, W.G. and M.A. Norconk. 1990. Hardness assis of fruit choice in two
sympatric primates. American Journal of Physicaldopology81: 5-15.

Kinzey, W.G. and M.A. Norconk. 1993. Physical ahemical properties of fruit and
seeds eaten IBitheciaandChiropotesn Surinam and Venezuela. International Journal
of Primatology 14: 207-227.

Leighton, M. and D. Leighton. 1982. The relatiomsbf size of feeding aggregate to

size of food patch: howler monkeyslguatta palliatg feeding inTrichilia cipo fruit
trees on Barro Colorado Island. Biotropica 14: 81-9

123



Leighton, M., and D. R. Leighton. 1983. Vertebnasponses to fruiting seasonality
within a Bornean rain foredn S. L. Sutton, T. C. Whitmore, & Chadwick A. C. (Eds
Tropical rain forest: Ecology and management, 81-196. Blackwell Scientific,
London.

Matthews, L.J. 2009ctivity patterns, home range size, and intergrenpounters in
Cebus albifronsupport existing models of capuchin socioecoldgigernational
Journal of Primatolog$0: 709-728.

Norconk, M.A. 1996. Seasonal variation in the dadta/hite-faced and bearded sakis
(Pithecia pithecieandChiropotes satangsn Guri Lake, Venezuela. In Norconk, M.,

P.A. Garber, and A. Rosenberger (eds.). Adaptidati@ns of Neotropical primates.

Plenum Press. New York. 403-423.

Norconk, M.A. and N.L. Conklin-Brittain. 2004. Vation on frugivory: the diet of
Venezuelan white-faced sakis. International Joush&rimatology 25: 1-26.

Norconk, M.A. and W.G. Kinzey. 1994. Challenge adtropical frugivory: Travel
patterns of spider monkeys and bearded sakis. Aaredournal of Primatology 34
171-183.

Palacios, E. and A. Rodriguez. 2001. Ranging patiad use of space in a group of red
howler monkeysAlouatta seniculusin a southeastern Colombian rainforest. American
Journal of Primatology 55: 233-250.

Peetz, A. 2001. Ecology and social organizatiothefbearded sakihiropotes satanas
chiropoteg(Primates: Pitheciinae) in Venezuela. EcotropicaibgraphdNo. 1, Bonn,
Germany. 170 pp.

Peres CA. 1993. Notes on the ecology of buffy satnkeys Pithecia albicansGray
1860)—a canopy seed predator. American Journatiofa®ology 31: 129-140.

Peres CA. 1994. Primate responses to phenolodieaiges in an Amazonian terra
firme forest. Biotropica 26: 98-112.

Peres, C.A. 1997. Primate community structure antwwestern Amazonian flooded
and unflooded forestdournal of Tropical Ecolog¥3: 381-405.

Schmid, J. 2000. Daily torpor in the gray mouseue(icrocebus murinusin
Madagascar: energetic consequences and biologiecaficance. Oecologia 123: 175-
183.

Soini, P. 1987. La dieta del mono huapdliecia monachysinforme de Pacaya No
25. Regidn Agraria XXII. Universidad Nacional deAmazonia Peruana. Iquitos.

Stevenson, P.R., M.J. Quinones, J.A. Ahumada. 26@0ence of fruit availability on
ecological overlap among four Neotropical primaeginigua National Park,
Colombia. Biotropica 32: 533-544.

Symington, M. M. 1988. Food competition and forggparty size in the black spider
monkey Ateles paniscu€hamek). Behaviout05: 117-134.

124



Terborgh, J. 1983Five New World Primates: A Study in Comparativel&gg
Princeton University Press, Princeton.

van Roosmalen, M.G.M., Mittermeier, R.A., Fleagl&;. 1988. Diet of the northern
bearded sakiChiropotes satanas chiropotes) Neotropical seed predator. American
Journal of Primatology 14: 11-35.

van Schaik, C.P., Terborgh, J.W., and Wright, 3993. The phenology of tropical

forests: adaptive significance and consequencegwifoiary consumers. Annual Review
of Ecology and Systemati@sl: 353-377.

125



Appendix. Checklist 0f222 food plant species (or morphospecies) in teeafibald-faced

sakis Pithecia irroratd at Los Amigos, southeastern Peru, describing tifeiform, plant part

consumed, and stage of maturity in which fruitsemaken. S = Seed, P = Pulp, FI = Flower, Fr

= Whole fruit, L = Leaf, A = Aril. Maturity levels:1 = Immature only, 2 = Mature only, 3 =

Immature + Mature stages, 4 = Leaves only. Lifenk T = Tree, L = Liana, Ep = Epiphyte,

Hep = Hemi-epiphyte.

Part Life

Sample Family Genus Species eaten Maturity form
S193 ACHARIACEAE Lindakeria paludosa S 2 T
S31 ANNONACEAE Guatteria acutissima S 3 T
S62 ANNONACEAE Oxandra xylopioides S 1 T
S97 APOCYNACEAE Odontadenia puncticulosa S 1 L
S40 ARACEAE Heteropsis flexuosa S/IP 2 Ep
S68 ARACEAE Philodendron spl FI/Fr 2 Ep
S116 ARACEAE Philodendron sp 2 FI/Fr 2 Ep

S96 ARACEAE Sp sp L 4 Ep/L
S130 ARALIACEAE Schefflera morototoni S 1 T
S99 ARECACEAE Iriartea deltoidea P 2 T
S25 ARECACEAE Mauritia flexuosa P 2 T
S03 ARECACEAE Socratea exorrhiza FI/P 2 T
S129 ARISTOLOCHIACEAE Aristolochia rumicifolia S 1 L
S04 BIGNONIACEAE Adenocalymma  sp S 1 L
S126 BIGNONIACEAE Adenocalymma  sp S 1 L
S15 BIGNONIACEAE Adenocalymma  subincanum S 1 L
S07 BIGNONIACEAE Arrabidaea japurensis S 1 L
S208 BIGNONIACEAE Arrabidaea prancei S 2 L
S18 BIGNONIACEAE Arrabidaea spl S 1 L
S148 BIGNONIACEAE Arrabidaea sp 2 S 1 L
S150 BIGNONIACEAE Arrabidaea sp 3 S 3 L
S33 BIGNONIACEAE Callichlamys latifolia S 1 L
S90 BIGNONIACEAE Clytostoma sciuripabulum cf S 1 L
S202 BIGNONIACEAE Jacaranda ? sp 2 S 2 L
S136 BIGNONIACEAE Macfadyena cf sp S 1 L
S121 BIGNONIACEAE Sp spl L 4 L
S210 BIGNONIACEAE Sp sp 3 S 2 L
S213 BIGNONIACEAE Sp sp 4 S 3 L
S88 BIGNONIACEAE Tynanthus aff panamensis S 1 L
S57 BURSERACEAE Protium spl S 1 T
S222 BURSERACEAE Protium sp 2 S 1 T
S180 BURSERACEAE Tetragastris spl S/IA 3 T
S144 BURSERACEAE Tetragastris sp 2 S/IA 1 T
S149 CAPARIDACEAE Capparis sp S 1 L
S84 CELASTRACEAE Peritassa sp S 1 L
S159 CELASTRACEAE Salacia impressifolia cf S 1 L
S119 CELASTRACEAE Salacia insignis cf S/IP 3 T
S11 CELASTRACEAE Salacia multiflora S 1 L
S196 CELASTRACEAE Salacia sp S/IP 3 T
S199 CELASTRACEAE Salacia sp 2 S/P 1 T
S171 CELASTRACEAE Sp sp S 1 T
S45 CHRYSOBALANACEAE  Couepia spl S 1 T
S189 CHRYSOBALANACEAE Couepia sp 2 S 1 T
S60 CHRYSOBALANACEAE Sp sp S 1 T
S91 CLUSIACEAE Caraipa sp S 1 T
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Part Life
Sample Family Genus Species eaten Maturity  form
S66 CLUSIACEAE Clusia spl S 1 T/Hep
S73 CLUSIACEAE Clusia sp 2 S 1 T/Hep
S183 CLUSIACEAE Clusia sp 3 S 1 T/Hep
S103 CLUSIACEAE Mirtiania sp S 1 T
S182 CLUSIACEAE Sp sp S 1 T/Hep
S108 CLUSIACEAE Tovomita sp S 1 T
S140 COMBRETACEAE Buchenavia sp S 1 T
S197 COMBRETACEAE Combretum sp S 2 T
S75 CONNARACEAE Connarus sp S 1 L
S14 CUCURBITACEAE Cayaponia spl S 1 T
S83 CUCURBITACEAE Cayaponia sp 2 S 1 L
S138 CUCURBITACEAE Cayaponia sp 3 S 1 L
S19 CUCURBITACEAE Gurania insolita S 1 L
S61 CUCURBITACEAE Sp sp S 1 L
S111 DIOSCOREACEAE Dioscorea spicata S 1 L
S147 EBENACEAE Diospyros sp S/IP 1 T
S184 ELAEOCARPACEAE Sloanea excelsa S 3 T
S34 ELAEOCARPACEAE Sloanea fragrans S 1 T
S186 ELAEOCARPACEAE Sloanea guianensis cf S 1 T
S100 ELAEOCARPACEAE Sloanea spl S 1 T
S172 ELAEOCARPACEAE Sloanea sp 2 S 1 T
S50 EUPHORBIACEAE Alchornea glandulosa S 3 T
S22 EUPHORBIACEAE Hevea guianansis S 1 T
S110 EUPHORBIACEAE Hura crepitans S 1 T
S179 EUPHORBIACEAE Mabea sp S 1 T
S78 EUPHORBIACEAE Nealchornea yapurensis_cf S/IP 1 T
S187 EUPHORBIACEAE Omphalea sp P 2 L
S200 EUPHORBIACEAE Omphalea diandra S 1 T
S24 EUPHORBIACEAE Pausandra trianea S 3 T
S128 EUPHORBIACEAE Plukenetia brachybrotrya S/L 1 L
S13 FABACEAE Acacia altiscandens S 3 T
S141 FABACEAE Acacia spl S/P 3 T
S157 FABACEAE Acacia sp 2 S 3 T
S48 FABACEAE Andira spl S 1 T
S214 FABACEAE Brownea disepala S 3 T
S211 FABACEAE Copaifera? sp S 1 T
S165 FABACEAE Dussia sp S 1 T
S115 FABACEAE Enterolobium barnebianum S 1 T
S217 FABACEAE Inga alba L 4 T
S218 FABACEAE Inga auristellae P 2 T
S69 FABACEAE Inga capitata P 2 T
S79 FABACEAE Inga edulis P 2 T
S20 FABACEAE Inga spl P 2 T
S30 FABACEAE Inga sp 2 P 2 T
S46 FABACEAE Inga sp 3 P 2 T
S51 FABACEAE Inga sp 4 P 2 T
S81 FABACEAE Inga sp5 P 2 T
S82 FABACEAE Inga sp 6 P 2 T
S94 FABACEAE Inga sp7 P 2 T
S118 FABACEAE Inga sp 8 P 2 T
S122 FABACEAE Inga sp9 P 2 T
S134 FABACEAE Inga sp 10 P 2 T
S139 FABACEAE Inga sp 11 P 2 T
S162 FABACEAE Inga sp 12 P 2 T
S163 FABACEAE Inga sp 13 P 2 T
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Sample Family Genus Species eaten Maturity  form
S170 FABACEAE Inga sp 14 P 2 T
S174 FABACEAE Inga sp 15 P 2 T
S176 FABACEAE Inga sp 16 S 2 T
S177 FABACEAE Inga sp 17 P 2 T
S178 FABACEAE Inga sp 18 S/P 3 T
S190 FABACEAE Inga sp 19 L 4 T
S201 FABACEAE Inga sp 20 P 2 T
S203 FABACEAE Inga sp 21 P 2 T
S212 FABACEAE Inga sp 22 P/L 2 T
S02 FABACEAE Lecointea amazonica P/L 2 T
S86 FABACEAE Mucuna sp S/IP 3 L
S143 FABACEAE Pterocarpus sp S 1 T
S113 FABACEAE Sp sp SIP 2 T
S220 LAURACEAE Sp sp S 1 T
S38 LECYTHIDACEAE Eschweilera spl S 1 T
S58 LECYTHIDACEAE Eschweilera sp 2 S 1 T
S154 LECYTHIDACEAE Eschweilera sp 3 S 1 T
S169 LECYTHIDACEAE Eschweilera sp 4 S 1 T
S192 LINACEAE Roucheria punctata S 2 T
S37 LOGANIACEAE Strychnos lobertiana S/IP 2 L
S124 LOGANIACEAE Strychnos sp S 3 L
S142 LORANTHACEAE Oryctanthus cf sp S 1 L
S109 MALPIGHIACEAE Byrsonima sp S 1 T
S120 MALPIGHIACEAE Sp spl S 1 L
S161 MALPIGHIACEAE Sp sp2 S 3 L
S219 MALPIGHIACEAE Sp sp 3 S 3 T
S93 MALVACEAE Matisia malacocalyx S 1 T
S98 MARCGRAVIACEAE Marcgraviastrum sp S 1 T
S151 MELASTOMATACEAE Bellucia sp S/P 1 T
S207 MELIACEAE Trichilia micrantha S 2 T
S167 MELIACEAE Trichilia guadrijuga S 1 T
S117 MEMECYLACEAE Mouriri nervosa S 1 T
S206 MENISPERMACEAE Abuta sp S 3 T
S123 MENISPERMACEAE Sp sp S 1 T
S16 MORACEAE Brosimum acutifolium S 1 T
S43 MORACEAE Brosimum lactescens S 1 T
S92 MORACEAE Brosimum parinarioides S 1 T
S125 MORACEAE Brosimum potabile S 1 T
S41 MORACEAE Brosimum rubescens S 1 T
S59 MORACEAE Brosimum sp S 1 T
S10 MORACEAE Clarisia racemosa S/F 1 T
S54 MORACEAE Ficus aff maxima S 1 T
S56 MORACEAE Helicostylis scabra S 1 T
S23 MORACEAE Naucleopsis naga S 1 T
S63 MORACEAE Perebea mollis S 1 T
S09 MORACEAE Perebea tessmannii S 1 T
S32 MORACEAE Pseudolmedia laevigata S/IP 3 T
S32b MORACEAE Pseudolmedia laevis S 1 T
S39 MORACEAE Pseudolmedia macrophylla S 1 T
S156 MYRISTICACEAE Iryanthera juruensis S 1 T
S21 MYRISTICACEAE Iryanthera ulei S 1 T
S53 MYRISTICACEAE Otoba parvifolia S/IP 3 T
S127 MYRTACEAE Calycolpus sp S 1 T
S191 MYRTACEAE Eugenia sp S 3 T
S01 OLACACEAE Minquartia guianensis cf S/IP 3 T
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Sample Family Genus Species eaten Maturity  form
S216 OLACACEAE Sp sp L 4 T
S112 PASSIFLORACEAE Dilkea sp S 1 L
S173 PASSIFLORACEAE Passiflora spl S 1 L
S146 PASSIFLORACEAE Passiflora sp 2 S 1 L
S105 PASSIFLORACEAE Sp spl S 1 L

S27 QUIINACEAE Quiina amazonica S 1 T
S89 RHIZOPHORACEAE Cassipourea peruviana S 1 T
S131 RUBIACEAE Sp spl S 1 T
S137 RUBIACEAE Sp sp 2 S 1 T
S158 SALICACEAE Lunania sp S 3 T
S198 SAPINDACEAE Matayba sp S 1 L
S209 SAPINDACEAE Paullinia histrix S 3 T
S36 SAPINDACEAE Paullinia spl S 1 L
S80 SAPINDACEAE Paullinia sp 2 S/P 2 L
S101 SAPINDACEAE Paullinia sp 3 S/IA 3 L
S107 SAPINDACEAE Paullinia sp 4 S 1 L
S145 SAPINDACEAE Sp spl S 3 L
S204 SAPINDACEAE Sp sp 2 S 2 L
S102 SAPOTACEAE Manilkara sp S 1 T
S06 SAPOTACEAE Micropholis guyanensis S 1 T
S135 SAPOTACEAE Micropholis sp S 1 T
S17 SAPOTACEAE Pouteria caimito S/P 3 T
S05 SAPOTACEAE Pouteria laevigata S 1 T
S29 SAPOTACEAE Pouteria spl S 3 T
S35 SAPOTACEAE Pouteria sp 2 S 1 T
S44 SAPOTACEAE Pouteria sp 3 S 1 T
S71 SAPOTACEAE Pouteria sp 4 S 1 T
S72 SAPOTACEAE Pouteria sp5 S 1 T
S106 SAPOTACEAE Pouteria sp 6 S 2 T
S133 SAPOTACEAE Pouteria sp7 S 1 T
S155 SAPOTACEAE Pouteria sp 8 S 1 T
S160 SAPOTACEAE Pouteria sp9 S 1 T
S164 SAPOTACEAE Pouteria sp 10 S 1 T
S185 SAPOTACEAE Pouteria sp 11 S 3 T
S188 SAPOTACEAE Pouteria sp 12 S/IP 3 T
S194 SAPOTACEAE Pouteria sp 13 S 2 T
S195 SAPOTACEAE Pouteria sp 14 S 2 T
S47 SAPOTACEAE Pouteria torta S 1 T
S08 SAPOTACEAE Sp spl S 1 T
S42 SAPOTACEAE Sp sp 2 S 1 T
S76 SAPOTACEAE Sp sp 3 S 1 T
S77 SAPOTACEAE Sp sp4 S 1 T
S85 SAPOTACEAE Sp sp5 S 1 T
S104 SAPOTACEAE Sp sp 6 S 1 T
S215 SAPOTACEAE Sp sp7 S 1 T
S49 SAPOTACEAE Sp sp 8 S 1 T
S52 SIMAROUBACEAE Simarouba amara S 1 T
S152 SIMAROUBACEAE Simaba sp S 1 T
S87 SIPARUNACEAE Siparuna dicipiens S 1 T
S70 SIPARUNACEAE Siparuna monogyna cf S 1 T
S67 SP (unidentified) S67 spl S 1 T
S205 SP (unidentified) S205 sp 2 S 3 L
S221 SP (unidentified) S221 sp3 S 1 T
S28 STERCULEACEAE Byttneria asterotricha S 3 L
S26 STERCULEACEAE Byttneria cordifolia S 1 L
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S74 ULMACEAE Celtis schippii S 1 T
S181 ULMACEAE Ampelocera sp L 4 T
S55 URTICACEAE Pourouma minor S 1 T
S166 URTICACEAE Pourouma mollis S 1 T
S12 URTICACEAE Pourouma spl S/IP 1 T
S132 URTICACEAE Pourouma sp 2 S 1 T
S175 URTICACEAE Pourouma sp3 S 1 T
S64 URTICACEAE Pourouma tomentoso cf. 1 S 1 T
S114 URTICACEAE Pourouma tomentoso cf. 2 S 1 T
S168 URTICACEAE Pourouma tomentoso cf. 3 S 1 T
S95 VIOLACEAE Rinorea sp S 1 T
S153 VOCHYSIACEAE Vochysia sp S 1 T
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Chapter 6: Competition between Pitheciines and largAra

macaws, two specialist seed-eaters

Abstract

The specialisation of Pitheciines and large macawkard, unripe seeds encourages the
comparison of their diets and the investigatiopatiential competition between these
two groups of seed predators. Using standardesdizc compare 1171 feeding
observations on five groups Bfthecia irrorataand 40-50 radio-tagged and non-tagged
large macawsAra spp) in southeastern Peru between January 2004 acehileer

2005, we examined the extent to which the dieRitbfeciaand largeAra macaws
overlap and whether the overlap varies by seasdricerd availability. While the diets
of both taxa comprised mainly unripe seeds, saksdvere taxonomically more diverse
than macaws’, and they tended to include multipkcges in each food plant genus.
Macaws consumed a wider variety of plant parts@adts of more locally
monospecific genera. The two consumers shared1®y of the total 109 food plant
genera in the analysis and only 18% of their mogtartant food plant genera. These
two consumer groups rarely ate from the same gextdhee same time or in the same
proportions. Monthly dietary overlap values cop@sded to immature fruit production
and may also have been determined by consumptikeydfood species, such as
Bertholletia excelsandPseudolmedia sppOverall dietary overlap values for this
study were lower than those in studies among dtleetropical frugivorous primates.
Nevertheless, values for three individual monthtisAahin the range of primate-
primate comparative studies. This suggests thateidain months of the yed&?ithecia
may face higher dietary overlap and potentiallyagge competition with non-

mammalian frugivores than with other primates.

In press Palminteri, S., G.V.N Powell, K. Adamek, and Ripayachi. Competition
between pitheciines and lar§ea Macaws, two specialist seed-eaters. In Veiga, L.M.
A.A. Barnett, S.F. Ferrari, and M.A. Norconk. Eviddiary Biology and Conservation
of Titis, Sakis and Uacaris (Book in prep). CambedUK: Cambridge University
Press.
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Introduction

Interspecific competition may arise from individsialf different species either
exhibiting aggressive or other damaging behavimierference competition, see
Schoener 1983) or sharing the same limited reseecgloitation competition,

Connell 1983, Schoener 1983). Interspecific comtipatamong sympatric primates
appears to be variable but in general relativelyanidue in part to changes in preferred
foods during times of fruit scarcity (Peres 1994hWhgu 1998, Stevensehal.2000)

or use of different canopy heights (Terborgh 1¥83es 1991).

Gautier-Hionet al. (1985) observed considerable overlap in the thigits of
taxonomically distinct vertebrate groups in a Gasanforest community, while
Poulseret al. (2002) found that hornbills and primates in Carnareach showed
greater dietary overlap within their respectiveotasxmic groups than between hornbill-

primate pairings.

Pitheciines’ specialisation on hard, well-protect@ad often immature seeds minimizes
dietary competition with other primates (Soini 198yres 1989, Kinzey and Norconk
1993, Peres 1993, Aquino and Encarnacion 1999, eBasnal. 2005). However, the
importance of competition with other sympatric speellators remains largely
unexplored. Based on data collected in Venezd&esonket al. (1997) suggested that
pitheciines may compete with large macaimsa(spp), another group that specializes
on hard, often unripe, seeds (Gilaetlial. 1999, Powelkt al. 1999, Berget al. 2007).
More recently, Barne#t al. (2005) documented feeding by scarlet macavsnacad

in Brazil on fruits that were also eaten by blagatted uakaris;acajao

melanocephalus.

Up to three species of large macawsa chloropterus, A. ararauna, and A. macaoe
sympatric with pitheciines across much of the Anmazimme (Pattersoet al. 2005,
Ridgelyet al 2007). We examined the extent to which the déRitheciaand large
Ara macaws overlap and whether the overlap varies n@gpect to availability of
preferred foods, to indicate the degree of compatibetween these bird and primate

taxa.
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Methods

Study area

Data on diet, behaviour, and habitat us@itfieciaandAra were collected concurrently
in the Los Amigos Conservation Concession, 140l@00f largely intact evergreen
seasonal forest (Osher and Buol 1998) at 250 nsd.imsoutheastern Peru (Figure 1).

Most of the annual 2200mm of rain falls between &aber and May (Pitman 2005).
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Figure 1. Study area for saki and macaw studies in Madreids, Boutheastern Peru.

Foraging data collection

Between June 2004 and December 2005, we recorddohéepatterns of five

habituated groups of bald-faced salRgt{ecia irrorata) during five-minute
instantaneous scans, monitoring each group foroxppately five days each month. A
separate field team collected macaw feeding datades January 2004 and December
2005 from observations of radio-tagged birds amdsbseen on foraging walks each
month. Each visit by a group or individual of eittspecies to a food tree, regardless of
the number of individuals or length of the obsenmtwas considered one feeding

bout. For each feeding bout, we recorded: plaetigs, plant part consumed (seed,
mesocarp, whole fruit, flower, leaf), and matuofyfruits or seeds consumed. Non-

plant feeding bouts were ignored.
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Diet analysis

Feeding bouts representing 18 months of obsen&terved as the unit of analysis.
For this analysis, we grouped the thAga species, considering all as potential
competitors to the seed-eating sakis. We compardchness and diversity of saki
and macaw diets using standard indices. We caéxuitae generic richness of each
taxon’s diet using the Margalef (1958) index:

R’ = (G-1)/n(n)

whereG is the total number of plant genera consumed blg eansumer taxon, amds
the number of feeding records for each genus. dl&ilated the diversity of food plant

genera in each taxon’s diet with the Shannon irf{@»annon 1948):
H =-% (P)(Inp)

where H’ is the diversity index armis proportion of individuals of the sample

belonging to théth genus.

To analyse seasonal variation in diet, while cdimgdor variation in monthly sampling
effort, we compared the number of genera consureedipnth as a function of the

number of feeding observations that month.

Fruit abundance and availability

To determine whether the relative availability obdl resources throughout the year
influenced seasonal dietary overlap, we recordegktenology of 839 marked trees,
representing 116 plant genera, from February 208&eber 2006. We averaged each
month’s data to produce a single 12-month cyclachEmonth, we estimated the
percentage of maximum production of flowers, immafuuits, and mature fruits in up
to five individuals of each plant species (Fourrdigr4). Based on these percentage
values, we assigned each tree a monthly valuesoffiod-each plant reproductive part.
We used t-tests to compare monthly fruit productialues of immature and mature
fruits for all 116 plant genera and to compare inurafruit production among

preferred saki and macaw foods.
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Dietary overlap
We generated monthly and overall indices of dietargrlap between sakis and macaws
using Schoener’s (1974) resource overlap index:

n
Ro:]-'l/zlzzllpij'pik|

whereR, is resource overlap, ang; andpy are the proportions of the observations in
which specieg andk consume resourde The resulting value ranges from 0 to 1, with
0 representing no overlap and 1 representing campleerlap (Poulseet al 2002).

We also analysed separately the 20 plant genesa eaist frequently by each
consumer group to determine whether the specieteped food items overlapped
differently from their overall diets. We analysednthly dietary overlap values for the

plant genera with the greatest oveRitheciaAra overlap.

To compare our results to those of Steveretal. (2000) of dietary overlap among
four Colombian primates, we also calculated Maaisibverlap index (Morisita 1959,

cited in Horn 1966). In Morisita’s index:
O =23 (xyi )/ (X% +Yy?)

X; is the proportion of food genuisn the diet of animal speciasy; is the proportion of
food genus in the diet of animal specigsand the sum includes all fruit genera that are
consumed by bothandy. This value also varies between 0-1, with higheues
indicating greater overlap. We compared monthétatiy overlap with immature and

mature fruit production values using Pearson’sadations and linear regression.

Results

Dietary characteristics

We analysed 1,171 feeding bouts involving consuompdif plant parts by bald-faced
sakis (n=585) and macaws (n=586). Together, fantsseeds comprised 98% (575)
and 88% (516) of the feeding bouts of sakis andamvacrespectively (Figure 2). Seeds
alone made up 83% of the feeding bouts of saki&4l of the feeding bouts of
macaws. While seeds played an important roleknaal macaw diets throughout the
year, pulp was taken in over 20% of saki feedingtdm February and March, the time

when it was least consumed by macaws. Overalligte comprised 5% of macaw diets
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but just 0.5% of saki diets. Macaws consumed Hotiers and leaves in the dry
season (primarily April — September); with flowemntributing nearly 30% to their diet
in June and leaves comprising 23% of their digkuly.

1.0 ~
B Sceds a. sakis

0.8 A

0.6 -

0.4 -

Proportion of diet

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1.0

HE Seeds
b. macaws i

Flowers

0.8 -

0.6 A

Proportion of diet

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 2. Proportion of seeds, pulp (including whole fruis)d flowers in the monthly
diets ofP. irrorata, 2a, andAra macaws, 2b, 2004-2005. Leaves comprised an

additional 5% of macaws’ overall diet (not shown).

During the study, we observed sakis and macawsucaing parts of plants of 109
genera in 43 families (Appendix). Saki diets imigdd more plant families (37), genera
(66), and morphospecies (at least 118) than thibs®ocaws (27 families, 64 genera,
and at least 104 morphospecies), and scores foalbdestary richness (Margalef
1958), diversity, and evenness (Shannon 1948) alehegher for sakis (Table 1).
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Table 1.Dietary diversity of sakisRithecia irroratg) and macawsAra spp) in Madre de Dios,
Peru, 2004-2005.

. Genera No. No.
Families ) ) ) .
(uni (unique Generic Generic Generic genera genera
unique
q to Richness® Diversity2 Evenness® in50% in 75%
to taxon)
taxon) of obs of obs
Sakis 37 (16) 66" (45) 10.36 3.36 0.80 6 15
Macaws 27 (6) 64° (43) 10.04 3.11 0.75 5 16
Total 43° 109°

%nown families
®109 genera with known families + 1 additional catggcalled “family unknown”
1. Margalef (1958). 2. Shannon (1948).

Fruit abundance and availability

Sakis and macaws typically ate the seeds of immdtuits and the pulp of mature
fruits. Immature fruit was most abundant from NoNer through January, the initial
months of rainy season, and least abundant in Agirthe end of the rainy season
(Figure 3). Mature fruit production remained belé% of maximum potential
throughout the year, except for a peak in produadticthe late rainy season of February
and March. Immature fruit abundance was signitigamgher than mature fruit
abundance in all months (t= -11.106, df=22, p<01)0everal important food species
of the Euphorbiacea#léveg, Sapotaceadputerig, and Fabaceaénga) families

reach their highest immature fruit production imeaainy season (November-January),
while production of several species of Moracd2se(idolmediaCastilla) peaked in
September and October. Three palm gerdeai(itia, Iriartea, Socratepashowed a

constant fruit production throughout the year.

The 20 preferred food plant genera of each cons(B2etotal genera) accounted for
79% and 76% of all feeding bouts recorded”theciaandAra (Appendix). Only six
(18%) of these genera were preferred foods of taoth. Mean levels of immature fruit
production among preferred saki food plant genezgevgimilar to those among
preferred macaw food plant genera (t=1.750, dfp38,.088).
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Figure 3. Monthly precipitation and mean phenological cydeffowers and fruits from 839
marked trees from 116 plant genera in Madre de,Bmstheastern Peru, 2005-2006. Maximum

abundance represents the maximum production cleaistiict of each plant species.

Dietary overlap

At the generic level, the diet 8itheciashowed little resemblance to thatArg spp.
(Appendix). Of the 109 genera consumed by thesectmsumers, only 21 (19%), each
representing from 1-12 species, were consumed thy(dable 2). Schoener’'s (1974)
resource overlap values of 0.244, calculated fercthmplete diets, and 0.238,
calculated for the 20 genera most frequently coregliby each study animal, indicate a

less than 25% dietary overlap between sakis an@wsaduring this period.
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Table 2. Twenty-one food plant genera sharedPiheciaandAra, with number of species and

months consumed by each animal taxon.

No. species Key months consumed
Family Genus Sakis Macaws Sakis Macaws
Fabaceae Acacia 2 1 Jun-Aug, Oct Sept
Combretaceae Buchenavia 1 1 Aug Jul
Sterculiaceae Byttneria 2 2 May, Jul-Sep Jul-Aug
Cucurbitaceae Cayaponia 2 3 Jun, Aug-Sep Jul-Aug
Chrysobalanaceae Couepia 2 1 Sep-Dec Oct
Lecythidaceae Eschweilera 3 5 Aug,Oct-Nov, Jan  Jan-Feb, Apr, Jun-Nov
Euphorbiaceae Hevea 1 1 Mar, Jul-Aug May-Aug, Nov-Mar
Euphorbiaceae Hura 1 1 Jun Mar, May-Jun
Fabaceae Inga 12 5 Jun-Apr Mar-Jan
Arecaceae Iriartea 1 1 May Mar-Aug, Nov
Malvaceae Matisia 1 1 May-Jun Jul, Oct-Nov
Oct-Aug Feb, Apr, Jun-Aug,

Arecaceae Mauritia 1 1 Oct-Nov
Cecropiaceae Pourouma 6 1 Jun-Sep, Dec Nov
Sapotaceae Pouteria 9 7 Feb, Jun-Dec Apr, Jul, Nov-Dec
Moraceae Pseudolmedia 3 3 May-Dec Sep, Nov
Celastraceae Salacia 1 1 Jul-Aug Nov
Elaeocarpaceae Sloanea 1 2 May-Jun Aug, Nov-Dec
Arecaceae Socratea 1 1 Aug May
Bignoniaceae Sp 5* 1 Jun-Oct, Dec Sep
Fabaceae Sp 1* 4 Oct-Nov May, Jul-Sep
Vochysiaceae Vochysia 1 1 Sep Jul, Sep

*|dentification to genus level is ongoing in theamilies

Individual monthly overlap values ranged from a lofi.032 in May to a high of 0.253

in September (Figure 4). With the exception oft8ejer, all individual monthly
overlap values (Schoener 1974), as well as theann(@.147 £ 0.07 SD), were lower

than the annual overlap value of 0.244. Dietamriap values were lowest during the

changeover from wet to dry season (April - Jun@) lsighest during the changeover

from dry to wet season (Sept-January). Monthlylayevalues correlated significantly

with mean production values of immature fruit (7B, p=0.003, n=12) but not of
mature fruit (r= —0.200, p=0.534, n=12). The paitef monthly overlap values

obtained using Morisita’s (1959) index was simitathat obtained using Schoener’s

index (Figure 4). The overall Morisita index valas 0.195, and the mean monthly

dietary overlap measure was 0.152 + 0.11 SD.
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Figure 4. Mean monthly dietary overlap values (Schoener 18Wfisita, cited in Horn, 1966)
between sakis and macaws, 2004-2005. 0.0= noapyelrl0O=complete overlap for both indices.

Immature fruit production index is shown for comipan.

Sakis consumed foods of more plant genera in Amd May (Figure 5), when dietary
overlap with macaws was lowest, than at the ertletiry season (September-
November), when overlap was highest. The highetady diversity in April and May
explains part of the decrease in dietary overlapat period G=0.692, p=0.0008
df=11). Macaw dietary diversity did not correlatgh overlap value (r= —0.283,
p=0.372, n=12). Use of particular genera may ltawveributed to lower overlap values
in certain months. Species of four genelkéauritia, SloaneaMatisia, and Sapotaceae
sp.— made up over 60% of sakis’ diet in May. Them@e genera were absent from the
diet of macaws in May, but present during other then ConverselyBertholletiaand
Euterpecontributed 58% and 12%, respectively, to the mweadiat in May, while

neither genus contained foods eaten by sakis. Ev8aptember, the month with
highest overlap, 30% of macaw feeding observatroer® of a genus of Fabaceae

(Parkia) not eaten by sakis.
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Figure 5. Number of food plant genera consumed monthly bissakd macaws in 2004-2005,
standardized by number of feeding observationgrmerth.

The six genera that showed the greatest averaglpwalues (Schoener 1974, Figure
6) were consumed at different times of the yeariartifferent amounts bithecia
andAra. For example, in Septemb@&seudolmediaepresented over 36% of the diet of
Pithecig but just 7% of that of\ra (Figure 6a). Levels dhga consumption by

macaws and sakis were similar from June to Septemliediverged over the rest of the
year (Figure 6b) as production of immature and medhga fruit increased.
Consumption of three genenglauritia, Pouteriag andEschweilerawas concentrated in
key months for one consumer and spread acrosstreby the other (Figures 6c¢, 6d,
and 6e). FinallyPitheciaandAra ateSloanean different months, with no temporal

overlap (Figure 6f).
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Figure 6. Percent contribution to monthly diets of sakis amataws for the six genera (6a-6f)

of greatest dietary overlap, 2004-2005.

Interspecific interactions

During over 1800 hours of following sakis, we nexerorded their feeding in the same
tree with macaws. On two occasions, we watchecamsieither leave a feeding tree or
wait nearby until a saki group finished feeding &ftithe tree, implying avoidance of
interference competitiorsénsuCase and Gilpin 1974, Schoener 1983). During this
same period, the team studying macaws recordethoitkence ofPitheciaandA.

araraunafeeding interspersed in the same tree. Thudmost 2000 combined hours
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of observation, we have observed only three patkmicidences of interference

competition betweeRitheciaandAra.

Discussion

Dietary characteristics

The contribution of seeds (83% of feeding boutghtodiet ofP. irrorata in
southeastern Peru was higher than th&. gfithecia(61%) andChiropotes satanas
(75%) in Venezuela (Kinzey & Norconk, 1998), albicans(45%) in Brazil (Peres,
1993), and®. monachus northern Peru (3%, Happel, 1982 and 40%, S&B87).

Our results in southeastern Peru indicate thatenhticaws generally ate more different
parts of plants, sakis maintained a taxonomicallyewvaried diet than the macaws,
particularly during the period of lowest immatureif production. They fed on more
plant families, genera, and species than did theams, and their scores for richness,

diversity, and evenness were all higher than cparding indices for macaws.

Dietary overlap

Dietary overlap: interference competition
Our observations suggest that interference connpeig virtually non-existent between

the two study taxa, with three interactions seeovier 2000 hours of observation.

Dietary overlap: exploitation competition in soudis¢ern Peru

While months of higher dietary overlap tended taHmese with greater production of
immature fruit, months with lower overlap tended&those with high production of
fruit of a few preferred plant genera. Quantibé$ruit production among the preferred
saki food plant genera and the preferred macaw jiderat genera were similar,
suggesting that differences in diet between sakismaacaws were not a function of

relative availability of immature fruit.
The use of food plant genera, rather than specig¢se analysis may overestimate

potential competition. In some cases, it is pdediiat the two consumers were eating

different species of the same genus in a given fiete@d. Monthly variation in dietary
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overlap and the variable relationship between ayeaind fruit production further

complicate evaluation of the level of exploitatimympetition between these two taxa.

Dietary overlap: regional exploitation competition

In their three-month study of dietary overlap bedwa PitheciineChiropotes satanas
and anAra, A. chloropterusNorconket al (1997) provide qualitative data from a forest
remnant in Venezuela’'s recently-flooded Guri Lakéhile six of the seven food plant
species recorded in the dietAfchloropterusvere also eaten by. satanasover half

of the 17 species of plants consumedCbgatanasvere not consumed .

chloropterus While sharing of food species in a short pesadgests competition, the
extent and seasonality of dietary overlap wereguaintified, due the limited number of

observations ofira.

Despite the substantial shift in plant species amsitjmn across the Amazon basin (ter
Steegeet al.,2006) and the resulting divergence in food plaotssumed, Pitheciine
monkeys and\ra macaws in Venezuela and Peru both focus theiirfigezh hard,
unripe seeds. Calculation and comparison of dieiaerlap forC. satanagor P.
pithecig andA. chloropterusn Venezuela at geographically opposite ends ®f th
Amazon basin would provide an interesting look@wla foraging guild adapts to

variations in food resources.

Bearing in mind possible overestimation from gesxevel plant identification, our
overlap value was intermediate when compared \litse¢ of sympatric primates in
Colombia. Our overall value for Morisita’s overlaqgex (0.195) was greater than
those for pairings oAlouatta seniculusvith Cebus apellaLagothrix lagotricha or
Ateles belzebutfall less than 0.15, Stevenseinal.,2000) but less than those between
pairings of species with more frugivorous di€tsapellg L. lagotricha andA.
belzebuth(each overlap >0.20). Our overlap values forghnglividual months
(January, September, and November) fell withinaberage range of overlap among
even these more frugivorous primates, though duwartain biweekly periods,
Stevenson et al. (2000) reported primate-primatzlap values almost three times
greater than the highest saki/macaw values we wédernnterspecific competition
among sympatric primates may be both more variatdepotentially much greater than

that across vertebrate orders.
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Monthly overlap values (after Schoener 1974) betwmémates and hornbills in
Cameroon ranged from 0.025 to 0.350 (Poutgead. 2002). The mean monthly
primate-hornbill overlap value of 0.159 is not sfgantly different from the 0.147
mean monthly overlap value obtained with the samdex for sakis and macaws in our
study (t= -0.297, p=0.769, df=221). Poulstml (2002) concluded that, despite some
36 plant species consumed by both hornbills andatgs in Cameroon, actual dietary
overlap between these groups was low due to difta®in fruit characteristics,
proportion of food plants in each consumer’s dietj canopy height frequented by each
group. While we could not obtain precise foradmeight data for the macaws, we
observed that they tended to feed on the outsidleeatanopy at the ends of branches
(G. Powell pers. obs), whilitheciatended to feed within the canopy (S. Palminteri

pers. obs.).

Poulseret al. (2002) suggested that primates are more limiteabdeir mobility than
frugivorous birds and thus may be under greatessure to diversify their diet. In
south-eastern Peru, sakis did maintain a taxondimitere diverse diet than macaws.
Radio-tagged macaws had far larger home range®|lireg up to 50 km from their nest
site, including a region devoid of sakis (G. Povwetlal unpublished data),
demonstrating their ability to track the locatiomdgroduction of fruit over far greater

distances thaRithecia

We have found that these two seed predaRrsrorata andAra macaws, live
sympatrically with limited dietary overlap. Evidenthat their respective diets are
influenced by competition is equivocal. They rgrafe fruit and seeds from trees of the
same genera at the same time, in the same prap&rtiést the generic level, the
availability of fruits and seeds was not the maiarse of this variation in consumption
patterns. Plant identification to species levél improve this analysis; additional
research on the density and/or population sizekissand macaws in this region, and
their seasonal changes due to macaw migrationisalsd help to determine the extent
to which consumption of food resources by one taaftects their availability to the

other.
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Appendix
Number of feeding bout records in 109 plant geffeiteés unidentified samples) in the diets of
Pithecia irrorataandAra spp.in SE Peru in 2004-2005.

Number of
No. of species feeding bout
used in genus Item consumed records
P. Ara P. Ara P. Ara

Plant Family Plant Genus irrorata  spp. | irrorata spp. | irrorata  spp.
Annonaceae Guatteria P 1 S 7
Annonaceae Sp 1 S 1
Araceae Heteropsis 1 S 3
Araceae Philodendron 1 S 1
Arecaceae Attalea 1 P 3
Arecaceae Euterpe P 1 F 16
Arecaceae Iriartea P 1 1 P L,S 1 33
Arecaceae Mauritia P 1 1 P P 34 30
Arecaceae Oenocarpus 1 P 1
Arecaceae Socratea 1 1 F.P ? 1 1
Arecaceae Sp 1 F 3
Aristolochiaceae Aristolochia 1 S 1
Bignoniaceae Jacaranda P 1 S 9
Bignoniaceae Adenocalymma 1 S 3
Bignoniaceae Sp 5 1 S S 19 1
Bixaceae Bixa 1 S 1
Boraginaceae Cordia 1 S 2
Boraginaceae Sp 1 F 1
Caryocaraceae Anthodiscus 1 S 1
Caryocaraceae Caryocar 1 S 2
Cecropiaceae Cecropia P 2 F 15
Cecropiaceae Pourouma P 6 1 S S 28 1
Celastraceae Sp Pithl11l 1 S 1
Celastraceae Salacia 1 1 P,S S 4 1
Chrysobalanaceae Sp Pith60 1 S 16
Chrysobalanaceae  Sp Pith95 1 S 2
Chrysobalanaceae Couepia 2 1 S S 16 3
Clusiaceae Clusia P 3 S 4
Clusiaceae Caraipa 1 S 3
Clusiaceae Symphonia P 1 FL 6
Combretaceae Buchenavia 1 1 S S 1 1
Combretaceae Combretum 1 S 3
Connaraceae Connarus 1 S 1
Cucurbitaceae Cayaponia P 2 3 S S 5 8
Cucurbitaceae Gurania P 1 F 5
Cucurbitaceae Helmontia 1 S 1
Cucurbitaceae Sp 1 S 5
Elaeocarpaceae Sloanea P 1 2 S S 3 37
Euphorbiaceae Alchornea P 1 S 7
Euphorbiaceae Dysidendrum 1 F 1
Euphorbiaceae Nealchornea cf 1 S
Euphorbiaceae Hevea P 1 1 S S 28
Euphorbiaceae Hura P 1 1 S S 1 5
Euphorbiaceae Maniot P 1 S 4
Euphorbiaceae Pausandra 1 S 2
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No. of species

Number of
feeding bout

used in genus Item consumed records
Euphorbiaceae Plukenetia 1 S 2
Euphorbiaceae Sapium P 1 F 4
Fabaceae Acacia P 1 1 S S 6 1
Fabaceae Apuleia 1 S 2
Fabaceae Cedrelinga 1 F 3
Fabaceae Ducia 1 S 1
Fabaceae Dipteryx P 1 S 7
Fabaceae Enterolobium P 1 S 4
Fabaceae Erythrina P 1 ? 9
Fabaceae Inga P 12 5 P.S S 44 24
Fabaceae Lecointea 1 P
Fabaceae Parkia P 2 S 6
Fabaceae Phyllocarpus 1 FL 3
Fabaceae Pterocarpus 1 S 1
Fabaceae Sp Ara39 1 S 27
Fabaceae Sp 1 3 P S 4 5
Lecythidaceae Bertholletia P 1 S 135
Lecythidaceae Cariniana P 1 S 6
Lecythidaceae Couratari P 2 S 7
Lecythidaceae Eschweilera P 3 5 S S 14 19
Lecythidaceae Sp 1 S 3
Loganiaceae Strychnos 2 P 5
Malpighiaceae Byrsonima cf 1 F 1
Malpighiaceae Sp 2 S 3
Malvaceae Apeiba P 1 AS 6
Malvaceae Ceiba P 2 F,FL 5
Malvaceae Huberodendron 2 S 3
Malvaceae Matisia P 1 1 S S 3 8
Melastomaceae Bellucia 1 S 1
Meliaceae Cedrela 1 S 1
Meliaceae Trichilia 1 S 1
Memecylaceae Mouriri 1 S 2
Menispermaceae Anomospermun 1 F 1
Moraceae Brosimum P 5 S 34
Moraceae Castilla P 1 P,S 7
Moraceae Clarisia P 1 S,F 6
Moraceae Ficus 1 S 2
Moraceae Naucleopsis P 1 S 5
Moraceae Pseudolmedia P 3 3 S,P P,S 86 10
Myristicaceae Iryanthera P 2 S 22
Myristicaceae Otoba P 1 S 10
Myrtaceae Calycolpus 1 S 1
Olacaceae Minquartia P 1 S 10
Passifloriaceae Dilkea 1 S 1
Phytolacaceae Gallesia 1 FL 1
Quiinaceae Quiina 1 S 3
Rhizophoraceae Cassipourea 1 S 1
Rubiaceae Cinchona 1 S 1
Rubiaceae Sp 2 S 3
Sabiaceae Meliosma 1 S 2
Sapindaceae Paullinia 2 S 3
Sapotaceae Micropholis 1 S 1
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Number of
No. of species feeding bout
used in genus Item consumed records
Sapotaceae Pouteria P 9 7 S P,S 30 15
Sapotaceae Sp 5 S 64
Simaroubaceae Simarouba P 1 S 5
Siparunaceae Siparuna 1 S 1
SP Euphonia? 1 F 2
SP Gabaretia? 1 ? 1
SP Sp Pith152 1 S 4
SP Sp Pith67 1 S 1
SP Ochroma 1 FL 3
Sterculiaceae Byttneria P 2 2 S S 11 5
Ulmaceae Celtis 1 S 3
Vochysiaceae Vochysia 1 1 S S 1 3
Unidentified Sp 2 14 12 25

A=Aril, FL=Flower, F=Fruit, L=Leaf, P=Pulp, S=Seed, ?=Unknown

32 items in bold represent the 20 food plant genera most frequently consumed each by sakis
and macaws.

P = Forty-one of the 109 genera, denoted with aW&te represented in the phenology study.

Plant species collection and identification areang.
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Chapter 7. Remotely-sensed canopy structure as a
determinant of habitat quality for arboreal mammals in

tropical forests

Abstract

The three-dimensional spatial configuration of &bieabitats affects the capacity of
non-volant arboreal vertebrates to move, access frad avoid predation. However,
sampling vegetation structure over large areas fi@ufficient density of field plots to
incorporate fine-grained heterogeneity at the laagdes scale is logistically difficult,
labour-intensive, time-consuming and costly, pattidy in remote areas of tropical
forests. We used airborne waveform light detecéind ranging (LIDAR) data acquired
over the south-eastern Peruvian Amazon in comloinatith field data on a population
of bald-faced saki monkey®Rifhecia irrorata) to assess the utility of LIDAR-derived
indices of canopy structure in describing paransedépreferred forest types for this
arboreal primate. Forest structure parameteresepted by LIDAR measurements
were significantly different between home rangeaangsed by sakis and those that were
not used. Both overall and within each of four mf@rest types, areas used by sakis,
particularly core home range areas, representeddacpable subset of available forest
areas, generally those containing the tallest aost nmiform canopies. Differences
observed within a focal area occupied by five hadigd study groups were consistent
across the wider landscape; groups of sakis wessiing from areas of shorter,
heterogeneous canopies but occupied adjacent\aiteisller and less variable
canopies, demonstrating that high-resolution rersetesing can uncover key insights
into the relationship between habitat structure fzedoitat use by arboreal vertebrates in
tropical forests. The nonlinear relationship besweanopy structure values and the
intensity of use by sakis within their home rangeggests that while forest structure
indices derived from LIDAR may help determine minim structural characteristics of
suitable habitat for bald-faced sakis in this regiather factors likely contribute to their

fine-scale use of space.
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Introduction

Animals rarely use space uniformly. Not only dgplation densities vary
considerably across most landscapes, but spageicalty used unequally within fixed
home range boundaries. While the abundance atrtbditon of food resources have
been repeatedly shown to affect the use of spasetgbrates, particularly frugivores
(e.g. Garber 1987, Van Schaik 1993, Peres 1994c8aeet al. 2004), patterns of space
use may also be driven in part by habitat strudtsedf (e.g. MacArthur and MacArthur
1961, Warner 2002). Habitat structure has beewsho influence hunting site
selection by large carnivores (Loarie et al. insgjeand movement patterns of prey
species (Schultz and Noé 2002, Fortin et al. 200%)yee-dimensional spatial
configuration of forest habitat may function as ajon determinant of habitat suitability
for arboreal vertebrates (Emmons and Gentry 198&Kly et al. 2002, Warner 2002,
Clawges et al. 2008), affecting their capacity mvethrough the habitat (Williams-
Guilen et al. 2006), their access to food, and tdnerability to attacky aerial
predatorge.g. Terborgh 1983, Lemos de S& and Strier 1968|atos 1999, Raboy et
al. 2004, da Silva et al. 2009). In particulabiket structure may play a critical anti-
predation role for small-bodied solitary or smaiigp living non-volant species
(Terborgh 1983, Boinski et al 2003, Vidal and Cari2006, Crompton and Sellers
2007).

An example is the gent&thecia(saki monkeys), which are medium-bodied, small-
group living high-forest specialists typically faiat low densities or variable rates of
local habitat occupancy across the Amazon b@&enes and Janson 1999, Heymann et
al. 2002, Youlatos 2004, Sheth et al. 200Bhe fourPitheciaspecies occurring south
of the Amazon River spend most of their time intfid- to upper portions of the
canopy of tall forests (Happel 1982, Soini 1986eBd 993, S. Palminteri, pers. obs.).
They live in groups of 2-8 individuals (Soini 198%res 1993) and are seed predators,
thereby benefitting from a relatively aseasonatifsapply (Chapter 5). The breadth
and consistency of saki diets (Norconk 1996, Sbd#7, Peres 1993a, Chapter 5)
suggest that their patterns of home range use aveéments may be influenced by
factors other than food availability. Unlike tredatively well-studied Guianan sali.(
pithecig, occurring north of the Amazon River, which arere committed leapers
between high-angled supports and tree trunks ifottest understorey and midstorey
(Fleagle and Meldrum 1988, Walker 2005), it hasdegothesized that the four
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larger-bodied southern Amazonian congendtghéciairrorata, P. monachus, P.
albicans and P. aequatoria)isnove cryptically, primarily by quadrupedal walgiand
leaping between relatively large-diameter low-adglabcanopy and canopy branches
(Peres 1993a). This is consistent with the widesmvernacular name of these
relatively secretive species (often meaning thgrif monkey”) and observations
during short-term field studies (Happel 1982, S&94, Walker 1996, Buchanan-Smith
et al. 2000). Southern Amazonian sakis may thezdfe limited to areas with
sufficiently high-statured forest structure that\ygdes adequate primary and secondary

branching for their positional and locomotor repeg.

Consistent with the hypothesis that saki movemeagsire structurally well-developed
habitats, a recent long-term systematic study lof-faced sakisRithecia irroratg) in
southeastern Peru demonstrated that they showteohg reference for mature
unflooded terra firme and floodplain forest typegmolow-phytomass forest habitats
such as bamboo and palm-dominated stands (Chgptehith would be expected to
have minimal branching structure (Kalliola et @91, Smith and Nelson submitted/in
press). If sakis specialize in higher forest atiHttall forest with well-developed low-
angled branching, then patterns of habitat useddoelexpected to reflect measurable
variability in forest canopy structure, both inner of wood/foliage density and
aboveground height. Consistent with this hypothespatial variation in home range

use intensity should be correlated with physicalrahteristics of the forest canopy.

Despite the importance of vertical vegetation strrecin shaping use of space and
three-dimensional kinetics of arboreal vertebragieantitative data describing the
physical structure of arboreal habitats remaindbrtpcking. In particular, fine-scale
structural characteristics that define habitatadaiiity are poorly known for most
tropical forest vertebrates, in part because géngranbiased high-resolution data,
often through floristic plots, at appropriate sphsicales required for these analyses has
proven exceptionally difficult (Bradbury et al. Z(Hudak et al. 2009). Field
assessments generally rely on vegetation plots#maple only a tiny fraction of the
study area and produce relatively coarse-scalg/sem|Clawges et al. 2008, Falkowski
et al. 2009), such as those measuring impactgyging on vertebrate densities (Felton
et al. 2003, Hamard et al. 2010). In the humi@it®, generating canopy data from the
ground is particularly challenging due to high habcomplexity and poor canopy
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access in relatively remote sites. Consequenyiyotieses relating habitat use of

arboreal mammals to fine-scale habitat structumeare largely untested.

Airborne LiDAR (Light Detection And Ranging) gengza high-resolution canopy data,
including height and the fine-scale roughness,asiability in height. Critical for forest
studies, mean canopy vertical height profiles amtifrom LIDAR measurements have
been shown to correlate strongly with field-basstheates of the volume (Clawges et
al. 2008, Flaspohler et al. 2008), density (Braglkairal. 2005), and structure (Lefsky et
al. 2002) of vegetation, as well as tree stem dgfSiawges et al. 2008). LIDAR data
affords the advantage of rapid acquisition at §oale over large areas, and with a high
level of accuracy. We therefore use LIDAR-genetatata to test the hypothesis that
bald-faced sakis should show habitat preferencarias within their home ranges with
more developed vegetation structure, as indicayeddmsures of canopy height and
variability of canopy height. Canopy height instlstudy represented the total volume
of woody structures, whereas the standard devi&8a@) of canopy height represented
canopy “roughness”, or fine-scale variability indte (as reviewed in Vierling et al.
2008). We quantified patterns of space use byHatdtuated groups of bald-faced
sakis over a three-year period and analyzed thierpatof home range use and habitat
preference with respect to the physical structfitbe canopy as measured by LIDAR.
We also tested the relationship between canopyaeadntensity by comparing canopy
characteristics of both foraging and non-foragiibgss Finally,we compared the
LiDAR-derived canopy structure indices to two indedent measures of saki food tree
distribution to examine whether food availabilitasvcorrelated with a well-developed
canopy. Finally, drawing upon the relationshipsestablished between canopy
physiognomy and fine-scale use of space acrodethéarea, we further investigated
habitat occupancy at a coarser scale across a langghr surrounding area where

LIiDAR data were also available.

Methods

Study area

The study took place in the Madre de Dios regiosaitheastern Peru, in the lower Los
Amigos watershed within the 145,000-hectare LosgasiConservation Concession
(12°34°07”S 70°05'57"W), ~270 meters above sealléFggure 1). Four main forest
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types characterize the area: upland terra firmestoupland bamboo-dominated
(Guaduaspp) stands, mature floodplain forest, and palm swdominatedoy a large
arborescent palnMauritia flexuosd. Terra firme and mature floodplain forests were
primarily species-rich, closed-canopy vegetatiohilevbamboo stands and palm
swamps occurred in discrete enclaves, 1-78 ha dacfipated by a few canopy
species and a more open canopy. Annual rainfedlsadhe study area averaged ~2,700
mm yr?, between 2001 and 2007 (range = 2,250 — 3,500 mim y
http://atrium.andesamazon.org, BRIT 2009) and waislyrseasonal, with over 70%

falling between October and March.

quadrats overlaid by the focal area and eight ewidit survey polygons (see text). During the
3-year study period, sakis were recorded througtimuibccupied polygons, but not within the
unoccupied polygons, according to both systematcistic censuses based on playbacks and
the cumulative observation effort from maay hocresearchers (see text). The white box
around the focal area corresponds to the aredetétaiFigure 2.
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The study area consisted of approximately 6,40€0varing most of the trail systems

of two field stations: CICRA on the south-westeamk and CM1 on the north-eastern
bank of the Los Amigos River (Figure 1). At theiwern end of the study area, we
selected a 335-ha zone (hereafter, focal areae¢asively monitor five study groups of
Pithecia irrorata This focal area was defined as the area witlegmtinimum convex
polygon (MCP) surrounding all point locations oétfive groups, adjusted to exclude
both unsuitable habitats (e.g. lakes and cleariagd)known territories of groups that
we did not study (for further details, see Chapfeasid 5). All points within the focal
area, which consisted of 39% upland terra firmeg$gr8% upland bamboo stands, 45%
mature floodplain forest, and 8% palm swamp, wetemtially accessible to at least

one of the five study groups.

Monitoring in the focal area

Five adjacent groups @fithecia irroratawere habituated and followed between
January 2005 and December 2007, for a total ofcqpiately 3,000 hours of
observation. Groups consisted of a single adulé hame to three adult females, and
associated immature individuals, averaging 4.7.%SD, range = 2 — 8) individuals
over the study period, and maintained home rangBs) of between 16 and 60 ha (see
Chapter 4). We quantified habitat use throughamstneous group scan samples
obtained every 15 minutes (Altmann 1974) duringohitwe recorded the behaviour,
location, habitat type, and vertical position (8dks — canopy, sub-canopy and
understory) of all visible animals. We also reaatdhe most prevalent activity pattern
and the location of the geographic centre of tloaigr(Terborgh 1983, Stoner 1996,
Matthews 2009), either with a handheld Garmin 1ZXRS (typical reported error 8-10
m) or calculated locations in ArcView 3.3 GIS (ESRedlands California) using
recorded distances and angles from known coordineitiin a georeferenced trail
system. A 30 x 30 m grid was subsequently ovetgioh the entire study area, and all
Pitheciapositional records (15-min scan locatioNs; 9,119) were assigned to the

appropriate grid cell (hereafter, quadrat).

To correct for uneven monitoring effort among stggdgups, the sum of all scans in
each quadrat was expressed as a proportion obtdenumber of 15-min scans
recorded for each study group (e.g. Dietz et 8@.718Buzzard 2006). For quadrats

within home range overlap areas used by more thargooup, we calculated the
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proportion of total scans recorded for the two gousing that quadrat. The resulting
values for each quadrat defined its use intensityakis during this study. We
identified as “preferred” those quadrats with ugensity values higher than the median
value. Feeding quadrats were those in which werdecl at least one feeding bout on

plant dietary items, including fruits/seeds, flosenr leaves.

Occupancy in the wider study area

We investigated occupancy at a coarse scale attresarger study area, which was ~20
times the size of the focal area, by accumulaitgeciapresence-absence data based
on two main sources. We used playbacks of sakideal calls to stimulate responses
from groups while walking an extensive trail gridrehg 52 days over a 34-month
period. Initial tests with focal groups watcheddyyobserver revealed that playbacks
elicited consistent counter-calls detectable frodistance of up to ~100m. Playback
walks were therefore conducted along researcls traith vocalizations played every
200 m. Each detection was then located as themtistand direction from either a GPS
location or a trail marker. We also plotted theragimate locationsf Pitheciagroups
systematically reported froad hocobservations in 2006 and 2007 by other researchers
at the two stations who had been solicited to reglbPitheciasightings. We were
unable to quantify the number of hours during wipekticipating researchers and field
assistants were present in each quadrat potentilgcting saki presence-absence
data. As areryconservative estimate, however, the annual numibésits to each
researchrail paid by this steady stream of observers (mea7 per day at the CICRA
station at any given time during the 2006-2007qukri
http://cicra.acca.org.pe/english/cicra_60_segutdiod) far exceeded 30 and for some
trails exceeded 5,000 visitdn addition, between 12 and 20 field observardysng

other species, as part of our greater researchigroge, were present in the study area

throughout the study period, with instructionsdodte and report arBitheciasighting

LiDAR acquisition of forest structure data

We extracted a section of airborne LiDAR-generatath for the study area that had
been collected in September/October 2009 using#raegie Airborne Observatory
(CAO) scanning-waveform LIDAR system (Asner et2807), as part of a larger

research project aiming to estimate forest carbocks (Asner et al. 2010). The flights
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were conducted from 2,000 m above ground levelniliDAR spot spacing, 34° field

of view, 50-kHz pulse repetition frequency.

The LiDAR collection system combines highly accar@PS, Inertial Measurement
Unit, and laser transmitter and receiver sensdrttiggether record the location and
orientation of an aircraft and the time it takeslight to travel from the aircraft to the
forest/ground and back. The sensors are thusd@bheasure the three-dimensional
distribution of vegetation structure, providing lhiig accurate estimates of vegetation
density and height with a 1-m resolution and <1%6refAsner et al 2010). The 1-m
resolution canopy height data generated by the R3stem were convolved to the 30
m x 30 m-resolution quadrats that were used toeggge the movement data from the
five saki study groups (detailed above). Thus, taedrics of forest canopy structure for
each quadrat — the mean and the standard devi&I@hof canopy height — were
generated from 900 values representing each WHBAR cell and used to examine
quadrat-level habitat use by sakis in relationaoapy structure. In total, this study is
based on the quantitative description of canopyctire in 48,195,200 LIDAR cells

across the entire study area.

Data analysis: forest structure and use at the finecale

Canopy structure and use Bythecia

We used binary logistic regression to determinetivdrethere was a threshold level of
canopy height or variability in height that coulkjp&ain whether or not quadrats in the
focal area were used by our five study groups. udssl a response variable (0 = never
visited, 1 = visited) to examine the probabilitysaiki use of a given quadrat based on
values of each canopy structure parameter. Weategé¢he logistic regression within

each of the four main habitat types.

We tested whether the two within-quadrat canopycstire metrics — mean canopy
height and SD of canopy height (hereafter roughnessdiffered between used and
unused quadrats, preferred and non-preferred gisadrad feeding and non-feeding
quadrats using independent t-tests. Pairwiserdiifges in the distributions of these
variables were tested using two-sample KolmogonowHsov (K-S) tests. These
comparisons were repeated for quadrats within eatte four forest types and within

the home ranges of each of the five saki studyggoWwVe also tested for variation in
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the overall canopy index values among the forgetgyand saki group home range areas

using one-way ANOVA with Tukey post hoc comparisons

We used two-sample K-S tests to further compareligtebution of mean quadrat
heights to that of the heights and diameter atdbtreeight (DBH) of 793 saki food trees.
Tree heights were either measured in the fieldguaitaser rangefinder or estimated
using a DBH-to-height allometric equation generatethe same region (Asner et al.
2010).

Relating use to forest canopy structure

We used quantile regression (Koenker and Bassé®&)16 assess the relationship
between the intensity of quadrat use by sakis as@hneanopy height because of
unequal variance in use intensity along the heggadient. Quantile regression
estimates the rates of change (slopes) for spdafiantiles of the dependent variable
distribution rather than just changes in the mé&adé and Noon 2003), thereby
providing a more complete view of the relationsbgiween the two variables than
those captured by least squares regression (KarghAckerly 2002). We estimated a
complete series of quantile regression functioomfthe 18 to the 98' quantile, plus
the 99" quantile, for the relationship between mean quazfaopy height and use by
sakis. Analyses were carried out in R, using thmhtreg package (Koenker 2009).

Forest structure and use at the coarse scale

Within the wider Los Amigos study area, we examisie occupancy of unhabituated
saki groups as a function of forest canopy strechyrcomparing the distributions of
canopy structure metrics in occupied and unoccuaieds with those of used and
unused quadrats in the focal area, which we asstonegresent characteristics of
suitable and less suitable habitat, respectivéig predicted that the canopy structure
[distributions of mean height and roughndss=(900 1-nj values) of 30 x 30m
quadrats] of areas occupied by sakis would be airol those of used quadrats in the
focal area, whereas the distributions of theseab#es in unoccupied areas would be
more similar to those of unused quadrats. We dietiheated eight large neighbouring
polygons, covering >4,500 ha of forest (Figureoh)the basis of their known levels of
Pitheciaoccupancy, derived from the coarse, presence-absita generated through

both systematic playback censuses and the cumeilaliservation effort of over 100
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investigators and field assistants over a 24-mpetiod. The eight polygons ranged
from 200-900 ha, though polygon size was indepeinolenoth mean canopy height and
canopy roughness?(s 0.02 — 0.06, F = 0.002 — 0.0008, P >0.50 fohlmetrics). We
used t-tests to compare the mean and SD of careghttof all quadrats within
polygons for whichPitheciahad been reported (“occupied”) to those where Haal
never been reported (“unoccupied”), and to comfaeeight distributions of each of
these polygons with those of the focal area. Winéu used K-S tests to compare the
respective distributions of mean height and roughkrd occupied and unoccupied
polygons with those of used quadrats (represeiilggiuate canopy structure for saki
occupancy), unused quadrats (representing sub-alptamopy structure), and all
quadrats of the focal area. Unless otherwisedstdita were analyzed using JMP and
SPSS statistical software; statistical significawes set at the=0.05 level (two-

tailed tests).
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Figure 2: Focal area comprised of 3,418 quadrats of 30m x &rering the home ranges of
five saki study groups. The proportion of totatrhh scans recorded for a given group in any
of its home range quadrats varied from O to >9.%3adrats are coded by their overall use
intensity, defined as the proportion of total scafie relevant group(s) in eacBlank squares
represent quadrats that were accessible to onem gnoups but had no record of ever being
used.
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Results

Use of space in the focal area

The five study groups were recorded at least omeetotal of 1,378 of the 3,418
guadrats within the focal area (Figure 2, TableQadrat use ranged from 1 — 113
visits (15-min locations), and the proportion diaddime that a given group spent in any
of its quadrats varied from 0 to >9.5% (median E806). Saki groups primarily used
the lower to sub-canopy, using somewhat higheigustof the canopy when in
quadrats containing higher-statured forests, abaseNhen feedingkf= 296.6, df = 2,
p<0.0001, Figure 3).

Table 1L Forest structure characteristics derived froDAR data for 30m x 30m quadrats that
were used and unused by bald-faced sddihécia irroratg within a focal area of 3,418
quadrats in southeastern Peru. Mean and standaiation of canopy height values for each
quadrat were derived from 900 values corresponidinigdividual 1nd cells within each

quadrat. Values are presented for quadrats groopedesence vs. absence of sakis (use) and
preference (preferred vs. used but non-prefer@dhe entire focal area and for quadrats
within the home ranges of each of five study groifps E). The total numbers of quadrats
within each category are indicated in parentheses.

Cell Grouping Mean Canopy height (m) SD Canopy heig
Used (1378) 25.0+5.1* 6.7+1.9%
Unused (2040) 206 +7.2 72422
Preferred (671) 25.9+4.7* 6.7+1.9
Non-preferred (707) 24.1+5.4 6.8+1.9
A — Used (430) 249 +4.9* 6.8+1.8%

A — Unused (190) 19.6 +7.4 75+21
A — All (620) 23.3+6.3 7.0+1.9

B — Used (340) 23.0+4.7* 6.8+2.0

B — Unused (148) 18.7+5.9 7.2+23
B — All (488) 21.7+55 6.9+21
C — Used (117) 28.1+4.1+* 6.7+20%

C — Unused (349) 23.6+7.6 7.4+25
C — All (466) 247 +7.2 72+24
D — Used (480) 26.8+4.4+* 6.55+ 1.8 *
D — Unused (318) 242 +6.1 7.02+1.8
D — All (798) 25.8 5.3 6.74+1.8
E — Used (169) 216 +53+* 7.04+1.9

E — Unused (84) 18.0 +5.1 6.58 +1.9
E — All (253) 20.4+55 6.88 +1.9

* For Used sub-groups, denotes significantly défégrmean values from Unused.
" For Used sub-groups, denotes significantly difiedistributions from Unused (two-sample
Kolmogorov-Smirnov tests).

162



35 -

— C— Understorey
é —= Sub-canopy
= 30 1 mmmm Canopy

2

2L 25 .

T

g 20 A

=

- 15 —b

@®©

(0]

= 10 1

0 500 1000 1500 2000 2500 3000
15-minute scans

Figure 3. Vertical position of sakis in the canopy at ei#fnt mean quadrat heights during
9,042 observational (15-min) scans of saki growpess 31 months of study between 2005 and
2007. The y-axis designates the midpoint of quatrayht categories. Subcanopyl P—25 m)
comprised over 59% of scans in each quadrat heabgory. While the forest understory (
5-12 m) was virtually never used (N = 127, 1.4%lbscans), the subcanopy forest stratum
was consistently the most heavily used (65% o$@dhs), even in taller quadrats. Sakis used

the tallest portions of the canopy during 33% @insc

Forest structure and use at the fine scale

Canopy characteristics and use

Simple dichotomous logistic regressions of candpycture metrics versus saki
presence within the focal area showed that straqggarameters significantly explained
saki quadrat occupancy (Table 2). Mean canopyhhsignificantly predicted saki
quadrat occupancy within each of the four maindotgpes, while canopy roughness

(SD height) predicted occupancy only within flocaiplforest.
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Table 2.Parameter estimates from logistic regression matksdsribing the probability of saki

visitation to a given 30 x 30 m quadrdt£ 3,418), based on its mean canopy height and mean

canopy roughness (here represented by standaratidevof canopy height). Values are

presented for the entire focal area and for quadvihin each of its four main forest types.

Forest Constant
type Predictor + SE B+SE LL L-R X* Exp(B) R? df p-value
All Mean Height -2.93+0.1! 0.11+0.0: 2115.9: 377.4i 1.12 0.14 1 <0.001
All SD_Height 0.36 0.1 -0.11+0.0: 2285.07 39.17 0.9C 0.02 1 <0.001
TF Mean Height -3.06 £0.3! 0.17+0.0. 444.8: 141.1¢ 1.1¢ 0.23 1 <0.001
TF SD_Height 0.96+0.2° -0.06+0.0:0 514.1f 2.52 0.94 0.004 0.11
FL Mean Height -2.98 +0.2: 0.10+0.0: 1183.8¢ 150.1¢ 1.11 0.10 1 <0.001
FL SD_Height 0.52+0.1° -0.14+£0.0: 1241.4¢ 35.04 0.87 0.03 1 <0.001
BA Mean Height -5.27 £0.5: 0.21+0.0{ 185.2¢ 69.94 1.23 0.22 1 <0.001
BA SD_Height -2.11+0.4: 0.05+0.0! 219.7Z 097 1.06 0.00: 1 0.32
PS Mean Height -2.41+0.8! 0.06+0.0¢0 138.5¢ 3.27 1.06 0.02 1 0.07
PS SD_Height -0.86+0.5! -0.02+0.0{ 140.1% 0.06 097 0.001 1 0.1

SE = Standard error, LL = Log-Likelihood, L-R? = Likelihood-ratio chi-square for model?R

Nagelkerke R All = Quadrats within all forest types of the &@rea. TF = terra firme forest; FL =

mature floodplain forest; BA = bamboo forest; PSatm swamp forest.

Canopy characteristics and use intensity

Patterns of quadrat use intensityRitheciain the focal area (Figure 2) demonstrated a
strong preference for quadrats with taller, morembgeneous canopies. Canopies of
quadrats that were visited by sakis at least oNce 1,378) were substantially taller (t =
21.02, df = 3408, P < 0.0001) and had a more homexmges topology (t = —6.41, df =
3208, P < 0.0001) than those of unvisited quadfable 1). These features indicate
forest areas with complex canopy, tall trees, andemaniform crown structure. The
differences between used and unused quadrats \sereeflected in more kurtotic
distributions of both forest structure variableggisample Kolmogorov-Smirnov tests;
mean height: Z = 8.70, roughness (SD height): Z/9,2 = 3418, P< 0.0001 in both
cases, Figure 4) in used quadrats, indicating preée for a certain structural
environment. Preferred quadrats were characteliyezven taller canopies with more
kurtotic distributions of quadrat height valuesrthron-preferred quadrats (mean
difference = 1.8 m, t = 6.48, df = 1367, P < 0.Q0K-S test: Z = 3.06\ = 1378, P<=
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0.001, Table 1). Canopy roughness did not difteeanieen these two groups (t= —0.62,
df = 1371, P = 0.54; K-S test: Z=0.79, P=0.57).
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Figure 4. Proportional distributions of mean canopy heigitcal area quadrats (N = 3418)
and food trees (N = 793) of five saki study grouplsed quadrats (N = 1378) were visited at
least once by a study group, and preferred quafiMats671) received more than the median
proportion of total visits (15-min scans). Thehwegheterogeneity of food tree heights,
compared to used and preferred quadrat heightgestgythat saki plant feeding bouts often
targeted relatively short trees but rarely low-ganquadrats, and that sakis used particularly

tall food trees even as the availability of higmeopy quadrats declined.

The unequal variance in the distribution of usenstty with respect to canopy height
(Figure 5a) indicated not only that more than dopesdescribes the relationship
between height and use intensity, but that variamoeased as a function of height.
Sakis avoided quadrats with canopies shorter tbamdnd spent most of their time in
quadrats with canopies of 25 — 35 m (Figure 5atl)e canopy height-use relationship
was, however, non-linear, as many quadrats assdorgath extremely tall canopies had
low or no recorded use. Nevertheless, while sakisquently visited quadrats of all
heights, quadrats with the highest frequenciesef(@0-99% quantiles) were almost

always taller.
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Figure 5. Quantile regression plots showing linear relatigpsivetween 10 different quantiles
of the distribution of intensity of quadrat useli®id-faced sakis as a function of canopy height.
Points represent individual quadrats, and linelatioaships are shown for 10 different
quantiles of the distribution including (a) all ginats in the focal area (n = 3418) and (b)
excluding all unused quadrats (n = 2040). Theibidgion of the intercept values for all
percentiles for used quadrats (n = 1378, c) ind&#tat almost all begin at zero, indicating lack
of use in very short canopies. The higher quarsténates had greater positive slopes (d), and
they increase abruptly above the 0.8 percentilee dingle standard linear regression (red solid
line) produced arfr= 0.07, F = 241.72, P < 0.0001, N = 3418.
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Individually, each of the five study groups prefeially used the taller portions of its
respective home range (Figure 6, Table 1). In eask, canopy height values were
more narrowly distributed in used than unused catadiK-S tests for mean height: Z
range = 2.16 — 4.47, P < 0.0001 for all groupsjuttn the distributions of canopy
roughness differed significantly for only two oktfive groups (SD height: Z range =
1.22 — 1.99, Figure 7). Forest canopy in prefeqgeadrats was even taller than that in
other used quadrats (Z range = 1.60 — 2.29, P kforGall groups), whereas canopy
roughness of preferred quadrats was narrower tiatrof other used quadrats for only

one of the groups (Z range = 0.64 — 1.59).
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Figure 6. Mean = SD canopy height in preferred quadratsption of use > median value),
used, and unused quadrats of the home rangeslobéice study groups. Home ranges (HRS)
of groups C and D were predominantly floodplaire&ty while those of groups B and E were
predominantly terra firme forest. Used and pref@iguadrats for group C were the same, due
to a smaller sample size for this group. Numbepsasent the number of 30 x 30m quadrats
within the 95% kernel HR polygon of each study grdGhapter 4). Areas of HR overlap were
counted for each group; 984 quadrats in the foeal wwere outside the 95% kernel HR

polygons of any of the five groups.
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Figure 7. Cumulative Distribution Function (CDF) plotsdiktributions of mean canopy

height in 30 x 30 m quadrats in areas used andednog five saki groups within their
respective home ranges. The five groups (A — &shown in colour, with solid lines
representing used quadrats, and broken lines maqiieg unused quadrats. X = quadrats in the
focal area accessible to at least one group batmwatrecorded use and outside all home range

polygons.

Canopy characteristics and feeding

Canopies of quadrats in which at least one plaadifeg bout on fruits, seeds, flowers,
or leaves was recorded (“feeding quadrats”, meahhe 25.3 £ 4.7 m) were taller
than those in other used quadrats (24.6 + 5.5,2.79, df = 1422, P = 0.005),
suggesting that food availability partly explairdkispreference for taller forest.
However, this 3% height difference was minor coregawith that between used and
unused quadrats:{8%), and canopy roughness did not differ betweedifig quadrats
(6.8 £ 1.9 m) and those used only during othevdigs (6.7 +1.9m, t=-1.72, df =
1497, P = 0.09). Furthermore, when this is weiglitg use intensity (humber of scans
per quadrat), mean canopy height of quadrats useatfivities other than feeding (25.8
+ 4.6 m) was slightly greater than that of quadvath feeding scans (25.5+4.5m, t=
-3.15, df = 6123, P = 0.002).

Two measures of food resource use suggested HKigiregerence for tall canopies was
not exclusively tied to food resource density. WMéeight of feeding quadrats (25.0 +
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4.9 m) was significantly lower than that of preéatrquadrats (25.9 + 4.7 m, t = —-3.55,

df =183, P = 0.0004). Moreover, saki food trdesriselves (mean tree height 24.7 +
7.1 m, N = 793) were shorter than the mean heifjptederred quadrats (t = -3.93, df =
1387, P < 0.0001) but not that of quadrats usediésser extent (25.0 +5.12 m, t = —
1.10, df = 1275, P =0.27). The heights of foasrwere also more variable than those
of used, preferred or feeding quadrats (K-S tests:2.82, 3.60, and 3.14, respectively,
P< 0.0001 in all cases; Figure 4), suggestingghkis selected areas with taller, more
uniform canopy within which they fed in trees ofaxiety of sizes.

Canopy characteristics of different habitat types

Among the four forest types, mature floodplain ftriead the tallest canopy, whereas
Mauritia flexuosadominated palm swamp was the least variable faypstin terms of
canopy height (Table 3). Bamboo-dominated forasit oth the shortest and the most
variable canopy, ranging between 6.3 m and 9.1arneshthan other forest types.
Within palm swamp, canopy structure values diddifiér between used and unused
areas. The overall patterns of taller and moréumi canopies in both preferred and
less intensively used quadrats versus unused deadeae consistent across the other
three forest types (Table 3). The distributionfd@ifjht values across the used quadrats
within terra firme, floodplain, and bamboo forestre&s more kurtotic than those of
unused quadrats, although canopy roughness diftarigdn floodplain forest (K-S: Z =
2.76, P < 0.0001).
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Table 3. Mean LiDAR-derived values of forest structur@cteristics of used and unused 30
x 30m quadrats and Kolmogorov-Smirnov test reswiltisin each of four main forest types
within the focal area. Mean and SD of canopy herglues for each quadrat were derived from

900 values per quadrat, corresponding to individugILiDAR cells.

Forest Overall Used Unused K-S
type Variable (mean £ SD) (mean +SD) (mean*SD) Z-value P
TF Mean height 21.7+£5.9 23.6+5.1 18.6 £5.9 5.43 0.0801
N =785 SD height 6.8+2.0 6.6+1.9 70+21 1.08 0.19
FL Mean height 245+64 26.6 £4.6 23.1+7.0 5.29 0.0801
N =1881 SD height 7.0+21 6.7+1.9 72+t22 62.7 <0.0001
BA Mean height 154+55 20.0+4.6 145+5.2 3.68 0.0801
N=512 SD height 7.6+22 7.8+£19 7523 1.02 0.25
PS Mean height 224+44 23.3+3.7 22.1+46 1.02 .250
N =240 SD height 6.4+18 6.4+18 6.4+1.7 0.45 0.99
ALL Mean height 22.3+6.8 25.0+5.1 206+7.2 8.70 0.0801
N = 3418 SD height 70+21 6.7+1.9 7.2+22 027 <0.0001

Forest structure and use at the coarse scale

Pitheciaoccurrence across the wider study area

In the analysis of occupancy across the wider sawdg, we found a similar pattern of
use with respect to canopy height values. Theethotygons occupied by sakis had
canopies that were taller (mean canopy height £302.96 + 0.82 m) than those in
which sakis were not detected (20.98 + 1.18 mstt-te= 2.79, df = 5.69, P = 0.03), and
they were characterized by a considerably highgpgtion of tall quadrats than were
the unoccupied polygons (K-S test: Z = 21.2, PGO01, Figure 8). Canopy roughness
did not differ between the occupied (6.5 + 0.3 mJj anoccupied (6.6 £ 0.5 m, t =
—-0.343, df = 6.0, P = 0.74) polygons.

Canopy characteristics and use Bithecia

Occupied polygons had canopy height profile valmesan quadrat canopy height
across all three polygons = 23.0 £ 4.7 m) that vearelar to but more homogeneous
than those of the focal area (K-S tests for meaomgaheight: Z = 6.4, P < 0.0001;
roughness: Z = 5.2, P < 0.0001, Figure 9). Theidigions of mean canopy height
values in occupied polygons were intermediate betvikose of the used focal area
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quadrats, representing characteristics of acceptadiitat for sakis (K-S test: Z=7.3, P
< 0.0001), and unused quadrats, representing upiatte saki habitat (Z = 9.6, P <
0.0001). Canopy roughness, the fine-scale vaitiglnil height within a single quadrat,
was lower in quadrats of occupied polygons thatmase of either used focal area
quadrats (K-S test: Z = 2.0, P=0.001) or unusedl|farea quadrats (Z = 5.6, P <
0.0001).

CDF Plots for saki focal area + 8 polygons
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Figure 8. Cumulative Distribution Function (CDF) plotstbk distribution of canopy height of
30 x 30 m quadrats within the focal area (solie liB35 ha) and 8 surrounding polygons (210 —
910 ha). Polygons 3, 5, and 6 (black broken lime=e occupied by sakis and display
distributions of height values in which 20-35% ofdrats were <20 m tall, while the 35-60%
of the quadrats of polygons 1,2,4,7, and 8, whieheveffectively unoccupied by sakis, were <
20 mtall. Unoccupied floodplain polygons are shas blue lines, while unoccupied terra

firme polygons are shown as red lines.

While the mean canopy height value of quadratsiwitine five unoccupied polygons
(20.8 £ 5.2 m) more closely resembled that of uddeeal areajuadrats, their
distribution was far less variable (K-S mean cano@ight: Z = 5.2, P < 0.0001, canopy
roughness: Z = 5.7, P < 0.0001, Figure 9). Unoexlpolygons supported shorter but
less heterogeneous canopies than the focal areallqe S test mean canopy height: Z
=10.6, P <0.0001; roughness: Z = 5.3, P < 0.0@ad)both far shorter and more
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variable than used focal area quadrats (K-S meaopyaheight Z = 12.7, P < 0.0001,
roughness: Z = 2.0, P = 0.001). Overall, the cgriagght profiles of quadrats
comprising the three occupied polygons were mardai to those of the used focal
area quadrats (indicator of acceptable habitatiievihe distribution of canopy height of
quadrats in the five unoccupied polygons was styosigfted towards the distribution

of the unused quadrats.
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Figure 9. Proportion distributions (a) and Cumulative Bigition Function (CDF) plots (b) of
the distribution of mean canopy height values afdyats in polygons occupied (N = 3) and
unoccupied (N = 5) by bald-faced sakis, comparambteesponding values in used and unused

quadrats within the focal area.
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Discussion

Home range use and canopy structure

To our knowledge, this is the first study relatiogest canopy structure independently
quantified over large spatial scales to use ofZomtal and vertical space in a tropical
arboreal vertebrate. We found that, within th@me ranges, bald-faced saki groups
tended to use more well-developed forest areasarong a taller and more uniform
canopy structure, as consistently illustrated bygarisons of used versus unused and
preferred versus lesser-used quadrats (Figurél®yvever while quadrats used by sakis
tended to be taller, the effect of height on sal@ intensity was variable (Figure 5).
Regression slopes for different portions (quantitéshe distribution of quadrat use as
a function of height provided a better, thougH stdtomplete, picture of the relationship
than a single least-squares regression. QuadithtsalNer forest were clearly the most
preferred in terms of use frequency (highest gles)tiwhile lower quantile estimates,
representing low-use quadrats, indicated that sd&sused a wide range of canopy
heights. While quadrats used most frequently werrmly tall, some use might be
allocated to quadrats that were shorter and moee dpghey had other features
important to sakis. The differential in canopy higffect size suggests that
interactions between canopy structure and otherasored factors — such as the
distribution of food resources, territorial disputend patrolling of range boundaries,
movements through less preferred quadrats to r@atitmal foraging sites, and
movements along natural internal corridors — wikely greater in areas of low or
moderate use (Cade et al. 1999, Planque and B20f2g).

Movements through the home range matrix

While all saki study groups showed preference ftallar, more uniform canopy
topology, each of their home ranges contained ialmar matrix of microhabitats with a
gradient of preference to sakis (Figure 2). Atusia preferred quadrat inevitably
involves travel through less preferable quadratsclvmay be visited briefly regardless
of their physical and plant species compositiontattes (e.g. Albernaz 1997).

Likewise, isolated tall trees would likely be vesitless frequently than those embedded
within a tall canopy matrix. A typical saki grodgily travel path 0£1,000 meters in
length (see Chapter 4) usually included visitsaime 50 quadrats. While quadrats used
for feeding were slightly taller than those useddther activities, time spent feeding on

plant material made up just 30% of our total sdddgeyvation time of 3050 h. Another
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20% of their time was allocated to moving throulgkitt home ranges (Chapter 4);
consequently, over the course of a monthly samglergpd, a saki group ranged over
its entire home range (Chapter 4), including lowfgrence quadrats with suboptimal
structural attributes.

Territorial disputes and patrolling

Sakis defend their territories primarily throughdperange calls, counter-calls and
approaches to range boundaries in response toizatahs of other groups (Norconk et
al. 2003, S. Palminteri unpubl. data). Movemengsliated by intergroup spacing were
rapid and likely to be less sensitive to foresicure. Furthermore, the saki groups
demonstrated a propensity to visit areas of themnd ranges overlapping those of
neighbouring groups (Chapter 4). Quadrats in eypeareas had taller forest (t = 3.40,
df = 228, P = 0.0008) and contained more saki toeeks than those in non-overlap
areas (Wilcoxon rank-sum test: W = 487377, Z = 1B.8 0.0001), suggesting that
territorial defence may be related to both foodpatensity in high-quality forest
habitat.

Habitat type

The positive relationship between canopy strucame use by sakis was observed for
three of the four forest types in our focal ar@is relationship was strongest in
bamboo-dominated forest, which had the shortesthawst variable canopy and was
clearly avoided by sakis. While sakis did not weetfar into bamboo stands, they did
use the few tall peripheral trees within the sleartopy matrix of this habitat type. Use
of bamboo-dominated forest, therefore, did not ei@se in areas of greater
heterogeneity in canopy height. Use of palm swasijch was dominated by a single
arborescent palm species, was particularly unmtatéhe LiDAR-derived canopy
metrics. The strong positive relationship betwkeast canopy height and vegetation
volume and structure does not appear to applypa-dominated forest (Asner et al.
2010). Despite the tall canopy of this habitaetyip lacks the associated low-angled
branch structure used by sakis. Sakis spent j8%b &f their time in this habitat,
primarily while feeding on fruits dflauritia flexuosa a palm with minimum crown

volume despite its relatively tall, radially-symmetfanlike fronds.

In contrast to the bamboo-dominated habitat, flé@ddorest in the focal area was

taller overall than other forest types, yet sakissistently selected the portions of this
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habitat with the tallest canopy. While overalhopy roughness did not differ between
terra firme and floodplain forests, roughness aodlplain forest quadrats used by sakis
was significantly lower than that of unused quaglrathis tendency by sakis to select
areas with greater canopy structure within floootpfarest, which has a more well-
developed canopy overall, suggests that the stdadiar canopy structure used by sakis
may be more exacting for floodplain forest thantésra firme forest. Sakis may
occupy floodplain forest only when it is of parti@dy high quality, in terms of overall
structure and composition. The finding by Haugaas®d Peres (2005) that sakis
would only use flooded varzea forest when it wasadiately adjacent to terra firme
forest further demonstrates their more stringeleics@ity of floodplain forest. That
terra firme did not have the tallest or least u@adorest and yet was preferred relative
to floodplain forest (Chapter 4) further suggebtt forest structure, as measured by

canopy height profiles, is important but that otfaetors affect use of space.

Drivers of habitat selection

The clear relationship between canopy structuresakdhome range use raises the
question of what driver(s) might be ultimately respible. Here we consider two

possible factors, food resource distribution aretiption risk.

Food resource distribution

The extent to which food resources may be respten&ibthe observed preference for
canopy structure should be influenced by a possdiégionship between canopy height
and food availability. It is widely recognized theabitat use by primates is influenced
by food availability (e.g. Peres 1994, Dietz etl&l97, Stevenson et al. 2000).
However,Pithecia irroratais a small-group living midsized primate capalfle o
exploiting a wide array of food patch sizes, anougis consequently have low
metabolic requirements and should be less constitdg food distribution. In addition,
their diet consists primarily of unripe seeds o&0200 species showing a broad spatio-
temporal distribution of food that is availabledbghout the year in a relatively uniform

fashion across their home ranges (Chapt&: Palminteri, unpubl. data).

Canopies of quadrats used at least once during f@leding bouts were on average
slightly taller (0.7m) than those used during dtigg other than feeding, and feeding

quadrats had a similar canopy height to thosead toees, suggesting that the
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distribution of food is a driver for selection afadrats with tall canopies. However,
several measures associated with food resourcgestiegl that quadrat selection may
also be influenced by other drivers. Food treeewa average considerably shorter
than the forest canopy in preferred quadrats, meediteights were more variable than
the mean heights of used and preferred quadradis\an feeding quadrats. Sakis
showed a greater propensity to use short food thessto use quadrats associated with
short, less structured canopy, and the shortarrstaf both food trees and feeding
guadrats, compared to preferred quadrats, sugtedtrest structure itself affects use

of space independently of food resources.

Motion capacity and predation risk

While sakis clearly demonstrated a preferencedibcanopies, they were primarily
found in the lower parts of canopy and emergest ¢crewns, and their use of this forest
stratum was largely independent of changes in caheht (Figure 3). The
subcanopy layer may provide maximum access taatige land medium sized primary
and secondary low-angled tree branches and lagipedimbing woody lianas over
which they exercise much of their positional repieess, while minimizing detectability.
Indeed, the consistent tendency of sakis to maeruzaging time while minimizing
locomotion within palm swamps, where horizontal mectivity through major branches

Is minimal, supports this conclusion.

Smaller-bodied forest primates often attempt tagpoedation risk by remaining lower
in the forest (Terborgh 1983, Peres 1993c, Boiashki. 2003), forming larger
conspecific (e.gSaimirispp: Terborgh 1983, Boinski) or heterospecific gro(ps.
mixed-species groups &aguinuspp.: Peres 1993c, Terborgh 1983) or behaving
cryptically, such a€ebuellaspp.,Callimico goeldii(Porter and Garber 2007) or
Callicebusspp. (Terborgh 1983). Larger-bodied platyrrhinenates, on the other
hand, are relatively immune to aerial predation laanee been shown to use higher
forest strata than smaller-bodied speéisbadilla & Ferrari 2000, Buchanan-Sméh
al. 2000, Heymanet al 2002, Peres 1993b, Sheth et al. 2009). Thisipesit
relationship may be partly linked to the degrepeaf capita vulnerability to aerial
predator attacks (Terborgh 1983, Youlatos 2004).

Sakis are an exception to these trends, maintasrimggl groups that rarely join other

primate species in mixed troops (Peres 1993a, IBiitari unpubl. data) and remaining
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higher in the canopy than expected for their SPeré¢s 1993b, Youlatos 2004). In
contrast, they appear to have adopted both physnchbehavioural crypticity to
minimize detectability. Their locomotion and fereglibehaviour are exceptionally quiet
(Peres 1993b, Kinzey 1986, Palminteri pers. obs.jhey generally leap from and land
onto relatively large-diameter supports, rathenthse far noisier small branches and
terminal foliage (S. Palminteri and C. Peres, utiphbd data). Their quadrupedal and
saltatorial modes of locomotion, supported by reddy heavy branches, reduce
background noise but restrict sakis to the maindmgled scaffold framework of the
forest coinciding with the primary branching regmiiarge canopy trees. As
committed leapers, they also reduce propulsiondbssergy by using large woody
substrates during takeoff. Moreover, Bitheciacall design further fits a behaviourally
cryptic template in that their vocalizations arrequent and contact calls used during
intragroup communication are usually soft twittexsembling birds. Their very long,
coarse, black-and-white mottled pelage and unusbabhy tail enhance their shaggy
body plan and apparent size, as well as their catically camouflaged appearance in
resembling the colour and texture of the major n@mches upon which they sit, walk,
and rest. As an anti-predation strategy, the gtpyeference for areas with more
developed canopy structure exhibited by sakis fhexe&complements their
ecomorphology, general appearance and locomot@vimir. It is not surprising,
therefore, that southern Amazonian sakis are oétfarred to in many indigenous
languages as the “silent” or the “flying” monkey.fCPeres, pers. obs). Nevertheless,
as midsized primates exposed within lofty tree erevsakis remain highly vulnerable
to aerial predation, which is consistent with dazehlocals reports of southern
AmazonianPitheciaspp. falling prey to harpy eaglelarpia harpijaand

Guianan crested eaglbtorphnus guianensiacross the geographic range of these

species (C.A. Peres, unpubl. data).

LIDAR as a tool for measuring tropical forest habitt suitability

The clear relationships between LiDAR-generateddbstructure data and forest use
intensity by five independent groups of sakis, #recongruent extension of those
relationships to habitat occupancy across a mugedaurrounding study area point to
the value of airborne LIDAR as an emerging tooldoologists and conservation
planners. The collection of vegetation structuatady LIDAR provided a unique
opportunity to study ecological relationships aethspatial scales. Our data were
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sufficiently precise to enable examination of hegeneity of forest canopy structure at
the scale of home ranges, 10 to 60 ha in the dasakis, which permitted analyses of
habitat preference by the individual groups. Sacalyses would be difficult or
impossible to achieve through either ground-baggadaaches or satellite imagery
(Bradbury et al 2005, Lefsky et al. 2002).

Species presence-absence data across the surmuiuogdimigos landscape allowed us
to assess habitat suitability at a far larger sca@lee substantial difference in canopy
height and roughness between occupied floodplaasfon the focal area and
unoccupied floodplain polygons 1 and 2 in the wisteidy area provided insights into
habitat preference that may help to explain pastefrfloodplain forest use that have
heretofore eluded us. Occupied floodplain foreshe focal area was taller than the
other habitat types, though less intensively andenselectively used than the
surrounding terra firme forest. If floodplain fetestructure throughout south-western
Amazonia more closely resembles that of our witledysarea, its less-developed
canopy structure can help explain the loRgheciaabundances that are frequently
reported for these floodplain sites (Chapter 3gtBlet al. 2009).

Finally, the potential to acquire high-resoluti@ndst structure data from an airborne
platform, such as LIDAR, over vast tracts of othiseninaccessible areas and yet with
no change in precision — such as the 0.5 milliomffarest coverage over a 4 million
ha section of the south-western Amazon (Asner.&Cdl0) — will allow ecologists to
scale up habitat analyses to map meso-scale patiExegetation biomass, as
accomplished by Asner et al. (2010). Analysesrd-Ecale vegetation structure data,
with respect to regional-scale patterns of anincalipancy and habitat use will help to
elucidate relationships between forest physiognamyanimal distribution patterns. In
the case of sakis, for example, this sheds lightherenigmatic pattern of patchy
distribution (Chapter 3) or variable population siéies at which these arboreal seed-
predators are typically reported in primate surv@ranch 1983, Johns 1986,
Haugaasen and Peres 2005, Sheth et al. 2009)tifydenthe drivers of, and ultimately
predicting, these spatial patterns across complexanmental gradients is critical to
informed, meso-scale conservation planning folaladand Amazon and other tropical

forest regions.
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Chapter 8: Concluding remarks

Primate assemblage heterogeneity

The aim of this thesis has been to contribute toegological understanding of the
factors that affect the use of space and conseques-scale distribution of animal
communities of tropical moist forest ecosystemsulgh complementary research on
relatively complex primate assemblages of southt@vesAmazonia and the basic
ecology of its most poorly-known species, the Halckd saki. The ultimate aim is to
apply this understanding to help strengthen thege® of science-based conservation

planning for the south-western Amazon and Amazongeneral.

The findings shed light on primate distributionsl arse of space at various spatial
scales. Contrary to expectations that primate conities of the Madre de Dios (MDD)
watershed of southeastern Peru should be relatinatyogeneous, given the lack of
species turnover and the relatively minor changésabitat type and level of human
disturbance, my colleagues and | found substandéialral heterogeneity in the
assemblage structure across the basin (Chaptdih@)variable primate community
structure across MDD reflects large-scale speaéshmess, rather than species
turnover, even for some relatively common speaes.Cebus albifrons, Saimiri

boliviensis.

Of the 13+ resident primate species, three weredan fewer than half of the 37
survey sites compiled in this study, while two otheere not detected at all. The
ranges of the first three species — emperor tanf@rimmperatoy, woolly monkey
(Lagothrix cand, and bald-faced salP( irrorata) — did not extend south of the Madre
de Dios River to the Tambopata watersh8dimperatoy which has the most restricted
geographic range of the region’s primates (IUCN&Q®as present at eight of 10 sites
in the Los Amigos watershed, but only three of it€®ssn Manu National Park, some
100 km upstream, and missing from sites in the raitlds Piedras basin, all north of
the Madre de Dios River. Lik8. imperator Goeldi’'s marmosetJallimico goeldi), a
species undetected in all 37 primate surveys, favdisturbed habitats, such as bamboo
or early successional forests (Terborgh 1983, Boghssmith et al. 2000, Porter et al.
2007). Despite the presence of both vegetatioastyp the regionC. goeldiiis rarely
sighted throughout MDD (Terborgh 1983, Chapterrf) anly slightly more regularly
during primate surveys in adjacent Pando, Boli@har(sten and Geissman 1994,
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Buchanan-Smith et al. 2000). While its large hoarge and short day path may
account in part for low detectability (Porter et2007), the complete absence of this

species from all regional primate surveys remaowly explained.

At the other end of the scale, large-bodied frugggpsuch as woolly monkey, are
heavily hunted (Peres 1990) and are consequestyaleundant at hunted sites (Kirkby
2004, Chapter 3). However, the absence of thisispdérom historically nonhunted
sites (e.g. Cocha Cashu, Terborgh 1983) across ofuttle MDD basin, including
nonhunted survey sites in the Tambopata waterd¥ieidez-Iturri and Howe 2007,
Chapter 3), occurred independently of hunting pressThe extensive seasonal home
range shifts exhibited by woolly monkeys in thetca@inrAmazon (Peres 1994) suggest
that seasonal fruit scarcity may alter the rangielgaviour and, thus, patterns of
occupancy of this genus in nutrient-poor forestsydver, contrasting findings by
DiFiore (2003) in the upper Amazon (Ecuador) ptinseasonal changes in the
Lagothrixdiet, rather than ranging patterns, as a responsge fruit scarcity, which

would not be reflected in changes in local density.

Natural and anthropogenic drivers of primate comrhustructure

Multiple factors appear to contribute to primatencounity heterogeneity, which affect
the ability of coarse-scale range maps to depiet-§icale distributions of all but the
most ubiquitous species. Rivers serve as potdmdiaiers to species dispersal (Ayres
and Clutton-Brock 1992), sources of varying lexalsoil nutrients (Kalliola et al.
1993), and physical drivers of succession and aasitucture (Prance 1979, Salo et al.
1986, Puhakka et al. 1992), all of which affectstrecture and composition not only of
vegetation (Ruokolainen et al. 1997) but also ahpry consumers like primates (e.g.
Peres 1997). Regional floristic distribution patgeof trees and understory plants have
been shown to vary according to changes in micritdtsbsuch as edaphic gradients,
within broad forest types (i.e. Tuomistbal 1995, Phillipset al 2003). The patterns
of primate species occupancy, including unexplasiesences, observed in this study
were consistent with such fine-scale variationaih @nd vegetation. The differences
among species assemblages of primates in theyaugdisturbed forests of a single
watershed of south-western Amazonia imply that comity heterogeneity may be

even greater in more species-rich taxa, as well esgions of greater habitat diversity.
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In MDD, hunting pressure is focused along a ceizigdldevelopment corridor that
historically included the Madre de Dios River atedlmajor tributaries and has now
expanded to include the newly upgraded highwaydbahects western Brazilian
Amazonia to the Peruvian coast. My analyses ohaie communities at 37 sites along
that corridor demonstrated that the loss of latgsiied primate species due to hunting
pressure was not compensated for by a correspontingase in smaller species,
resulting in novel primate communities at more lilgawinted sites, ironically
augmenting the natural variability in primate commity structure (Chapter 3). The
impacts of hunting have not yet extirpated any gseftom most of the MDD region as
they have elsewhere (Freese et al. 1982, Peres H@9fthann et al. 2002).
Nevertheless, the changes detected in primate catisBlamong hunted areas
highlight the importance of protected areas in naaning robust primate populations
both by restricting the direct loss of individuédem hunting and by maintaining source
populations of larger-bodied species that may miédghe impact of hunting pressure at
unprotected sites. Such areas will be criticahtontaining ecosystem processes, such
as seed dispersal, that primates and other foeetghbrates provide (Knogge et al. 2003,
Link and DiFiore 2006, Nufiez-Iturri and Howe 2007).

Fine-scale habitat selection and resource use bynaturally rare primate

Like S. imperatoyP. irrorata, a medium-sized seed predator, was also more ahtind
outside of protected areas, and its abundance arésble throughout the MDD basin.
With so little information available on bald-facedkis before this study, a major aim of
this thesis was to identify features of its basiclegy that would help to explain its
apparently patchy distribution across the regiBitheciapopulations across MDD face
little or no hunting pressure or habitat disturafrom forest fragmentation and
logging (Chapter 6). Thus, the observed meso-gtehiness is likely independent of
human disturbance and reflects true species/hablttonships that heretofore remain

largely unexplained.

Habitat selection

In this study, saki groups showed a strong prefaréor mature unflooded (terra firme)
forest with a high degree of canopy structure asrdpdexity (Chapter 7). Groups in
terra firme forest showed larger group size, smaleme range size, and greater home
range overlap than groups in floodplain forest, alhdroups demonstrated longer

travel distances in and greater than expected fusera firme forest. These combined
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findings suggest that saki densities in south-wastenazonia will likely be higher in
areas of terra firme forest than in other habytpes, such as relatively low-phytomass
forests with large patches of bamboo-dominatedtabr monodominant palm forests.
In my study area, for example, use of bamboo-dotadf@uaduastands was generally
limited to edges adjacent to terra firme foresmifarly, visits toMauritia-dominated
palm swamps tended to be brief and primarily fedfag. The ripdauritia fruits
consumed by sakis reached their highest year-ravaitbbility in January-February but
were consumed most heavily in April and May, whemmunity-wide fruit availability
was low, suggesting that it might be an importatiback food for sakisMauritia

palm is tall and forms monodominant stands in lging permanently water-logged
portions of the floodplain. While these large adszent palms are of relatively even
height and so presented the most uniform canomghherofiles of all the forest types
(Chapter 7), their branching structure is highlgueed and the typical spacing between
conspecific trees requires the sakis to leap betwees. Leaping between palms is
especially risky not only because the trees aleviti no lower branching as a safety-
net against free-fall following a bad landing, bigo because leaping across palm
fronds increases the likelihood of acoustic detechy and accessibility to aerial

predators (Terborgh 1983, pers. obs.).

Dietary flexibility

The data | have presented in this thesis suggasbthadopting a taxonomically
generalist feeding pattern within a relatively spezed niche (granivory/frugivory),
sakis minimize the potential effects of seasonatekeses in fruit availability that are
routinely experienced by pulp-eating frugivoresnalyses showed that unripe fruit
consumed by sakis tends to be available for muegdoperiods, on more species, and
in greater quantities than ripe fruit of the samecses (Chapter 5). Thus, by
specializing on the seeds of unripe fruit, sakisdbié from their greater temporal and

spatial availability, compared to ripe fruit pulp.

As small-group-living primates, sakis can feed sgstully in food patches of variable
sizes, as reflected in the size heterogeneityef thod trees (Chapter 7). Top food
plant genera of the five saki groups systematidallpwed in this study were among
the most abundant in vegetation plots and weredamoth flooded and unflooded
forests across the focal study area. Feedingdiineation to most food tree species
was not significantly different from that expectuthe basis of their abundance.
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While many were large canopy trees, such as thergBnosimum Pouterig
Eschwelileraothers, includingnga andPseudolmediawere relatively small.
Furthermore, no significant difference was detetieidveen the fruit availability index
scores or basal areas of the five top-ranking fdadt genera and those of all other
food plant genera (Chapter 6). These findings ssigiipat sakis were relatively
generalist in their selection of immature fruit smes and did not specialize in large
food patches, a finding that is consistent withfdet that the relatively low saki group
biomass places relatively small metabolic demamda given food patch, compared to
those of most (sub)canopy foraging primates, priigntlre Atelines and other

Pitheciines, that tend to be larger-bodied or trav&arger groups.

The specialised teeth and jaws of pitheciinesuuticlg sakis (Martin et al. 2003)
ensures that they can feed efficiently on immaturg, thereby reducing the need to
compete with larger sympatric primates, sucAtdes chameindCebus apellathat
typically avoid unripe fruit (Zhang 1995, SuareD8)) Their specialised dentition
allows them to consume non-fleshy or sclerocamuiits, such agschweileraand
several Bignoniaceae genera, further broadeningrtag of plant taxa available as
food. Sympatric arboreal seed predators, suchagsws and squirrels, appear to
present little dietary competition to sakis (Chaje

With regards to intraspecific competition, obseiad of interference competition with
conspecifics were rare. While groups used theiasof home range overlap
preferentially, direct intergroup interactions wargequent. Nevertheless, the higher
than expected use of overlap areas, and the tepadéseakis to travel to their home
range boundaries during daily movements (Chapteudgests that sakis regularly
reinforce intergroup spacing and allocated time emergy to home range defence.
Contrary to much of interspecific competition the¢e.g. Stevenson et al. 2000),
intergroup interactions were actually more frequerhe wet season, when more food
was available, though it is unclear whether lordgyr paths, typical during the wet
season, brought neighbouring saki groups into comware frequently, thereby
resulting in more agonistic interactions, or whethereased travel represented an

enhanced “patrolling” effort during periods of hifyhit availability.
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Relative importance of forest structure

Given the relative spatiotemporal abundance otéhe food supply, combined with the
associated saki movement and behavioural pattégmasbserved landscape-scale
patchiness in saki distributions may not deriverfra corresponding patchiness of food
resources. In contrast to our finding that salesexflexible with respect to food
resources, for these same saki groups, forestgteuwas shown to be a powerful
indicator of use (Chapter 7). Canopy structureaki home ranges within quadrats that
were used and preferred was significantly tallet l@ss variable than that in unused or
less preferred areas. Across the wider landscaés also tended to occur in areas
with a taller, more highly-structured forest canofhis contrast suggests that a well-
developed forest structure, rather than food alviityg per se, may limit the population

density and distribution of sakis.

The small body size and group size that enabldas sabe relatively insensitive to food
patch size is likely to increase their vulnerapitd predation (Terborgh 1983, Boinski
et al 2003), particularly because they spend midtedr time in the canopy, rather than
the more sheltered forest understory. Sakis apgpesgrecialise on forests with mature
canopy structure, which tends to be tall with Igpgenary and secondary branches,
upon which they sit, feed, and walk relatively mdessly. In both appearance and
behaviour, sakis are particularly cryptic monkeysdense canopy may be especially
important for them. As Warren Kinzey (1986) notedThe most difficult species to
study seem to be members of the Subtribe Pithe@seciallyPitheciawhich moves
extremely fast, high in the canopy, and complesdbntly...”. This cryptic behaviour
likely reflects a predation evasion strategy asged with a small-group-living canopy
lifestyle. Large raptors are frequently reportedake midsized primates, including
sakis, as prey (Terborgh 1983, C. Peres, unputd, @aSanaiotti, personal
communication), further indicating their vulneratyito predation and their need to rely
on stealth, in the absence of either large body @idarge group size as mechanisms for
evading predation (see review in Caro 200¥9) irrorata rarely joins mixed species
groups, likeSaguinusspp. orCebusandSaimiri; rather, it behaves more likaallicebus
brunneugbrown titi), another small-bodied, small-grouyirig primate in our study
area that behaves cryptically but occupies a shartere open habitat type

characterised by tangles of dead leaves.
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Given the habitat preferenceshfirrorata (Chapter 4), | expected that terra firme
forest would have the tallest, most well-connedadopy of the four main forest types
in the focal area. That the canopy structure watirme forest was neither the tallest
nor the most uniform and that canopy structurecédfit saki home range use patterns
nonlinearly together suggest that other factordrdmurte to daily ranging patterns. The
apparently greater tolerance shown by sakis fortshoanopy in terra firme, versus
floodplain forest, in the study area further suggésat the relative benefits of terra
firme forest are sufficient for groups to occupgas of this habitat type even when they
present slightly lower, less structured canopiesfact, my results suggest that sakis
may occupy floodplain forest only when it is of fpawlarly high quality, in terms of
structure and composition, or when it is embeddeahi appropriate landscape context

within the matrix of terra firme forest (Haugaasem Peres 2005; Chapter 7).

Variability among study groups

One of the key findings in this thesis was theaitéht patterns of resource and habitat
use among adjacent saki study groups, a patteenadasin other platyrrhine studies in
which more than one habituated group was studigd $oner 1996, Dietz et al. 1997).
In part the differences in day path length, honmgessize, frequency of intergroup
interactions, and food species preferences amdag@saips were due to the distinct
configuration of forest types within their home gas. Of particular interest were
differences observed between groups with predortiyndioodplain forest and those
with mainly terra firme forest in their home rangfgugh this pronounced variability in
home range use may also have been due to otherdastich food species availability

or group size and composition.

The monitoring of several saki groups at once adidwhe analysis of variability, albeit
limited due to small sample size, in the use oé$btypes, canopy structure, and
behavioural patterns. Consistent among the fikestady groups were: predominance
of seeds of unripe fruit in the diet, a preferefarderra firme forest and tall canopy,
and regular travel to peripheral areas of the htange. There was also pronounced
variability in individual group use of food plarstda, tolerance of canopy roughness,
concentration of use of portions of their home ggrand allocation of time to specific

habitats, such as palm swamp.
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In addition to enabling among-group comparisonspaice use within a single saki
population, the monitoring of multiple groups owethree-year period in a naturally
heterogeneous landscape also helped to minimizeafait sources of bias inherent in
studying a single group, within a single home ralogality, or during a single season.
Furthermore, it also allowed us to measure homgeaawerlap among the five adjacent
groups to test whether overlap is positively assted with home range size (Nunn and
Barton 2000) or forest type, and thus whether ayeelstimates can be used to refine

primate density estimates.

Working with adjacent groups necessarily conceattraampling effort in a small area,
which, in this case, was also the westernmostgodf the geographic range of this
species. Despite the peripheral location of cutlystirea in relation tBithecia
populations in core parts of Amazonia, there ipadicular reason to suspect that the
ecology of the five study groups considered herehisrently atypical or
unrepresentative of broad ecological patterns fdandll Pitheciaspecies south of the
Amazon. Future research to determine variabilitsegource use and ecological
requirements of conspecifics in different habitatsl areas of their geographic ranges
would complement this study. For example, thetiooeof this study in the upper
Amazon basin meant that floodplain forest wasaadl highly structured, with far less
frequent and prolonged flooding than elsewher&@&Amazon basin. The year-round
use by sakis of this highly-structured floodpladmelst might not have been possible in
regions with more pronounced flooding regimes (Heasgn and Peres 2005). The
disparity between the structural characteristiceffloodplain forest in the focal area
used by the saki study groups and those of thelfllain forest in the wider landscape
(polygons 1 and 2, Figure 7.1), which was not knéavhe occupied by sakis, supports
this hypothesis. The relatively small differenaegriimate community composition and
structure between flooded and unflooded foresMadre de Dios, compared to those
recorded in the central Amazon (e.g. Peres 199ugékesen and Peres 2005), suggest

that floodplain forest use varies geographicallydther primate species as well.

Applications and future directions

While knowledge of key ecological requirementsakis and other forest canopy
species will help to improve density estimationthw the relatively intact south-

western Amazon, | suggest that combined finding$isfstudy point to sakis being
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sensitive to changes that are projected to occtinisrregion in response to the

combined effects of climate change and the docuadentpacts of human activity.

Amazon forest dieback is projected by most clintit@nge models (Malhi et al. 2009),
and in south-western Amazonia, climatic changepeojected to effect shifts in the
dominant vegetation type from broadleaf evergreesnmore deciduous vegetation type
(Asner et al. 2010). The region already contaangd expanses of bamboo-dominated
forests that are expected to expand significantigsponse to climate change and
associated increases in forest fires (Nelson 198#th and Nelson in press). Bamboo-
dominated forest occurs naturally on the regioitds poorly-drained soils and supports
lower aboveground phytomass and fewer tree spdtaesbetter-drained soils (Osher
and Buol 1998). Stands of bambd&ug@duaspp.) maintain their open structure by
damaging branches of small-diameter trees (GrismothAshton 2006, Smith and
Nelson in press), and bamboo benefits from distwbaincluding human-caused fire
and drying from fragmentation and climate changsifi®and Nelson in press, Aragéo
et al. 2008, Phillips et al. 2009), and likely l®gurrent microbursts generated by

convective windstorms (J. Terborgh, pers. comm.).

At the same time, mature terra firme forest inlibsin is increasingly threatened by an
expanding human footprint (Nepstad et al. 1999,eAst al. 2010). Human activities in
the region, including selective logging, promotee&i desiccation and associated
subsequent fires and land conversion (Aragao @088, Asner et al. 2010), as well as
hunting of large seed-dispersing birds and mamihalgiez-Iturri and Howe 2007,

Endo et al. 2010). Drying, fire, and loss of sdespersers such as large primates, in
turn, cause impoverishment of the plant commumigpstad et al. 1999, Barlos and
Peres 2008, Terborgh et al. 2008). Together, ttreads potentially threaten the long-
term viability of specialists of mature terra firf@est, such as sakis. Special attention
will need to be given by regional conservationistensuring that extensive blocks of

terra firme forest are protected in areas that nemedatively free of bamboo.

While expanding bamboo-dominated forest might dlstieenefit disturbance
specialists, such as Goeldi's marmaasd emperor tamarins, it will presumably be a
detriment to canopy residents, including sakis, lWyanonkeys and other species
favouring mature terra firme forest. Although sa&re primarily seed predators, their
consumption of relatively large-seeded fruits aindrgy preference for tall, vertically-
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stratified and structurally complex forest canopgders them, in the long run,
vulnerable to the loss of sympatric seed disperfsens hunting and forest
fragmentation (Link and DiFiore 2006, Nufiez-Itand Howe 2007, Terborgh et al.
2008, Peres and Palacios 2007). Despite the jmteatd dispersal services of birds
and small primates (Holbrook and Loiselle 2009,aCet al. 2009), the higher
proportion of small and wind-dispersed seeds faarsecondary forests relative to
primary forests, may render them suboptimal tossaKihe coincidence of most of the
geographic range boundaries of saki species wijbrmaers indicates the limited
dispersal ability of this specialist on highly sttured forest canopy (e.g. Branch 1983,
Heymann et al 2002, Aquino et al. 2009, ChapterT2)e preference of sakis for terra
firme forest and their avoidance of bamboo, sedkofi@oded varzea, and successional
forests, in both the central and western AmazoreP£997, Haugaasen and Peres
2005, Chapter 4) may further limit the potentialigbof sakis to shift their areas of
occupancy along with projected disturbance-medigkeitis in dominant vegetation
type (Asner et al. 2010, Wright et al. 2009).

Our ability as scientists and conservationistslemtify the areas of highest diversity,
gaps in species’ distributions, or likely impact<imate change on their future
survival, even for a taxonomic group that is asl\kebwn as diurnal primates, is
currently limited by, among other things, the ceaess of available data on species
distributions, an area of potential future researRanging data and knowledge of a
species’ habitat preferences help to explain theroenants of population densities,
and, consequently, distribution patterns withingkegraphic ranges of organisms.
LIDAR and other remotely-sensed data are alreadyribmting to studies of forest
succession, species richness, distribution, andvaliy and they hold great potential for
improving animal-habitat association analyses wilitin turn, improve estimations of
species distributions and habitat requirementsveNbeless, habitat preferences must
be considered together with other biotic and abifaictors in determining species
densities at the landscape level. Being abledntiy the drivers of, and ultimately
predict, patterns of species occupancy and abuedaritical to informed, regional-

scale conservation planning for the Amazon andrdtbeical moist forests.
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