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Abstract

The richness and resilience of tropical forest gstesns are best described by the
myriad of ecological interactions linking co-ocadng species together. The many
functions previously served by ecological links afien only detected once these links
are lost. Of particular interest in this regard thiee mutualistic networks between
fruiting plants and vertebrate frugivores, whoderndependent relationship is
fundamental to the functioning of tropical foresithis thesis examined these fruit-
frugivore interactions at two contrasting scales] asing two different approaches. On
a landscape scale in western Brazilian Amazonefdbus was on a community-wide
assessment, with particular attention paid to tfierdnces between two highly
divergent but adjacent species-rich forest typegsanally-floodedérzeaforests and
unfloodedterra firmeforests. As part of this comparison, the powerdlg of the

annual flood pulse was shown to determine bothalgadtterns of forest structure and
temporal patterns of fruit production. The stronfiuence of this seasonal cycle was
apparent in the adaptive traits observed in plantsanimals, with corresponding
effects upon their networks of interactions. Thie f frugivore body size as an
important trait in relation to the degree of frugiy within consumers was emphasised
via one of the most extensive compilations on #eeling ecology of any frugivorous
vertebrate taxon. By amassing the observationsegfifig records accumulated over
several decades of neotropical primate field resgeand accounting for the highly
variable levels of sampling effort among primateaes, the prevalence of frugivory at
the mid-high spectrum of body mass was confirménls €ontinental-scale meta-
analysis also revealed that, despite representgquably the most observable and well-
studied group of vertebrate frugivores in tropicaests worldwide, most primate
species were heavily undersampled in terms ofithaess of fruits known to occur in
their diets. These astounding gaps in our cumanowledge highlight the challenges
faced in assembling comprehensive fruit-frugivogeéarorks for entire communities,
where the diets of most consumers are even momypauderstood than for primates.
This is particularly pertinent in the face of ewecreasing threats to ecosystems

comprised of, and sustained by, these complex weinderactions.
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Chapter 1

Introduction

Photo: Rio Jurué.

1.1. Threats to tropical forest ecosystems

Tropical primary forests are essential for the rraiance of global biodiversity (Barlow
et al. 2007, Gibson et al. 2011) but the profouxidteng threats to these ecosystems are
now well documented (Laurance & Peres 2006, Garenal. 2009). Beyond the most
conspicuous disturbances posed by deforestatiogstfragmentation, selective

logging, understorey wildfires, hydroelectric darmsd other forms of land-use change,
are a variety of more insidious threats such ashowveing. While overhunting

frequently co-occurs with structural patterns dbiket disturbance (Peres 2001),
defaunation of large forest vertebrates can alss patually undetected in vast tracts of

intact canopy cover (Peres et al. 2006).

The disturbances outlined above, including overimgnthreaten not only individual
species but also the complex networks of mutuelestd antagonistic interactions
between species that define the very fabric okttesystem (Morris 2010).

Antagonistic interactions include natural predati@sulting in effective top-down
control of otherwise hyper-abundant herbivores tiaat degrade the structure of many
terrestrial, freshwater and marine ecosystems gkettal. 2011). Mutualistic

interactions include ecosystem services such & ptdlination and seed dispersal, and
the loss of these links may therefore have potiyntatastrophic cascading effects



(Wright 2003, Wright et al. 2007). In particuldnetlarge-bodied vertebrates targeted
most heavily by hunters, are typically importargdéispersers (Peres 2000). Their
local depletion and extirpation is today turning tince envisioned ‘empty forest’
scenario into reality (Redford 1992, Wilkie et2011).

1.2. Frugivory and seed dispersal

Seed dispersal is a crucial component of a funictgpacosystem (Nathan & Muller-
Landau 2000, Levin et al. 2003) and there is nomserable attention focused on the
resilience of tropical forests to cope with theslo$ large-bodied frugivores (Peres
2000, Terborgh et al. 2008). Frugivores are pddrtyubiquitous in tropical forests,
where fruits provide an important resource for demange of vertebrate taxa (Smythe
1986, Fleming & Kress 2011). Fruit-frugivore intetians thus represent a mutually
beneficial relationship between vertebrates andtplavhich has developed through a
long coevolutionary process over 90 Ma (Fleming &6 2011). However, it is
thought unlikely that a local frugivore guild wdbntain sufficient redundancy in
additional species that can adequately replactutiaion originally provided,
particularly to large-seeded plants, by large frages targeted by hunters (e.g. Poulsen
et al. 2002, Peres & van Roosmalen 2002).

1.3. Fruit-frugivore networks and trait matching

Such low levels of redundancy are expected follgvarploration of the networks from
interactions across communities. Through this aggirat is becoming apparent that
fruit-frugivore interactions are typically weak andn-obligate, and therefore best
defined as diffuse and generalised networks (Bapt®& Jordano 2007, Vazquez et al.
2009). Variation in the physical and behaviourareleteristics of veterbrate consumers
can dispose or restrict them to certain traitslaf{s and fruits, andice versaThe
concept of ‘dispersal syndromes’ proposes thaita stiplant traits, including fruit
morphology, mode of presentation, colour and riatrél content, can be collectively
matched to a functional group of fruit consumeenébn 1983, Schupp 1993, Jordano
1995, van der Pijl 1969), yet this remains a cames hypothesis (Howe 1993, Fischer
& Chapman 1993, Lomascolo & Schaefer 2010) ancetiodution of fruit traits may

relate more to a loose network of generalist itigvas (Bascompte & Jordano 2007).



Few comprehensive assessments of such trait mgtbhwve been conducted across a
broad guild of tropical forest frugivores (e.g. @artHion et al. 1985). Indeed, there are
only a limited number of studies to have examiretdegree of dietary overlap or
partitioning of available fruit resources amongraémbers of a large coterie of
phylogenetically independent co-occurring frugiwfe.g. Kitamura et al. 2002,
Donatti et al. 2011, Schleuning et al. 2011). Geeson why efforts to construct
networks across an entire frugivore assemblageglesropical forest sites have
proved difficult, is perhaps due to their high dsigy of both fruiting plants and fruit
consumers. This is exemplified by the dearth ohsatadies in lowland Amazonia (but
see Link & Stevenson 2004), which holds both tlghést diversity of terrestrial and
aquatic frugivorous vertebrates (Fleming et al.7)3hd the widest spectrum of

morphological fruit types (van Roosmalen 1985, @8eh996) anywhere in the world.

1.4. Regional meta-analyses

A more common approach has typically been to facuthe interactions of a single
consumer or resource taxon. Frugivorous birds heseived a large amount of
attention worldwide (Kissling et al. 2009), butprcal frugivore/granivores also include
primates (Fleagle 1998), bats (Muscarella & Flen#897), ungulates (Bodmer 1990),
rodents (Dubost & Henry 2006), reptiles (Valido &&8en 2007), carnivores (Ray &
Sunquist 2001), and fish (Horn et al. 2011). Asribmber of individual dietary studies
has grown, certain taxa have reached sufficietitalimass for regional scale
compilations. These can serve as comparative asbfdifferent study sites or to
construct cumulative interactions across multijgiess and are particularly relevant
when considering higher-order plant taxa (e.g. geres a frugivore’s geographic range
may expose it to more congeners and many functioaguivalent fruit species. A
major resource-based pan-tropical review focusetheknown consumers of figs
(Ficusspp.) (Shanahan et al. 2001), and recent consfoogsed examples include
dietary reviews for hornbills (Kitamura 2011), tegp{Hibert et al. 2011), and spider
monkeys (Gonzalez-Zamora et al. 2009). Again, éohittempts have been made to
integrate such compilations across multiple taxg (dello et al. 2011), with a
conspicuous absence in the case of primates, velnechrguably the most observable

diurnal vertebrate frugivores in tropical forestsrigdwide.



1.5. Primate diets

As one of the best studied mammalian orders indabforests (Kappeler & Watts
2012), there is a wealth of information on the fegacology of primates. As a group
they also represent key seed dispersal agentspit#él forests (Peres & van Roosmalen
2002) and are amongst the most susceptible toréssyres of deforestation (Harcourt
& Doherty 2005) and overhunting (Peres & Palaci@87). Primates though, represent
a diverse array of life-history traits (Strier 1994cluding diet, and their roles in seed
dispersal are known to differ widely between fuoél groupsgensuPeres & Janson
1999). Yet this has been difficult to quantify tatel as a result of varying field methods
employed by primatologists and severe inequaléies systematic biases in the
distribution of sampling effort. A compilation afuiit-frugivore networks for primates
thus requires a systematic quantitative assessohém biases in sampling effort which
would represent a substantial contribution to oudarstanding of how diet, and levels

of frugivory in particular, vary across functiorggbups.

1.6. Study objectives

This thesis examines the concept of fruit-frugivioteractions through two approaches
at contrasting spatial extents — from a landsca@edontinental scale — in order to
address some of the gaps in the literature outlaexve. Firstly, this study tackles the
shortages in community-wide assessments of frugifiore interactions, particularly in
sites with complex species-rich resource and cors@ssemblages. Secondly, this
study accepts the challenges in compiling and coimpaxisting data on fruit-

frugivore interactions for a large and importanigivorous taxon across multiple sites.

In both approaches, this thesis uses the forestedfieotropics as a setting. In the
former, the focus is on Amazonian forests, paréidylin comparing the contrasting
plant communities and frugivorous vertebrate assagels of seasonally-flooded and
adjacent unflooded forests in western Brazilian Aamaa. In the latter, the taxonomic
focus narrows to concentrate on just one groupugfifores from that local assemblage:
primates. The geographic focus in contrast, widensvestigate the dietary

composition of 17 neotropical primate genera framoss 17 countries in Central and
South America, including sites in each of threean&rest regions: Amazonia, the

Atlantic Forest region, and Mesoamerica (Figurg.1.1
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Figure 1.1.Aggregate geographic extent of neotropical primétetd lines) and
distribution of primate dietary studies (circles)

1.7. Study area: Médio Jurua

The fieldwork for the community-wide Amazonian casedy in this thesis was
conducted within two contiguous sustainable-usedireserves in the State of
Amazonas, Brazil, namely the Médio Jurué Extracieserve ResEx Médio Jurua
253,227 ha) and the Uacari Sustainable DevelopRes¢rve RDS Uacar; 632,949
ha). The Jurua region has a wet, tropical climate wmean annual temperature of
27.1°C and annual rainfall, calculated from dadgards over three consecutive years
(2008 - 2010) at the Bauana Ecological Field Staf® 5°26’19”, W 67°17'12"),
averaging 3,679 mm. The elevation range is 65 -M &bove sea level within the

reserves which border the Jurud river, a majoremviater tributary of the Solimbes
11



Chapter 1: Introduction
(=Amazon) river. Both reserves contain large expamd upland unfloodeigrra firme
forest and, closer to the main river channel, seagofloodedvarzeaforest (Figure
1.2).

Carauari’

7

5°0'0"S

Rio Jurya

ResEx
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Uacari

6°0'0"S

v :
68°0'0"W 67°0'0"W

Figure 1.2.Map of the Médio Jurua region of western Brazillamazonia, showing the
distribution of forest types within the two stuégerves. Colours indicate terrain
elevation, which corresponds approximately withlibandary betweeterra firmeand

varzeaforests more clearly shown by the dashed lines

1.8. Seasonal-floods andarzeaforests

Varzeaforests are the most extensive of seven majoawetlypes identified across
Amazonia (Pires & Prance 1985), accounting for 200 knf within Brazilian
Amazonia alone (Junk 1997). They are defined asvthte-water floodplains of the
Amazon (=Solimdes) river and its tributaries (Pe®79) and can be inundated for up
to 210 days per year, at depths rising to 10-15anqlih et al. 2004a). The ‘white-water’
of these rivers is derived from their high loadofdean alluvial sediments (Irion et al.
1997), of which 300-1000 mm of erosional nutrienbrdeposits can be contributed to
varzeasoils every year (Parolin 2009). This resultsighHertility (Soili 1951) and

12



primary/secondary productivity levels two to thteees higher than in adjacent heavily

leached and nutrient poterra firmeforests (Worbes 1997).

In addition to the high fertility ofarzeaforests, the regular annual ‘flood pulse’ (Junk
et al. 1989) has many additional severe impacts.eltended period of submersion and
waterlogging alternates with contrasting droughtditons when the floods retreat
(Parolin et al. 2010), resulting in clearly demaedaerrestrial and aquatic phases (see
Chapter 3: Figure 3.3). This cycle plays a fundatadewle as a selective pressure on a
range of phenological, physiological, and strudtataptations within the plant
community (Parolin et al. 2004b) and can help d@rpi@any life-history traits ovarzea
tree species, including wood density, growth rateswn architecture, phenological
strategies, and fruit/seed morphology. Despite gxtteme conditions, the regularity of
the flood pulse over recent geological history t@stributed to makingarzeaforests

the most species-rich floodplain forests worldw{déttmann et al. 2006).

The impact of the seasonal flood cycle is also sepgavithin the animal community,
including the resident frugivore assemblage (AW@86, Haugaasen & Peres, 2005,
2008). For terrestrial vertebrates, such as cavipmmdents, ungulates, and ground-
dwelling birds and reptiles, the barrier imposedhsy floodwaters is absolute during
the aquatic phase. These frugivores are understomigrate to and from adjacetetrra
firme forests over the course of the year, returninfyuas and seeds fallen during the
aquatic phase are exposed or deposited on the flmesby the receding floodwaters
(Haugaasen & Peres 2007). The opposite scenahe sase for frugivorous fish,
including characids and catfish, which abandorritrer channel and oxbow lakes with
the rising floodwaters to take advantage of canmeggpurces iwvarzeaforests, including
seeds, fruit pulp and arthropods (Goulding 1989xdntrast to terrestrial and aquatic
species, most arboreal and scansorial vertebrathsding primates, squirrels, and
canopy birds retain physical accessdozeaforests all year-round, although their

relative abundances and diet may vary throughauydlar between the two forest types.

The relationship between the temporal variatiofruit production and the annual

cycles in the frugivore assemblage is thereforglyiko be key in determining the
structure of fruit-frugivore networks wérzeaforests. In addition, the unique
environmental pressures withidrzeaforests are reflected in very low levels (10 - 30%
of floristic similarity with even adjacemerra firmeforests (Wittmann et al. 2010). This

extreme turnover in plant communities is also fikel be an important factor to



consider when comparing interaction networks fresnded and unflooded forests. As
a compilation of fruit-frugivore interactions inspecies rich tropical forest site, this
study therefore provides additional value in exangrithe differences between two

such contrasting forest types in such close prayigkigure 1.3).

Figure 1.3.Comparative views dérra firmeandvarzeaforests, and corresponding

field methods in each forest type.



1.9. Thesis structure

The five data chapters are written in manuscriphid with the intention of publishing
each separately as peer-reviewed papers. Subshgs@me sections, particularly
within the methods, may be found to repeat maténeah previous chapters. Separate
reference lists are also provided for each chajptes approach hopefully allows
readers to more easily access individual chapaeidressing varied aspects of my
research project. | then hope to draw togetheutiterlying themes running through all
chapters in the final concluding chapter. By tineetiof submission, one chapter had
already been published (Chapter 2: Hawes et ak)28dd the remaining chapters will

all be submitted to appropriate journals in duerseu

The individual chapters of this thesis are preskeimte conceptual sequence, as opposed
to any chronological order. The first half of thesis is essentially focused on my field
study area of the Médio Jurua region of westerrziBaa Amazonia, while the second
half develops the principal objective of my proj&cim a local case study to a

continental-scale meta-analysis.

Chapter 2 describes the influence of the inundatgime on the spatial variation in
forest structure and aboveground biomass in selgdlomded varzeaforests, and
makes the comparison with neighbouring unflootkth firmeforests. This
comparison provides the structure for the follomiwg chapters, which continue these
two themes: (1) the role of the flood pulse on egmal processes warzeaforests, and
(2) the comparison between flooded and unfloodeestqFigure 1.3). Chapter 3
compares the patterns of plant phenologyarzeaandterra firmeforests and the
temporal variation in availability of reproductipéant parts, in particular fruit
production which has a decisive bearing on fruiitstoners in these environments.
Chapter 4 then relates fruit productiorvérzeaandterra firmeforests to the
contrasting frugivore communities of these forgpes, on the basis of empirically

constructed networks of fruit-frugivore interactson

Fruit-frugivore interactions form the basis for thecond half of the thesis as well,

which focuses on a subset of the frugivore commyuritm the Médio Jurua, namely
primates. With the best studied diets of all nqutral frugivores, platyrrhine primates
represent an ideal taxonomic group from which tmgibe one of the most complete
datasets to date on fruit-frugivore interactionsafter 5 provides a necessary summary
of the variability in sampling effort between pritaatudies, which allows Chapter 6 to



subsequently present a thorough assessment @rdidtugivory in neotropical
primates. Finally, Chapter 7 draws together theclumions from across the preceding
chapters, and suggests possible future reseamttidins. In particular, this includes
analysis of the resultant plant-primate network&aded from the meta-analysis of

neotropical primate dietary studies.
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Abstract

Accurate estimates of current forest carbon stac&sequired for efforts to reduce
emissions from tropical deforestation and foregjrddation. The relative contributions
of different vegetation types to carbon stocks joigntial emissions are poorly
understood in highly heterogeneous forest mosarus further field-based
measurements are necessary from severely undeesanegiions and forest types to
improve regional scale extrapolations based on teisensing. We assessed the
aboveground biomass (AGB) of two contiguous wesBrazilian Amazonian protected
areas totalling 886,176 ha, which contain vast Bgps of seasonally floodedrzea
(VZ) forest along the floodplain of the Jurua river ajacenterra firme (TF) forest
farther inland. Estimates were based on equatim@porating wood specific gravity
(WSG) and tree height in addition to DBH, and dediyrom a network of 200 forest
plots of 0.1 ha (= 20 ha) sampled across adjaceasaf flooded and unflooded forest.
A large number of small plots stratified by forggie allowed a more representative
sample, encompassing the considerable variatiforést structure and composition
both within and between forest types. Mean basal per plot was higher irarzea
forest plots than iterra firmeplots (VZ: 37.6 + 1.2 rha®; TF: 32.4 + 0.9 hha?) but
AGB was lower irvarzea(VZ: 281.9 + 12.0 Mg h& TF: 358.4 + 14.4 Mg hY due to
lower WSG and tree height. Linear mixed effects el@dhowed the overriding effect
of forest type on AGB, and the roles of water strasd a historical signature of
selective logging pressure, particularly withérzeaforests. ALOS ScanSAR
generated categories of flood duration providedaemelevant description of water
stress than SRTM elevation data; AGB witharzeaforest was higher in plots
subjected to longer flood duratioviarzeaforests store significant levels of forest
carbon despite their lighter-wooded trees and lmaeopy stature, and yet are heavily
settled by rural Amazonians, and are increasinglgarable to deforestation and
logging. This study helps understand how baselingr@nmental gradients and human
disturbances in these unique forests affect ttealvan storage value, and highlights
their importance both within and outside existimgtpcted areas.



2.1. Introduction

Amazonian forests are of utmost importance in tbbaj carbon balance representing
both a substantial source of emissions followinfpastation and forest degradation,
and a potential carbon sink if they can be adetpptetected (Gibbs et al. 2007, Malhi
et al. 2008). The historically high deforestatiates in Brazilian Amazonia are
continuing to fall (INPE 2011) but estimates oftar emissions still average 153 TgC
yr! (Numata et al. 2011). Despite uncertainty oveurelinternational agreements
(Venter & Koh 2012), much hope is still placed e xpansion of bilateral or
multilateral Reducing Emissions from Deforestatamu Forest Degradation (REDD+)
schemes to shift the balance in global markets dveay conditions favouring
deforestation to those favouring forest protectiad biodiversity conservation

(Gardner et al., in press).

The effectiveness of such REDD+ policiesplemented by regional and national
governments, through mechanisms such as the Anazéwnind (BNDES 2010), will
require accurate estimation of current carbon stegkhin management areas (Salimon
et al. 2011), as a pre-requisite to the continpiragess of ‘Monitoring, Reporting and
Verification’ (MRV). Protected areas are therefereouraged to assess their carbon
stocks to demonstrate their ‘readiness for RED2r{fD et al. 2011, FCPF 2012). This
task is complicated since carbon stocks are fan gpatially homogenous, especially
within structurally complex tropical forest mosa{€ibbs et al. 2007), including
marked variation across landscapes and forest (yser et al. 2010). As a
consequence, the large uncertainties in emissiomagges (Olander et al. 2008) arise
not just from difficulties in tracking the true exit of deforestation and forest
degradation, but also from knowledge of the spdittibution of forest types,
including wetland forests (Melack & Hess 2010), #meir respective biomass levels
(Achard et al. 2004, Melack & Hess 2010).

Levels of aboveground biomass (hereafter, AGBuarally assessed using a
combination of remote and field-based measuren{&tickler et al. 2009), the latter of
which remain essential to high-resolution verifiocatof the assumptions behind
remotely sensed indicators over large spatial sqalg. Keith et al. 2009) despite
recent advances in high resolution LIiDAR technol@gsner et al. 2010). Field-based
measurements have the advantages of being lowaashy understood, and relatively

inexpensive with the principal cost comprisingdiédbour (Gibbs et al. 2007). They



have, however, several potential sources of eimolyding variation in plot sizes and
the allometric equations used (Chave et al. 2064ddition, current estimates of AGB
and carbon stocks in tropical forests (Malhi eR806, Saatchi et al. 2007) are still
based on extrapolations from a limited number @fifsites (Houghton 2005, Houghton

et al. 2009), leaving many regions and forest typeferrepresented.

Floodplain forests are one of the most undersanipledt types and their contribution
to regional and global scale carbon stocks renmfagtdy uncertain (Anderson et al.
2009), even though wetlands comprise 17% of ceAmmazonia (Hess et al. 2003). The
most extensive of seven wetland types identifiedscAmazonia (Pires & Prance 1985)
arevarzeaforests, defined as the white-water floodplainghef Amazon (=Solimdes)
river and its tributaries (Prance 1979), and actingrfor >200,000 krhwithin

Brazilian Amazonia alone (Junk 1997). The ‘whitetevaof these rivers is derived

from their high load (100 mg') of Andean alluvial sediments (Irion et al. 199390-
1000 mm of nutrient-rich deposits (Parolin et 80%2) can be added to the soil during
the annual invasion of floodwaters into the adjae@nzea(Sioli 1984). This cyclic

land renewal results in high fertility (Sioli 193tion et al. 1983) and productivity

levels two to three times higher than in adja¢ernta firmeforests (Worbes 1997).

The flooding of thevarzealasts for up to 210 days per year, rising to allep10-15m
(Parolin et al. 2004a). This extended period ohsaitsion and waterlogging has severe
impacts, notably in oxygen deficiency (Parolin 2Q08duced photosynthesis from low
light penetration through water and mud depositeteaves, and low water
conductance which can paradoxically result in weddicits in the tree crown (Parolin
et al. 2004a). Flooding is typically a more frequsource of mortality in trees than
desiccation, but the environmental harshness ofdheeais compounded by the
contrasting drought conditions also experiencednithe floods retreat (Parolin et al.
2010). Despite the marked seasonalityarizeaforests, the annual regularity of

the 'flood pulse’ (Junk et al. 1989), which driveg timing of many ecological
processes within thearzea has operated as a stable selective agent faviblation of

a variety of mechanisms in both adult trees andls®ess to cope with the dramatic
annual transition between severe inundation andreadrought (Parolin et al. 2004b,
Ferreira et al. 2010, Junk et al. 1989, Worbes. di92, Wittmann et al. 2002).

Such extreme conditions withirarzeaforests may partly explain our poor current

understanding of their forest structure (Table Biif)also raise questions over



extrapolations in AGB estimates from other forgpes, even when in close proximity.
Indeed, trees imarzeaforests display a range of phenological, physialalg and
structural adaptations to the annual flood pulsedkh et al. 2004b), and many life-
history traits are strongly influential on AGB estites. For example, the hyper-
abundant nutrient conditions in the disturbanceipk@rzeaenvironment favours fast
life-histories of short-lived individuals with rapgrowth rates, frequently resulting in
low wood densities (Fearnside 1997, Baker et @4B). In addition, unstable soils
coupled with the persistent flood pulse promoténhietes of tree-falls and canopy
fracture, reducing competition for light, and samsially lowering the canopy stature in
comparison tderra firmeforests (Souza & Martins 2005). Such differencesood
density and tree height suggest that AGB estinfabesterra firmeforests may not be

reliably extrapolated acrosarzeaplots.

Of the fewvarzeaforest inventories available, most are centredmadhe large urban
centres of Tefé, Manaus, and Belém, in the westemtyal and eastern Brazilian
Amazon, respectively. More generally, the smadbarofvarzeasampled to date
throughout Amazonia are unlikely to be represevgatvith vast regions remaining
entirely unknown (Parolin et al. 2004a). We are ran only twovarzeastudies within
the vast tracts of forest between existing plotesocaventories in central Brazilian
Amazonia and those in the upper Ecuadorian, Balisiad Peruvian Amazon (see
Saatchi et al. 2007), both along the upper Jungt:rRodrigues Alves, Acre (Campbell
et al. 1992) and Eirunepé, Amazonas (C.A. PerefR&Malcolm, unpublished data).
This study in the remote central Jurua region ketredress this regional imbalance
using a highly dispersed arrangement of small @.pthts to assess variation in forest
structure over a large landscape mosaic, in cdrivdbe traditional approach of

sampling a single or few larger plots.

The study landscape also provides the ideal oppitytto examine differences between
terra firmeandvarzeaforests, which diverge markedly in environmentadients and
life-history traits, and yet typically occur sidg-bide. The marked flood regime is
expected to drive differences in forest structur@ biomass between flooded and
unflooded forests but water stress is also likelizdve an effect within each forest type,
particularly withinvarzeaforests. However, environmental stressors maygffiant

physiology in different ways across these two fotgses.



Table 2.1 Summary ofarzeaforest structure studies from white-water floodi@ests across Amazonia.

Region Country Source Location Varzeaforest category No. Area TF? Criteria® Age Mean Stem BA Mean AGB AGB/BA
plots (ha) (ha) (cm DBH) (yrs) flood density (m*hal) WSG (Mg ha') (Mg m?)
depth (m)(ha) (g cmd)
Guiana Shield
Venezuela Colonello (1990% Rio Orinoco 4 0.16 2m heighr 1308
Upper Amazon
Bolivia RAINFOR® Las Londras 1 1 1 18.0 177.2
RAINFOR® Las Londras 2 1 1 23.0 205.7
Arroyo & Killeen (unpub.f  Noel Kempff 1 1 12 345 359.2
Arroyo & Killeen (unpub.f'  Noel Kempff 1 1 12 27.9 291.1
Comiskey et al. (2000) Beni 1 1 6 30.9 315.5
Ecuador  Balslev et al. (1987 Afiagu 1 1 yes >10 420 35.5
Korning & Balslev (1994f  Anangu 1 1.1 2 335 327.3
RAINFOR® Tiputini 1 1 038 24.2 260.5
Peru Gentry (1988§f Yanamono tahuampa 10 0.1 0.2 >25
Gentry (1988} Mishana tahuampa 10 01 0.1 >25
Gentry (1988} Mishana floodplain 10 01 0.1 >25
Foster (1990§ Cocha Cashu 5 5 >30 66-86
Freitas (1996§ Braga-Supay bosque ribereno 8 8 >10 510 241
Freitas (1996§ Itahuaya restinga de tahuampa 3 3 >10 522 22.0
Freitas (1996§ Itahuaya bajeal de tahuampa 3 3 >10 517 245
Freitas (1996 Itahuaya palmeral de tahuampa 4 4 >10 490 32.7
Nebel et al. (2001) Braga-Supay high restinga 3 3 >10 456 24.7 251.3¢
Nebel et al. (2001) Braga-Supay low restinga 3 3 >10 566 22.6 233.5¢
Nebel et al. (2001) Lobillo tahuampa 3 3 >10 520 27.7 278.0°
RAINFOR® Sucusari C 1 1 4 26.4 315.9

cont.



Table 2.1. cont.

Region Country Source Location Véarzeaforest category No. Area TF? Criteria® Age Mean Stem Mean AGB AGB/BA
plots (ha) (ha) (cm DBH) (yrs) flood density (m*hal) WSG (Mg ha') (Mg m?)
depth (m)(ha) (g cni®)
Lowland Amazon

E. Brazil  Black et al. (1950 Rio Guama estuariné 1 1 1 >10 564
Pires & Koury (1959§ Rio Guama estuarine 1 3.8 >10 484
Pires & Koury (1959§ Rio Guama estuarine 1 1 >~8 539
Pires & Prance (1977) Catu ? ?
Pires & Prance (1977) Aura ? ?
Campbell et al. (1986) Rio Xingu igapo’ 1 05 3 >10 440 31.4
Almeida et al. (20043 Chaves, Marajo estuarine 1 1 >10 809 24.0 195.1 8.1
Almeida et al. (20043 Ilha do Cajulina, Afua  estuarine 1 1 >10 691 30.4 215.C 7.1
Almeida et al. (2004 Ilha Trambioca, Rio Paré 1 1 >10 735 26.5 171.C 6.4
Almeida et al. (2004 Baixo Rio Xingu igapo? 1 1 >10 676 38.7 323.C 8.4
Anderson et al. (1985) Ilha das Oncas estuarine ? 0.25 5

C. Brazil Worbes (1983, 1986) Ilha de Marchantaria ? 021 >5 795 60.0
Klinge et al. (1989, unpub®) llha de Marchantaria ? ? >10 737
Revilla (1989 Manaus 15 15 >5 2160
Worbes (1997) Manaus pioneer ? ? >5? 2 3
Worbes (1997) Manaus pioneer ? ? >5? 4 14
Worbes (1997) Manaus pioneer ? ? >5? 12 98
Worbes (1997) Manaus early secondary ? ? >5? 44 258
Worbes (1997) Manaus late secondary ? ? >5? 80 279
Ayres (1986) Mamiraua high restinga 16 1 >10 1-25 580 49.8
Ayres (1986) Mamiraua low restinga 16 1 >10 upto5s 416 32.6

cont.



Table 2.1. cont.

Region Country Source Location Véarzeaforest category No. Area TF? Criteria® Age Mean Stem Mean AGB AGB/BA
plots (ha) (ha) (cm DBH) (yrs) density (m*hal) WSG (Mg ha') (Mg m?)
depth (m)(ha) (g cni®)
Lowland Amazon cont.
C.Brazil Schongart et al. (2010) Mamiraua young pioneer 1 0.05 >10 7 3.36 1220 13.8 0.32 18 1.3
Schongart et al. (2010) Mamiraua early secondary 1 1 >10 20 3.47 838 305 0.35 117 3.8
Schéngart et al. (2010) Mamiraua late secondary 1 1 >10 50 4.65 487 505 0.42 261 5.2
Schéngart et al. (2010) Mamiraua intermediate 1 1 >10 125 4.14 504 26.9 0.6 230 8.5
Schéngart et al. (2010) Mamiraua late succession 1 1 >10 240 3.36 462 273 0.7 239 8.8
Haugaasen & Peres (2006) Lago Uauact, Rio Purts 3 3 3 >10 515.3 29.6 417.1 14.1
W. Brazil Campbell et al. (1992) Rio Jurua, Acre late secondary 1 1 >10 50 0 523 255
Campbell et al. (1992) Rio Jurua, Acre early secondary 1 1 >10 14-50 1.16 420 27.0
Campbell et al. (1992) Rio Jurua, Acre young pioneer 1 1 >10 14 4 777 25.7
Peres & Malcom (unpub.) Rio Jurua, Amazonas 2 2 2 >10
Hawes et al. (this study) Rio Jurua, Amazonas various 100 10 10 >10 var. 1.84 633.2 376 0.58 281.9 7.3
Hawes et al. (this study) Rio Jurua, Amazonas terra firme 100 10 n/a >10 nl/a n/a 638.9 325 0.67 358.4 10.8

terra firmeplots included in study as a comparison (struttletails only presented for this study)

® stem size criterion for inclusion in survey

¢ cited by Nebel et al. (2001)

4 cited by Malhi et al. (2006)

€incorrectly described by authorsigapd forest

 described by authors sérzeaforest because of high sediment load despite olaters
9 cited by Schongart et al. (2010)
M study includes comparison witlpapo, in addition taterra firme



Higher elevation corresponds to increased watentafpes irterra firmeforest but to
less severe hydrological stress/éarzeaforests. Conversely, lower elevation may
reduce root depth to the water-table and seasgudablogical deficit interra firme
forests but extends the periods of anoxia resuftimy water-logging and inundation in
varzea We therefore tested tlaepriori hypotheses that AGB is (1) lowerwarzeathan
in terra firmeforest; and (2) negatively related to water st(esswater scarcity in
terra firme but water surplus imarzeg and to a greater degreeviéirzeathan interra
firme forest. To fully understand the distribution of B@& forests with a long history
of human occupation it is necessary to examinenkytenvironmental variables related
to water stress but also accessibility variablasmally related to logging, which was
historically more common imarzeathan interra firmeforests (Scelza 2008). We
therefore examine the additional hypothesis thaA@B is negatively related to
accessibility (e.g. greater distances from theestdocal community), and to a greater
degree invarzeathan interra firmeforest. Finally, we use our findings to provide BG
estimates for two large Amazonian protected areasisting of botherra firmeand
varzeaforest, with existing or proposed REDD+ scheme&sliving payments for forest

ecosystem services (Newton et al. 2012a).

2.2. Methods
2.2.1. Study area

This study was conducted in the state of AmazdBeil, within two contiguous
sustainable use reserves, namely the Médio Jurnadiive ReserveResEx Médio
Jurug 253,227 ha) and the Uacari Sustainable DevelopReserve RDS Uacar;
632,949 ha) (Figure 1). The two reserves bordedtiea river, a major white-water
tributary of the Solimbes (=Amazon) river, and @ntarge expanses of upland
unfloodedterra firmeforest (80.6% of combined reserve area) and, closthe river

channel, seasonally floodedrzeaforest (17.9%).

The Jurua region has a wet, tropical climate withesan annual temperature of 27.1°C
and annual rainfall, calculated from daily recooger three consecutive years (2008-
2010) at the Bauana Ecological Field Station (332, W 67°17'12"), averaging
3,679 mm. The elevation range within the resersd&bi— 170 m above sea level (TF

plots: 93-123 m; VZ plots: 76 —110 nT)erra firmesoils are typically heavily leached



and nutrient poor in comparison to the eutropHhiavédl soils ofvarzeaforests. All
forest surveyed represent primary forest, althaz@hmercially valuable timber species
along the Jurud river have experienced some setdoijging from 1970-1995,

especially invarzeaforest (Scelza 2008).
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Figure 2.1.Map of the Médio Jurua region of western Brazillamazonia showing
SRTM elevation and locations of 200 0.1-ha forésspnterra firmeforest (open
squares) andarzeaforest (solid circles). Solid lines represent m&eboundaries;
dashed lines represent the extent ofwiezeafloodplain: ALOSScanSARmage ©
JAXA/METI 2009.

2.2.2. Forest plot surveys

We sampled 20 ha of forest across 200 ‘Gentry-styleha tree plots (100 m x 10 m),
with two sets of 100 plots divided equally acrtesa firmeandvéarzeaforests (Figure
1). These provide an efficient method for assesirgst structure and composition
across large tropical forest landscapes (Laumatiat. 2010), and have been used to
compare physical structure among different forgses (Phillips et al. 2003). Plots
were distributed across the two reserves in prapotd their overall area, and survey



effort was divided equally between the left andhtiganks of the Jurua river.
Vegetation sampling was conducted during threeogeriJuly-September 2008,
November 2009-March 2010, and August 2011. Plote\aeated along 46 existing
linear transects (2-7 plots per transect; mean)4B6p to 5,500 m in length, with all
plots at least 800 m apart. At the ends of each) ple recorded the x,y coordinates
using a GPS (Garmin 60 CSx) and, in a subset eBv&aplots, the approximate
maximum flood depth. This was accomplished by rdicgy the previous year’s high-
water level from the band of alluvial sediment freqtly visible on tree trunks, with a

mean value extracted from three neighbouring tireeach case.

Although plots were the same dimensions as thaspled by Gentry (1982), we did
not record the smaller stem sizes, which are gépenaluded in 0.1-ha plots. Within
each of our plots, all live stems (including palous excluding woody lianas and non-
free-standing hemi-epiphytes)10 cm in diameter at breast height (DBH) were
measured, above buttress roots where requireddantfied by a knowledgeable local
field assistant. This process was strengthenedariiied byin situidentifications
provided on a subset of 17 plots by a trained tedam from the Botany Department of
the Instituto Nacional de Pesquisas da AmazoniRfANVanaus), which maintains the
largest herbarium of the central-western Amazofi@a. Vernacular names were
attributed to the highest possible level of taxomorasolution (species 18.4% of
individuals, genus 59.8%, family 19.5%). Only 2.4%all trees N = 12,721) within the
200 plots remained unidentified (mean + SE = 2.5062b6, range = 0 — 19.7%).
Synonyms in plant taxonomy were condensed (Thet Rlan2010, IPNI 2008) and
family nomenclature was updated on the basis oA®@ 11l system (APG 2009).

2.2.3. Wood density

We compiled wood density data based on the Glo@d\Density Database (GWDD:
Chave et al. 2009, Zanne et al. 2009), which remrtssthe best available source of
wood specific gravity (WSG) values (Flores & Coor2€41). Although the full global
dataset generally out-performs regional subsetsjgtpredominantly due to greater
sample size. Conversely, large regional sets {{@pical South America) perform better
(Flores & Coomes 2011) because of differences atwm@pical and temperate regions
(Coomes & Bellingham 2010). We therefore used tbeital South America regional



subset of the GWDD, supplemented with two additieoarces, notably values for
varzeatree species from measurements carried out ptyniarihe Mamiraua
Sustainable Development Reserve, Amazonas (Wittreaah 2010a), and faerra

firme trees from the Jari region of northeastern Brazikhmazonia (Jari Celulose 2002).

We used a hierarchical system to assign WSG vatuesch live stem in our plots,
depending on the taxonomic resolution of the fidihtification and the available WSG
data. We used, in decreasing order of preferedgespecies-specific WSG values for
all stems identified to species-level with corresgiog WSG values available, (2)
genus-level mean WSG values, or (3) family-leveam&/SG values. As a last resort
(4), unidentified stems were assigned to the me&GWalue from all other stems in
their plot. In all cases, priority was given ovatues from the GWDD to values from
Jari Celulose (2002) and Wittmann et al. (2010axfems irterra firmeandvarzea

forest plots, respectively.

2.2.4. Forest structure and biomass

Both LIDAR data (Palminteri et al., 2012) and fieletasurements (Campbell et al.,
1986) indicate that canopy tree heights are subialigriower in Amazonian floodplain
forests than in upland forests. However crown hsigh addition to WSG, are
frequently overlooked in AGB estimates (Chave eR@05). We derived height
estimates for eaderra firmestem from measured DBH values, using the nonlinear
relationship between tree DBH and crown height messfrom 996 randomly selected
trees (DBH>10 cm) occurring in the same interfluvial regiomgtu forest: R= 0.65;
Appendix 2.1; Peres 1994). This general relatignglas also used to infer height
values fovarzeastems, assuming an average upper canopy hei@btmfon the basis
of observations in multiplearzeaplots and the 30-35 m estimates of the upper canop
height in highvarzeaby Wittmann et al. (2010b).

Total basal area was calculated for each plotviotig BA = >n(DBHi/2)?, where DBH
is the diameter at breast height (cm) for each &rd subsequently converted to basal
area per hectare frha’). No allometric models to predict AGB have yetiee
developed specifically forarzeaforests but a recent assessment of seven models fo
this forest type showed the importance of includimmgpd density and tree height as

predictors (Schéngart et al. 2010), in additioBH measurements. Schongart et al.



(2010) recommend using the mean from three emplyritested models which showed
good congruence acrogérzeastands of differing ages (Table 2.2). The resglstem-
specific AGB values (kg) were aggregated withida pnd converted to biomass per
hectare (Mg hd). We also calculated the AGB per tree basal atefined as the

structural conversion factor (SCF; Mg“hasal area) (Malhi et al. 2006).

Table 2.2.Allometric models for predicting aboveground biom@dg ha') from forest
inventory data incorporating DBH (d, in cm), woquesific gravity 6, in g cn®), and
total tree height (h, in m).

Allometric modeF Variables included Source
Brown
1 42.69-12.8+ 1.242F DBH only (1997)
p/0.67 x exp (0.33(Il)) + 0.933 (In@?)) — 0.122 Baker et al.
2 (In(d))®) —0.37 DBH and WSG only (2004a)
Cannell
3 0.6 xp xhxmx (d2) DBH, WSG and height(1984)
Chave et al.
4 0.112x p x hx d?)*® DBH, WSG and height(2005)
Chave et al.
5 0.0509 » x h x d DBH, WSG and height(2005)

4 Schongart et al. (2010) recommend using the mehre\of equations 3-5 faarzeaforests.

2.2.5. Landscape predictors of AGB
2.2.5.1. Water stress

We extracted Shuttle Radar Topography Mission (SR{drvis et al. 2008) digital
elevation data for the midpoint of each plot. Thisra considerable drop in elevation
along the river course within the study region (13#ight along 135 km straight line or
305 km including meanders). SRTM elevation prosideclear delineation between
floodplain anderra firmefor most high-order rivers, and can be combinetth wiher
remotely sensed data as an aid in mapping floadplabitats (Hamilton et al. 2007).
However, direct use of SRTM elevation (or SRTM alén relative to nearest channel
elevation) to map flooding zones withiarzeaforest is limited by three main factors:
(1) for forested areas, SRTM elevation represdr@deight of the C-band scattering
phase centre within the upper forest canopy, rattaar the ground surface; the
difference between surface and phase centre edevedries with forest structure but,

based on estimates for structurally similar staidefton et al. 2006), SRTM



elevations for Jurua forest stands are 5 to 15aatgr than ground elevations; (2)
inundation of large river floodplains is a compf@ocess affected by many variables in
addition to floodplain surface topography (Alsdetfal. 2007, Bonnet et al. 2008); and
(3) phase noise and other error sources typicallyatle the accuracy of single-pixel
SRTM elevation estimates by several meters for 30rest stands (Walker et al. 2007);
block averaging of pixels, which reduces such srraas not feasible for this study

owing to the small forest plot sizes.

L-band synthetic aperture radar (SAR) sensors aa@dil.OS PALSAR (Rosengvist et
al. 2007) provide optimal satellite data sets fapming flooded forests, owing to their
ability to penetrate forest canopies and yiel@ahanced signal from reflections
between tree trunks and underlying water surfadesg et al. 2003). As part of a
JAXA initiative targeting global wetlands (Lowry ak 2009), extensive multi-temporal
imagery of the Amazon basin was acquired betwe&6 20d 2011 using the ALOS
ScanSAR configuration, a regional mapping mode Wi m spatial resolution. We
used a time series of 12 ScanSAR scenes (Apper@lix®assess the local conditions
in varzeaforests relative to the river channel. The ScaR$#fage stack was first
classified into broad land cover types (upléema firmeforest,varzeaforest, non-
forest) using an object-oriented approach impleextnt the eCognition Developer 8

software package. Flooding statevéfzeaforest areas was then mapped for each date.

Daily river stage readings at the downriver Poravi@o gauge near Carauari was used
as an index to link flooding states on the ALOSH®/R imaging dates to long-term
inundation periods (Appendix 2.2). Inundation pdsiavere based on a 38-year record
(1973-2010) obtained from Brazil's Agéncia NaciatalAguas (ANA;
http://hidroweb.ana.gov.br). The range of rivegstand flooding extent captured by
the ScanSAR record included relatively low-floocgsge(low water recurrence interval
of 3-4 years) as well as high-flood years (highexaécurrence interval of 7-8 years).
We grouped thgarzeaforest sites into areas flooded 9-12 months/h8,rBenths/yr, 3-

5 months/yr, 1-2 months/yr, and < 1 month/yr. \Wentextracted the value for each
forest plot, using the mean flood duration whenevplot spanned more than one flood
duration category (21 of the 10@rzeaplots). In addition to flood duration and SRTM
terrain elevation per plot we used distance tonderest perennial stream as a potential
proxy of water stress. This was calculated fromHlgdroSHEDS data (Lehner et al.
2006) using the network analyst extension in Arc&.I&



2.2.5.2. Logging accessibilty

Using the same GIS procedure we calculated thardistof each plot to the nearest
point along the Jurud river channel and the neamsi-permanent human settlement
(defined as a >25 yr old cluster of more than dabls household), using a digital map
of all households within the two focal reservesyin et al. 2012b). These values

were employed as proxies for accessibility to ¢aledogging.

2.2.6. Data analyses

We used multi-level generalised linear mixed mo@@lsMMs) to relate variation in
landscape variables (water stress and historiggimg access) to AGB. This approach
was the most appropriate to account for potenpiatial autocorrelation (Bolker et al.
2008), with our global model incorporating a randiemm nesting ‘plot’ within
‘transect’ (a total of 200 plots nested within 4énisects). Models were built using the
package ‘Ime4’ in R (R Development Core Team 20409, we used the ‘MuMIn’
package (Bartén 2010) to test models of every ptes§irst-order combination of
variables and rank them based on the Akaike Infaom&Criterion (AIC) (Burnham &
Anderson 2002). This package also determined tagwe importance of explanatory

variables given their frequency in those modelstaed cumulative Akaike weight.

2.3. Results
2.3.1. Stem identification and wood density

We sampled a total of 12,721 stem$0cm DBH ferra firme- TF: 6,389;varzea- VZ:
6,332) across the 200 plots (= 20 ha), from 19kgem 55 families (TF: 152 genera,
50 families; VZ126 genera, 44 families). Despite low levels (18.4%dentification to
species (TF: 9.9%; VZ: 26.9%), over three quarféds1%) of all stems were
successfully identified to at least the level ofige (TF: 79.9%; VZ: 76.3%) and we
unambiguously identified 97.6% of all stems toeast the family level (TF: 96.9%; VZ:
98.4%). The WSG values assigned to each stem shinaethe variation in wood
density was significantly lower within genera thatween genera (ANOVAs: GWDD
Fs73,1430= 8.85, p < 0.001, Jarhfs 210= 1.92, p < 0.001, Mamirauad7 1s= 4.35, p <
0.001).
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Figure 2.2.Density distribution of (a) stem density (stem$)hé) forest basal area
(m? ha') and (c) aboveground forest biomass (Mg htor terra firme(white curve)

andvarzea(black curve) forests.

2.3.2. Forest structure and biomass

Stem density was similar terra firmeandvarzeaforests with both forest types
dominated by smaller stems (Appendix 2.3) althdaghe emergent trees (> 100cm
DBH) had a disproportionately large influence oot fdasal area, particularly wvarzea
forests (Figure 2.2). As a result, mean plot bassh was greater and more variable in
varzeathan interra firmeforest (Figure 2.3; TF mean + SE: 32.4 + 0%hat"; VZ:



37.6 + 1.2 Mha™; t-test:t = -3.411,p < 0.001). AGB estimated using the simplest
allometric equation, based on DBH only, was sinmalenoss forest types. However,
mean WSG per plot was significantly loweniérzeaforest (TF: 0.67 + 0.003 g ¢in
VZ: 0.58 + 0.003 g cff; t = 20.085p < 0.001), where canopy height rarely exceeded
30 m. Employing more complex allometric equatiamrporating both WSG and tree
height significantly lowered AGB estimates f@rzeaforest plots compared to those in
terra firme (TF: 358.4 + 14.4 Mg h§ VZ: 281.9 + 12.0 Mg hi4, t = 4.077p < 0.001).
The relative difference between forest types wanewore apparent when considering
the structural conversion factor (TF: 10.7 + 0.2 Mg basal area; VZ: 7.3 + 0.1 Mg'm
basal area;= 18.154p < 0.001), reinforcing the notion thadrzeasites were

predominantly comprised of light-wooded tree specie
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Figure 2.3.Mean values per forest plot of (a) stem densigngsth&), (b) forest basal
area (nf ha?), (c) wood specific gravity (g ¢H (d) aboveground biomass (Mg Ha
from DBH-only equation, (e) aboveground biomass Hdg) from equations also
including wood specific gravity and tree heightddf) the structural conversion factor
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The AGB values for plots in boterra firmeandvarzeaforest were significantly
positively related to basal area (TF:#R0.92, p < 0.001; VZ: R= 0.88, p < 0.001) and,
to a lesser degree, to plot-scale WSG (T#: RB.06, p = 0.009; VZ: R=0.09, p =
0.002) (Figure 2.4). There was also a significardifve relationship between AGB and
stem density inerra firmeforests but not ivarzeaforests (TF: R= 0.05, p = 0.013;

VZ: R?*=0.01, p = 0.170), and between basal area amidzasity in both forest types
(TF: R*=0.17, p < 0.001; VZ: R= 0.04, p = 0.026) (Figure 2.4). WSG, however, was
unrelated to both stem density (TF:=R0.0006, p = 0.31; VZ: R= 0.003, p = 0.26) and
basal area (TF: = 0.011, p = 0.15; VZ: &= 0.015, p = 0.12) (Figure 2.4.)
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Figure 2.4.Pairwise relationships between plot-scale mean wspmtific gravity
(WSG, g cii), stem density (SD, stems™habasal area (BA, frha®), and
aboveground biomass (AGB, Mg Hdor 200 forest plots iterra firme(open circles,
dashed line) andarzeaforests (solid circles, solid line). Lines represénear models;
grey shading represents 95% confidence intervals.



2.3.3. Landscape predictors of AGB
2.3.3.1. Water stress

The top-ranking model predicting AGB across botie$b types on the basis of
landscape variables had a low Akaike weight of (TZable 2.3) suggesting uncertainty
in identifying a single best model and supportimg &doption of a multi-model
approach. Twelve alternative models comprised 8% Set of models (cumulative >
0.95). The single best model contained only théatée forest type, which appeared in
10 of the 12 models with a cumulative Akaike weigh©.86, confirming the lower
aboveground biomass values acreéizeaforest compared terra firmeforest. The
next most important variable was terrain elevatieith a positive influence on AGB
across all plots, although this is mostly explaibgalevation differences between
forest types (Table 2.3, Figure 2.5). We theret@mined the potential effects of
elevation and other landscape variables furthdriwfiorest types by constructing

models in the same fashion terra firmeandvarzeaforest separately.

Indicators of water stress had contrasting infl@ésna each forest type, and greater
importance irvarzeaforest. Elevation had a weak positive effect onBAG terra firme
in contrast to a strong positive effect of greditevd duration invarzeaforest (Table
2.3, Figure 2.5). The positive effect of distateéhe nearest stream on AGBtarra
firmeis at odds with the negative effectiairzeaforest, but low cumulative Akaike
weights in each case show the low relative impaeaof this variable in the models
(Table 2.3, Appendix 2.4). Most strikingly, floodrtion (on the basis of ALOS
ScanSAR flood mapping) had a positive effect on AGBarzeaforest.

2.3.3.2. Logging accessibility

In addition to water stress, many of the 95% sehodlels for each forest type contained
the variables describing the historical accessybdf forest to selective timber
extractors. Distance to the nearest community vaascplarly prominent across models
and notably was positively related to AGBvierzeaforest, in contrast to a negative

relationship irterra firmeforest (Table 2.3, Appendix 2.4).



Table 2.3.Summary of multi-level mixed effects models of mmeameground forest biomass within 200 biomasspiobothterra firme(TF) and
varzea(VZ) forests, and for each forest type separatsiiytop-ranking models within 95% of the cumulati&kaike weight«i) are shown. Variables
included in each model are shaded grey. Model ayentaAkaike weights for each variable are showmefirst line.

No. models  Model Water stress Logging accessibility IC AIC oy
in 95% set no. Intercept Forest Elevation (m) (TF)/ Distance to Distance to Distance to
type Flood (months) (VZ) stream (km) river (km) community (km)

All plots 12 1 1.0C 0.8¢ 0.3¢€ 0.2¢ 0.21 0.17 2527 0.0c 0.24
2 252¢ 1.37 0.1z
3 252¢ 1.3¢ 0.1z
4 252¢ 2.1C 0.0¢
5 252¢ 2.1t 0.0¢
6 253( 2.7€ 0.0¢
7 253( 2.9t 0.0t
8 253( 3.3¢ 0.04
9 253( 3.42 0.04
10 253( 3.47 0.04
11 253( 3.52 0.04
12 253( 3.5¢ 0.04
B 262.0: -70.1¢ 1.9¢ 9.8¢ 0.4£ -1.04

Terra firme 10 1 1.0C 0.2¢ 0.22 0.3C 0.67 128: 0.0c 0.2z
2 128: 0.97 0.14
3 128: 0.9¢ 0.14
4 128¢ 1.5C 0.11
5 128¢ 1.9C 0.0¢
6 128¢ 2.71 0.0¢
7 128¢ 2.7z 0.0¢
8 128t 2.84 0.0t
9 128t 2.8¢ 0.0t
10 128¢ 2.91 0.0t
B 352.5( 1.3C 11.51 5.0¢ -11.7¢

Varze: 6 1 1.0C 0.7¢ 0.2¢ 0.22 1.0C 123: 0.0c 0.41
2 123¢ 1.7¢ 0.17
3 123¢ 2.07 0.1t
4 123¢ 2.1t 0.14
5 123¢ 3.2¢ 0.0¢
6 1237 3.9: 0.0¢
B 193.2¢ 8.0¢ -7.62 4.77 24.0:
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2.3.4. Reserve-wide carbon stocks

ALOS ScanSAR analysis quantified the spatial exténtirzeaforest in each reserve
(RDS Uacari: 18.1%; ResEx Médio Jurua: 17.4%) aedeiktent of each flood pulse
duration category (Appendix 2.5). We extrapolatstiheates of mean plot-scale AGB
per hectare for each forest type to the aggregated the two reserves, while

incorporatingScanSARflood duration categories faarzeaforest across the entire



study area, and excluding areas identified as nogsfed. This resulted in an AGB
estimate of 297.8 Tg (RDS Uacari: 212.2 Tg; ResEdid Jurua: 85.6 Tg; TF: 252.3
Tg, VZ: 45.5 Tg), which corresponds to a total caristock of 106.1 Tg C within the
RDS Uacari (TF: 84.4%, VZ: 15.6%) and 42.8 Tg Chwnitthe ResEx Médio Jurua (TF:
85.5%, VZ: 14.5%).

2.4. Discussion

This study provides a robust examination of theati@n in AGB both within and
between seasonally flooded and unflooded forestggtioe Rio Jurud, a poorly known
major white-water tributary of the Amazon. Our netkof 200 forest plots in the
Médio Jurua region of western Brazilian Amazonieatffied by forest type, includes a
far more extensive effort marzeaforests than previously accomplished at a sinigge s
and represents a substantial contribution to utaleleg variation in forest structure
within this forest type. Our study reports thregartant patterns: (1) AGB is generally
lower in low-lyingvarzeaforest than in uplantkrra firmeforest as a result of lower
wood density and lower canopy height; (2) landsesqade variation in AGB across the
two reserves is principally explained by foresteypamely whether or not the forest
experiences a prolonged annual flood pulse; andéBr stress appears to play a
greater role in determining AGB irarzeaforests than iterra firmeforests but, in
contrast to our hypothesis, AGBvarzeaforest was greatest where the local

inundation period associated with persistent wstieiss was longer.

2.4.1. Low wood density and AGB irvarzeaforest

The overriding importance of forest type in our ralsdshows the critical influence of
the dramatic annual flood pulse. Even low-lytega firmeforests just above the supra-
annual average of maximum water-level (includiadgo-varzeashave been
completely free from the marked flood pulsevafzeaforests for thousands of years.
The annual submergence cut-off point marks a changeny environmental variables
including soil fertility, soil texture, and staliyliof aboveground vegetation, in addition
to physiological stress associated with the prodahigundation period. It is
unsurprising, therefore, to confirm significantfdiences in AGB between these forest

types.



However, these differences were not determinedday slensity or forest basal area.
Stem densities recorded in this study were geryenadher than in previous studies
from Western and Central Amazonia, with the exe@eptif the youngestarzeastands
(Table 1), but did not differ significantly betwetarest types. Indeed, it is revealing
that AGB estimates forarzeaforest plots calculated from DBH or basal areaalo
were actually similar or higher than those of adjdterra firmeforest; only by
including stem-specific wood density and tree hiiginich account for a considerable
proportion of the variation in AGB estimates (Fesade 1997, Nogueira et al. 2008),
could AGB values forvarzeaforest be shown to be lower than those for adjaesra

firme forests.

Wood density has been recognised to vary on amabhmasis across the Amazon basin,
but independently of basal area (Malhi et al. 208}, while there is no consistent
regional scale relationship between wood densityABB (Stegen et al. 2009), wood
density may be more important in driving differentetween different forest types.
The inverse correlation between mean wood densiyggowth rates (Malhi et al. 2006)
seems relevant both locally and regionally, witlvdo values expected in highly
dynamic floodplain environments. Yet wood densig Imot been considered in
previousvarzeaforeststudies apart from those at Mamiraua (Schongaait 2010).

The use of different allometric equations, paraéeiyl those excluding wood density or
tree height, irvarzeastudies elsewhere renders comparisons of aboveditnomass
estimates problematic. For example, our AGB vafaesarzeaforest were generally
lower than those reported previously for oth@rzeasites in the Upper Amazon but
since these estimates failed to consider wood tlethey are likely to represent
overestimates. In contrast, our plot-scale AGBvestes forvarzeaforest were higher
than those elsewhere in Amazonia including Mamirde&pite similar mean wood
density values. Our AGB estimates are also geryetalisistent with the predicted

pattern across the Amazon including all forest $y{&aatchi et al. 2009).

Our results show significantly lower wood densitywarzeaforest tharterra firme as a
result of a markedly different tree community corsiion, and highlight the
importance of including wood density estimates (BB\estimates, even where field
measurements of wood density are unavailable. Vdeodity exhibits strong
phylogenetic conservatism, with more similar WS@&iga in closely related than
distantly related species (Chave et al. 2006, Sere&8sEnquist 2007), and differences



between genera accounting for the largest propodiwariation (Baker et al. 2004b).
This was confirmed for each of the WSG datasetsiseel, clearly supporting the
validity of our approach where most stems (78.1%jenunambiguously identified to at

least the resolution of genus.

Ideally tree height would also be measured for eseimn, rather than predicted from
DBH data, but practical difficulties often prevehis in the field (Brown 2002). Since
this study is focused on the comparison betwegneaand adjacerterra firmeforests,
we also note our deliberate use of the allometyiaéions proposed by Schongart et al.
(2010) forvarzeaforests to calculate AGB in both forest typeshaligh alternative
estimates foterra firmemay be possible using equations specifically dgpesd for this
forest type. A study of four 1.0 ha plotsterra firmeforest near Carauari, just
downriver from our study area (Silva et al. 1992ported slightly higher density
values for stems10cm DBH (range 668 — 862 stems'haut basal areas (range 27.0 —
33.9 nf ha') were consistent with our findings. A basin-widedst biomass
interpolation produced AGB values of 286 — 360 Mg for this site (Malhi et al.

2006), placing the mean value derived from ourgpéttthe top end of this range.

2.4.2. Advantages and disadvantages of small forgdbts

Forest inventories using small plots, such as théeh@ plots sampled in this study,
potentially overestimate AGB due to the dispromorditely large influence of very large
(i.e. > 100 cm dbh) emergent trees (Clark et @120This tendency is apparent in our
results (Figure 2), regardless of the care withcWwharge-girthed trees are recorded as
either in or out of the plot boundaries, especiallyarzeaforests where single
emergents contributed disproportionately to the pésal area value comparedeaa

firme forests despite similar stem densities in thefavest types.

The disproportionate influence of large trees irmkmlots may in part explain the
higher values of basal area per hectare in thtystampared to mostrzeastudies
elsewhere in Amazonia, although our results wetbiwthe range of values reported
from Mamiraua (Ayres 1986, Schongart et al. 20T8e mean AGB value from our
terra firmeplots is also relatively high compared to regiangrpolations based on a

set of old-growth forests plots scattered acrossZania (Malhi et al. 2006, Saatchi et



al. 2007). However, these values are not excegsivgh compared to other plots, some
of which stand out as local ‘bulls-eyes’ on regiangerpolated surfaces.

Several additional considerations can be made deggaplot size, with further pros and
cons in terms of sampling efficiency (Phillips £€t2003). An assessment in Sumatran
forests strongly supports small plots as a sucgkgsbtocol for stratified sampling on a
landscape scale, concluding that an area of 10duddvallow AGB to be estimated to
within 5.5% (Laumonier et al. 2010). Our samplimgtpcol covered this total area in
each forest type and, as such, we believe our apprenabled the best possible
comparison, despite the challenges in accuratéipasng AGB in two contrasting

forest types.

2.4.3. Landscape predictors of AGB

In addition to differences betwegarzeaandterra firme we recorded considerable
plot-scale variation in AGB within each forest tyfdne most important factors
proposed to influence forest structure on a rediscae, include climate and soil
fertility (Malhi et al. 2002, Clark & Clark 2000Climate was identified as the most
important variable in Bolivian lowland forests libhe impact of soils was less clear
(Toledo et al. 2011a) and the low variation in switrients can probably be safely
ignored withinvarzeaforests (Wittmann et al. 2006). Other potenti&ehs on a local
scale include human disturbance (Alves et al. 2abPpgraphy and water availability
(Malhi et al. 2002, Murphy & Lugo 1986, Toledo ét2011b).

2.4.3.1. Water stress: elevation and flood duration

Topography is closely related to water availabilagd elevation in unflooded forests
has a strong positive relationship with water stighsring droughts. Flooding, however,
reverses the direction of water stress so thatétmvbecomes inversely related with
stress through excessive waterloggingarzeaforests.Varzeaforest landscapes,
despite their generally low elevation, compriseasaic system of depressions, levées,
plateausand oxbow lakes. Thus, while elevation was idesdifoy our models as an
important determinant of AGB across all plots, s&ssof flood duration (measured

usingScanSAR was a more relevant indicator of water stresginzeaforests



(Appendix 2.6). The marked importance of flood di@rawithin varzeaforests
compared to the minor influence of elevationarra firmeforests highlights the greater
role of forest hydrology in driving forest structun seasonally flooded forests. This
was expected since small differences in the miopmgraphy ovarzeaforests may
drastically alter exposure to anoxia during thedgulse, whereas similar differences
in elevation interra firmeforests may only slightly affect dry season accésteep

roots to the water table.

The direction of the relationship with water strdsswever, was contrary to our
expectations. AGB inarzeaforest was lowest in plots flooded for the shdrgesual
periods and actually increased with greater fldogeks, although never reaching the
mean AGB of unflooded forest. This presents an egpigparadox whereby flooded
forests exhibited lower AGB than unflooded fordsis higher levels of AGB with
increased flood duration. This phenomenon is thot@gbe induced by inundation
stress restricting the growth period of trees &ottrestrial phase of the year, thereby
resulting in the formation of distinctive annuabgth rings (Worbes 1997, Worbes &
Fichtler 2010). Deep, prolonged inundation thusoenages accelerated growth over a
reduced growing season, resulting in the accunwuaif densely packed tree rings and
associated with higher WSG (Wittmann et al. 2006).

This relationship between flooding and tree groistfurther complicated by the
constant state of flux, both spatially and temggrals a result of the ever-changing
course of fluvial meanders. The constant disturbaasults in a permanent process of
succession and the formation of vegetation zonlessd zones were first described by
Ayres (1986), with particular emphasis on low-lyietpavascal’'swamps, and the
gradually higher (low)restinga baixaand (high) restinga altd These distinctions
have been maintained and elaborated upon by fustbdies at Mamiraua (e.g. Wittman
et al. 2002), including the recognition of succesal stages of different stands. Our
results coupling elevation with seasonal waterllanel the irregular nature garzea
drainage systems suggest that flood duration i€ nmoportant than elevation alone.
The distinctions between floodplain vegetation zomay therefore be more complex
locally than previously recognised and may alsy waibstantially along the length of
rivers across the Amazon, especially consideringowar-reliance on a handful of

varzeastudy sites (Table 2.1).



2.4.3.2. Logging accessibility: management impliciains

In addition to the effects of baseline landscapébées related to water stress, we
found clear indication of the possible role of thetorical accessibility by small-scale
timber extractors on forest biomass. We hypothddisat AGB was negatively related
to accessibility, particularly imarzeaforests which are both more accessible to loggers
and involve easier removal of roundlogs. Inunda#iotually facilitates extraction;

felled trees can be floated out to the main rivermel during high-water floods, and
even timber species denser than water can be attachafts of light-wooded species
felled solely for this purpose. In support of thigoothesis, AGB was positively related
to the distance to the nearest community witliireeaforests but not iterra firme
although the reliability of this relationship isdteced by the strong influence of two
outlier plots and the inevitable lack wdrzeaplots at greater distances from
communities; only 8 of the 10@rzeaplots are located more than 5km from a
community (Appendix 2.4). This poses obvious questiover the repeated history of
selective logging which was once extensive throughize mature floodplain forests
along the major white-water tributaries of the Amazparticularly since the collapse of
the rubber-boom (Scelza 2008). The impact of tlehcal logging pressure on the

patterns of forest structure and biomass obsendytremains poorly understood.

The legacy of historical logging can still serveaasarning for the future. &fzeasare
the source for 60-90% of timber harvests from @rand western Amazonia (Klenke
& Ohly 1993, Higuchi et al. 1994) and the nutrieich productive soils also make the
land an attractive proposition for agricultural arpion (Fageria & Baligar 1996).
Finally, varzeasare located along the principal Amazonian transgartes, placing
them at close proximity to the most densely settlied rapidly expanding human
populations in the Amazon (Parolin et al. 2004&)shighlights the severe threats
faced by the most species-rich floodplain foresEanth (Wittmann et al. 2002), which
hosts a plant community composition almost compjetistinct from adjacenterra

firme forests.

2.4.4. Reserve-wide carbon stocks

Assessing carbon stocks in Amazonian forest resasva critical first step to judge the

effectiveness of protected areas in reducing eonsdrom deforestation and



degradation (Ricketts et al. 2010, Soares-Filhad.e2010) but few such assessments of
reserve stocks have been conducted to date. Thig ptovides a useful benchmark for
the RDS Uacari and the ResEx Médio Jurua to uskifore Monitoring, Reporting and
Verification of carbon loss in these protected aréapotential weakness in this study is
the lack of sampling at the higérra firmeplateaus coinciding with the least accessible
extremes of the two reserves (Figure 2.1). It ssgue that these areas would respond
differently to the variables included in our modedan those from the lowéerra firme

forests we were able to sample.

Despite the typically lower aboveground biomass pared taerra firme varzea
forests still account for substantial carbon stotk®ur study landscapearzeaforests
accounted for 17.9% of the total area and 15.3%etotal carbon stock. Yet our
results highlight the vulnerability ofarzeacarbon stocks, due to close proximity to
human populations and the potentially severe impaselective logging on single
emergent trees. Within the study reserves, thesgrasg protection from existing
management plans buérzeaforests face increasing threats outside existintgpted

areas.

2.5. Conclusions

To meet one of the requirements for a successflllREcheme, namely the provision
of accurate current carbon stocks estimates, waigig the value of an extensive
sampling program using a large number of smallspdatittered across different forest
types, in a poorly sampled region of Brazilian Am@ia. In addition, we recommend
the use of allometric equations including both tieght and wood density,
accompanied by expansion of the Global Wood Deri3dtabase, to improve AGB
estimates across forest types. Adopting this agbrose confirmed the dominant
influence of the flood pulse in Amazonian seasgnifdloded forests, not only in
determining differences betweeérzeaandterra firme but also withirvarzeaforest.
This water stress was best described not by etavatit by flood duration, as measured
by ALOS ScanSAR, and AGB was notably highest ims@xperiencing longer periods
of inundation. Incorporating our robust data onatsn in AGB, both between and
within forest types, allowed an accurate assessofazarbon stocks in two contiguous
reserves, and highlighted the valuable contributi@ue by vulnerablearzeaforests.
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Chapter 3

Patterns of plant phenology

in Amazonian seasonally flooded and unflooded forests
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Abstract

Understanding plant phenology is crucial for pradgthe temporal availability of fruit
resources for frugivorous animals in tropical fesegew studies have successfully
monitored community-wide phenological patternshia $easonally floodedarzea
forests of Amazonia, where an annual flood pulsates arguably the most extreme
seasonal conditions found in low-latitude forestgvehere in the world. We monitored
vegetative and reproductive plant phenology witina contiguous protected areas
bisected by the Jurua river, consisting of baitzea(VZ) floodplain and adjacent
upland tracts of unfloodet@rra firme (TF) forest. We employed three complementary
methods: monthly canopy observations of 1,056 dd&l plants (TF: 556, VZ: 500;
120 genera, 45 families; April 2009 — March 20Hdonthly collections from 0.5-fn
litter traps arranged in a grid across two 100dogs1 TF, 1 VZ; 96 traps per plot;
May 2009 — April 2010), and monthly ground survépril 2008 — July 2010; TF:

total 18 months; VZ: total 26 months) for residfrait-fall along transect grids within
each 100-ha plot (12 km per plot). All surveyv#mzeaforest encompassed the entire
flood cycle, employing a novel floating trap destgrcope with fluctuating water-levels.
Leaf fall peaked during the aquatic phaseareeaforest, and in the dry seasornténra
firme. Flowering typically followed leaf fall and leatsh, extending into the start of
the terrestrial phase and rainy seasovaiizeaandterra firme respectively. The main
peak in fruit availability withinvarzeaoccurred at maximum flood levels (comprising
plants with mainly abiotic seed dispersal modesgddition to a secondary peak at the
start of the rainy season (dominated by verteldetpersed plants) as ferra firme
forest. These results suggest a primary role ofitiual pulse as a proximate trigger
determining phenological patternsvérzeaforest, compared to rainfall terra firme



3.1. Introduction

Plant phenology, the timing of plant reproductivel &egetative cycles, typically
displays strong periodicity in both tropical anthigerate zones (Newstrom et al. 1994,
van Schaik et al. 1993), and is increasingly rel¢va a wide range of applied issues
(Morisette et al. 2009). For example, the ephemmsatire of plant productivity,
combined with the patchy distribution of fruits athalvers in tropical forests (Levey
1988), drives the temporal and spatial availaboityood sources for animal consumers.
Since most large vertebrates in tropical forestsadteast partially frugivorous

(Fleming & Kress 2011), quantifying the availalildf fruit resources in particular, is
critical for understanding the behavioural ecolofiyjaunal communities in tropical
forests. While the recognition of patterns in plahénology is improving, there remains
much uncertainty over the processes involved, dinlythe potential triggers

responsible for the timing of such events.

At first glance tropical forests appear to lack skeasonal extremes of temperate forests,
although they typically experience a distinct seasity in climatic variables,
particularly precipitation. Rainfall is thus frequly proposed as a potential trigger for
the phenological patterns observed in tropicaldtr¢Bradley et al. 2011), particularly
in upland forests where dry season water streggjeded as key. Extensive lowland
floodplain forests (e.g. those of the Amazon, Coragml Mekong rivers), however, are
subjected to an additional annual force, in thenfof a predictable ‘flood pulse’ (Junk
et al. 1989), which can result in dramatic seasdiffdrences. For example, the white-
water floodplain forests of the Amazon (=Solim&eg@r and its tributaries, which are
known as arzeaforest (Prance 1979), can flood to a depth of 3@alfor up to 210
days per year (Parolin et al. 2004a). This extenuabd of submersion and
waterlogging has severe consequences for plantqibgyg, notably oxygen deficiency
(Parolin 2009), reduced photosynthesis due to ight pbenetration through water and
silt deposited on leaves, and low water conductarigeh can paradoxically result in

water deficits in the tree crown (Parolin et al028).

The regularity of this powerful flood pulse is expetl to drive the timing of many
ecological processes withi@rzeaforests, and phenological strategies are amohgst t
mechanisms proposed as adaptations to cope witlrélséc annual transition between
aquatic and terrestrial phases (Parolin et al. BOBérreira et al. 2010, Junk 1989,
Worbes et al. 1992, Wittmann et al. 2002). Howegespite accounting for >200,000



km? within Brazilian Amazonia alone (Junk 199V§rzeaforests are one of the most
poorly studied Amazonian forest types, and thetikedamportance of potential
phenological triggers is even less clear than tihms@flooded forests (Parolin et al.
2010). In particular, there remains a shortageuahtjtative assessments on a
community-wide scale, with most studies focusingl@phenology of a select few tree
species (Table 3.1). With the exception of ones{ithugaasen & Peres 2005), which
also comparesgarzeato igapo (black water flooded forests), there is also &ruislack

of direct comparisons betwegarzea(VZ) andterra firme (TF) forests.

Comparisons within phenology studies must alsogtgntion to which plant parts are
observed and to the sampling protocols employeddasure them. For example,
because of their importance for frugivorous animalany studies focus on fruits and
flowers but frequently ignore leafing phenologyt(bae Schongart et al. 2002). While
leaves appear less scarce than fruits and floweasjre leaves are high in unpalatable
toxins and leaf flush can represent an importasauece for herbivores. As an
adaptation to the flood regime, the timings of ledifand flush (and the degree of
deciduousness) may also be critical (Parolin €2@04b), thereby accruing additional
value to phenology studies that include both repctide and vegetative characters.
However, observations on different plant partsfegguently obtained using a variety of
sampling methods without a common standardisedepoe (Morellato et al. 2010),
each of which with their own advantages and disathges.

The two most common methods in plant phenologyissuare direct observation of the
tree (or liana) crown and fruit/seed/litter trappiand their relative merits have been
best examined in regard to fruit productivity (Chegm et al. 1994, Zhang & Wang,
1995, Stevenson et al. 1998). A more general rexssgssment, however, considered
flowering as an example (Morellato et al. 2010).ebi observation, whereby the
phenology of leaves, flowers and fruit can be gii@dtusing a scoring system
(Fournier 1974), is perhaps the simplest methodsbuomore problematic in high-
statured, dense forests without the constructiqguugbose-built canopy platforms
(Zhang & Wang 1995, Parrado-Roselli et al. 2006)itKor seed-rain) traps have thus
been particularly useful in tropical forests toteysatically quantify fruit- or seed-fall
independently of potentially high levels of obserms and variability (Chapman et al.

1992). Leaf phenology has also often been bestadedausing traps (Clark et al. 2001,



Table 3.1.Summary ofarzeaphenology studies from seasonally flooded forastsss Amazonia.

Trap area
Source Study site Method Species n (m?) Frequency Duration Dates
Ayres (1986) Lago de Teia, Mamiraud, nr Canopy obs 174 996 inds. - Monthly 18 months  07319&/1984
Tefé
Ziburski (1990Y llha de Marchantaria, nr Canopy obs 18 ? - ? 16 months  01/1988-04/1989
Manaus’
Worbes (1996 Ilha de Marchantaria, nr Canopy obs 7 ? - ? 12 months  1981-1982
Manaus
Parolin (19977 Costa do Catalao/llha de Canopy obs 6 5 per sp. - ? 15 months  04/1994-06/199
Marchantaria, nr Manaus
Wittmann (1997} llha de Marchantaria, nr Canopy obs 6 2 persp - ? 4 months 06/1996-09/1996
Manaus
Gribel et al. (1999) Costa do Cataldo, nr Manaus  Canopy obs Celba 12 inds. - Monthly 6 years 1992-1997
pentandra
Oliveira & Piedade llha de Marchantaria/Rio Canopy obs 1Salix 75 inds. - Weekly 14 months  04/1993-05/1994
(2002) Solimdes, nr Manaus martiana
Schoéngart et al. (2002) Ilha de Marchantaria, nr Canopy obs 23 66 inds. - Monthly 26 months  06/108&2000
Manaus
Armbrister et al. (2004) Ilha de Marchantaria, nr Canopy obs 2 aetia 1 per sp. - ? 11 months  08/1997-06/1998
Manaus corymbulosa,
Pouteria
glomerata
Cattanio et al. (2004) llha do Combd, nr Befém  Canopy obs 15 5 per sp. - Bi-weekly 12 months  @89112/1989
Haugaasen & Peres Lower Puruas, central-western Canopy obs 45 genera 400 inds. Monthly 35 month@8/2000-11/2003

(2005)?

Brazilian Amazoni&®

cont.



Table 3.1. cont.

Trap area
Source Study site Method Species n (m?) Frequency Duration Dates
Addis (unpubl. ? Traps = ? ? ? ? ?
Nebel et al. (2001a) Braga-Supay and Lobillo, Traps - 75 trapd 0.25 Weekly 12 months  12/1997-11/1998
Peruvian Amazonia

Cattanio et al. (2004) llha do Combu, nr Befém  Traps - 30 traps 1 Monthly 12 months  01/1989-12/1989
Schongart et al. (2010) Mamiraud, nr Tefé Traps - 20 traps’ 1 Bi-weekly 12 months  11/2002-10/2003
Hawes & Peres (this Médio Jurua, western BraziliailCanopy obs 88 genera 500 inds. - Monthly 12 month34/2009-03/2010
study) Amazonia®

Traps - 96 traps 0.5 Bi-weekly 12 months  05/2009-04/2010

Residual fruit-fall - 12 km - Monthly 26 months 04/2008-07/2010

@ cited by Parolin et al. (2010)

® cited by Worbes (1997)

¢ Study includes comparison wiipapé (black water flooded forest)

4 Estuarinevarzea

¢ Study includes comparison witerra firme (unflooded forest)

" Upper Amazorarzea

925 traps in each of threg@rzeaforest types: high restinga, low restinga, tahuamp
" 10 traps in each of twaarzeaforest types: high and lowérzea.



Schongart et al. 2010) during the course of fitterfall collections, which represent an
important component in estimates of net primarypobivity (NPP). The effectiveness
of various trap designs in investigating fruit puoton has been well examined
(Stevenson & Vargas 2008), and issues of crossrsimishparability (including the
definition of litterfall) has also been assessaddaves (Clark et al. 2001). In addition,
traps are potentially costly in terms of materasl effort, and may severely
underestimate fruit production at least due toaitméssion of any fruits/seeds consumed
previously in the canopy by arboreal frugivoresrpbegh 1983). This issue is
compounded in a third fruit sampling method, nanggtyund surveys of residual fruit-
fall, which may be subsequently affected by fre#d removal by terrestrial

frugivores/granivores (Zhang & Wang 1995).

The consensus appears to be that, in additionamea sample size, adequate spatial
replication, and frequent (at least monthly) resoitlis useful to use a combination of
monitoring methods (Morellato et al. 2010). Fewdsts to date have achieved this,
especially in flooded forests, although traps hasen successfully employed in
monodominant tidal forests of the Amazonian est@attanio et al. 2004) and in the
upper Amazon, where traps were strung from brandbaasg high water levels (Nebel

et al. 2001). In the central Amazon, flood depttesfar greater and have severe impacts
on the practicalities of alternative phenology ntoning techniques (e.g. Haugaasen &
Peres 2005). We therefore developed a novel flgatap to cope with the variable
water level, and conducted residual fruit-fall sy in addition to canopy observations,

to track tree phenology and fruit productivity.

This study presents the community-wide phenolodtepas, recorded using three
methods (canopy observations, trap collections rasidual fruit-fall surveys), from
terra firmeandvarzeaforests of the Jurué floodplain in a remote pawestern
Brazilian Amazonia. Due to the immense size ofAh&azon basin, the flood regime
can vary substantially throughout the catchmenbfili 1989). For example, the
water-level near Manaus reaches its maximum in daaealls to its minimum in
November (Schongart et al. 2002), representing ¢olager than a month compared to
the Jurua. To investigate the role of the floodspuds a trigger for phenology, it seems
crucial to widen the distribution of studies acrtss full range of flood regimes
available. Moreover, of the few phenology studieailable forvarzeaforests, almost
all were conducted in close proximity to Manaush(€a3.1), with the farthest removed



study site located in the lower PurUs of centrastemn Brazilian Amazonia (Haugaasen
& Peres 2005).

Our study begins to redress this regional imbalamceour landscape-scale approach
provides an ideal opportunity to examine differenbetweerterra firmeandvarzea
forests, which typically occur side-by-side, yetatge strikingly in environmental
gradients and the corresponding life-history trafttheir plant communities. The
dramatic flood pulse is expected to drive phenaalgpatterns in flooded/érzeg
forests (Parolin et al. 2010), as prolonged watgjilog and submersion are known to
have severe effects of plant physiology (Paroli@1)0This is in marked contrast to
unflooded {erra firme) forests, where cycles of precipitation and watarcity are
likely to be more relevant. In addition to the tngiof fruiting, further adaptations in
varzeaforests are expected to include many other ptaitst(Parolin et al. 2004b),
including seed dispersal modes that take advambie flood pulse. We therefore
tested the priori hypotheses that (1) seed dispersal modes domibgtadiotic
processes, such as anemochory and hydrochory,aaeeprevalent ivarzeaforest,
compared to vertebrate gut dispersal (endozoochotgyra firmeforest; and (2) flood
water-level is the most important proximate phegmlal trigger invarzeaforests,

compared to rainfall iterra firmeforest.

3.2. Methods
3.2.1. Study area

This study was conducted in the state of AmazdBeeil, within two contiguous
sustainable use reserves encompassing nearly G9ridmely the Médio Jurua
Extractive ReserveResEx Médio Jury®53,227 ha) and the Uacari Sustainable
Development Reserv®DS Uacarj 632,949 ha) (Figure 3.1). These two reserves
border the Jurué river, a major white-water tribytaf the Solimdées (=Amazon) river,
and contain large expanses of upland unflodde@ firmeforest (80.6% of combined
reserve area) and seasonally floodédzeaforest (17.9%) closer to the main river
channel (Chapter 2: Hawes et al. 2012).

The Jurua region has a wet, tropical climate withesan annual temperature of 27.1°C
and annual rainfall, calculated from daily recooger three consecutive years (2008-
2010) at the Bauana Ecological Field Station (832, W 67°17°12"), averaging



3,679 mm". Additional rainfall data were obtained from Eigp@& meteorological

station (315 km from the study area, 2000-2010rcsUNMET), and water-level data
from the Rio Jurua at Porto Gavido, Carauari (90flam the study area, 1972-1994,
source: Petrobras S.A.). The elevation range witinéreserves is 65 — 170 m above sea
level. Terra firmesoils are typically heavily leached and nutriembpin comparison to

the eutrophic alluvial soils afarzeaforests. All forest sites surveyed represent pryma
forest, although commercially valuable timber spsalong the Jurua river have
experienced some selective logging from 1970-189pecially invarzeaforest (Scelza
2008).
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Figure 3.1.Map of the Médio Jurué region of western Brazillamazonia showing
locations of eight 1-km phenology transects (starg) two 100-ha plots (squares) in
terra firmeforest (no shading) andarzeaforest (grey shading). Black circles represent
local communities (BAU=Bauana, NUN=Nova Uni&o); gtaes represent perennial
streams; dashed lines represent the spatial extetitevarzeafloodplain according to
ALOSScanSARmagery (Hawes et al. 2012).



3.2.2. Canopy observations

We conducted monthly crown inspections for tweleasecutive months (April 2009 —
March 2010) along eight 1-km transects (April: 2 2RV/Z; May-June: 3 TF, 3VZ; 4
TF, 4 VZ thereatfter), divided equally acrdssra firmeandvarzeaforests (Figure 3.1).
All live trees (including arborescent palm»0 cm in diameter at breast height (DBH),
and all live woody lianas or hemi-epiphytel0 cm, within 5 m either side of the
transect line were measured (above buttress rdotésewequired), aluminium tagged,
and identified by a trained technician from thed@ugt Department of the Instituto
Nacional de Pesquisas da Amazoénia (INPA, Manausihwmaintains the largest
herbarium of the central-western Amazonian flora &amined a total of 1,056 live
stems (TF: 556, VZ: 500) across the combined suaves of 8 ha.

The phenophase of each stem was recorded at mantityals using a pair of 10x40
binoculars, assigning an abundance score of O0-&r(ker 1974) for each plant part:
leaves (new, mature, shedding), flowers, and {mnmature, mature). Transects in
varzeaforest were surveyed using dugout canoes durie@duatic phase. Phenophase
activity was estimated as the proportion of indinatistems (and genera) bearing a
given phenophase in each forest type. For fruil@vidity we calculated the Fruit
Availability Index (FAI), multiplying the monthlyrfiit production score of each stem
by its basal area (Develey & Peres 2000), whiahstong predictor of fruit crop size

in trees (Chapman et al. 1992). This value was seanfior all stems per transect to give
FAI ha'. For lianas, canopy area is a much more reliataldigtor of fruit crop size

than basal area. We therefore estimated the eliptanopy area for each tagged liana
and derived tree-equivalent basal area estimasésg the nonlinear relationship
between DBH and canopy area measured from 996 mapd®lected trees (DBH

10cm) occurring in the same interfluvial region o forest: R= 0.53; Appendix 3.1;
Peres 1994).

3.2.3. Trap collections

We used square traps constructed of polyester migisiPVC tubing support
(Stevenson & Vargas 2008). Each trap had a caliectiea of 0.5mM(0.71 x 0.71 m)
and were supported 1 m above the ground. To coibetiné seasonal fluctuation of

floodwaters invarzeaforest, we added buoyancy to this basic desigrgusiar empty,



water-tight 2-litre plastic bottles at each corakthe trap, to keep the polyester mesh
above water. Traps were also tied loosely witmgtto the upper branches of
surrounding vegetation to stabilize the trap positvithin a vertical column, as it rose
above its supports with the floodwater (Figure 3.2)

Terrestrial

Figure 3.2.Diagram of floating fruit/seed trap usedvarzeaforest, supported at a
height of 1m during the terrestrial phase but ftedloat with the fluctuating
floodwaters during the prolonged aquatic phase.

Fruit traps were employed for twelve consecutiventhse (May 2009 — April 2010)
within two 100-ha plots (1 TF, 1 VZ), each plot emting of a grid of 1-km transects at
200-m intervals (Figure 3.1). Traps were locatexh@lall transects at 100-m intervals,
resulting in a total of 96 traps in each plot (tat@llection area = 48 A All material

was collected from the traps twice a month (by eatharing the aquatic phase in
varzeg, dried to a constant weight, and separated byt plart into fruits and seeds,

flowers, leaves, and twigs. Each fraction was theighed separately (using an



electronic scale with a 0.01 g resolution errod ah fruits and seeds were retained for
collection and identification. Mean monthly littalf collections were estimated as Mg
ha' and trap collections were summed to provide anestinates, standardising for
any variation in number of days per collection perand the occasional omission of

individual damaged traps.

3.2.4. Residual ground surveys

We conducted monthly ground surveys for residuat-fall in three 100-ha plots (2 TF,
1VZ), as described above. Surveys were completéseen April 2008 and July 2010
(TF: total 18 months, 15 consecutive; VZ: totali@énths, 13 consecutive). All
transects were surveyed slowly over the coursewfdays (3 transects per day),
recording the presence of all patches of falleit ttetected along a 1-m wide strip of
transect (total length of transects per plot = df, total survey area per plot = 1.2 ha).
For each fruit patch encountered we recorded i#&ipa along the transect, and took a
specimen for our reference fruit collection. Inteaase we also located the source
fruiting stem, and measured its DBH and perpendradistance from the transect.
During the aquatic phase warzeaforest, floating fruits/seeds were also recordbed,
unless their source crowns could be located overltease were assumed to have been

water-dispersed and thereby excluded from the aealy

3.2.5. Tree and fruit identification

Number-tagged phenology trees were identified bgiaed technician from the Botany
Department of the Instituto Nacional de Pesquisa8mazoénia (INPA, Manaus),
which maintains the largest herbarium of centrastern Amazonian flora. Additional
identification of trees and fruits was aided by YRopsmalen (1985), Gentry (1993),
Ribeiro et al. (1999), Cornejo & Janovec (2010) &ittmann et al. (2010a), which
were also used to assign each genus recorded &pghepriate seed dispersal mode:
anemochory, hydrochory, barochory/boleochory, sgohory or endozoochory. All
specimens of fruits and/or seeds were depositdtedtierbarium of the Instituto

Federal de Educacéao, Ciéncia e Tecnologia do Anzz(RAM, Manaus).



3.2.6. Data analyses

Phenophase activity was calculated for each oftttee methods employed: canopy
observations were quantified as the percentagieofssor genera observed in a given
phenophase (which was further partitioned by ségukedsal mode for unripe and ripe
fruit), and as the FAI index of fruit productiontap collections were used to derive the
monthly mean dry weight (Mg Haacross all traps or the overall mean per trapsscr
all months. Finally, fruit/seed collections fronognd surveys were used to estimate the
basal area of fruiting stems {ime"). Seasonal variation in phenological and
climatic/abiotic patterns are presented in radat, in addition to traditional linear
plots, using circular methods with the angular espntation of annual cycles as 0-360°
(Morellato et al. 2000). We used Spearman’s ramketations to test the temporal
correlation between plant phenology and climatewsatér-level, and between different
estimates of fruit production and different plaatts. All analyses were conducted in R

(R Development Core Team 2010).

3.3. Results
3.3.1. Climate and water-level

The Médio Jurua region experiences a marked selaganion in rainfall, temperature,
humidity, and flood waters (Figure 3.3). Althought land humid throughout the year,
the hottest months are August-November, and huynpdiaks in January-April. The
precipitation pattern (rainy season: November-Aghy season: May-October) is
asynchronous with the flood pulse generated bydniation in river water-level, so
that the flood pulse lags approximately 6 weeksrzkehainfall (aquatic phase: January-

June, terrestrial phase: July-December) (Figurg 3.3
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Figure 3.3.Seasonal variation in climate and river water-lewéthe Médio Jurua
region of western Brazilian Amazonia. Mean monthbords for (a) temperature, (b)
humidity, and (c) rainfall from the Eirunepé metelogical station (2000-2010, source:
INMET); mean daily records for (d) water-level bétJurua river at Porto Gaviao,
Carauari (1972-1994, source: Petrobras S.A.).

3.3.2. Canopy observations

The 1,056 stems (874 trees, 182 lianas) monitoueithgl canopy observations
comprised 120 genera belonging to 45 families (@&L2). On the basis of this sample,
the Fabaceae, Lecythidaceae, and Sapotaceae warm$h abundant families in both
terra firmeandvarzea The Chrysobalanaceae and Moraceae were particalaundant
in terra firmerelative tovarzea whereas the Annonaceae and Malvaceae had

comparatively higher abundanceviérzea



Table 3.2.Taxonomic composition of woody stems (trees amadipincluded in the
phenological monitoring using canopy observationteira firmeandvarzeaforest.

Terra firme Varze: Total
Family No. genera No. stems No. generaNo. stems No. generaNo. stems
Anacardiaceae 2 3 2 3
Annonaceae 4 6 4 23 5 29
Apocynaceae 5 11 2 9 6 20
Bignoniaceae 1 2 1 1 2 3
Boraginaceae 1 2 1 2
Burseraceae 1 13 1 13
Capparaceae 1 1 1 1
Caryocaraceae 1 4 1 1 1 5
Celastraceae 1 7 1 2 1 9
Chrysobalanaceae 3 B1 1 10 3 71
Clusiaceae 5 31 3 22 7 53
Combretaceae 1 7 1 45 1 12
Convolvulaceae 1 5 1 5
Dichapetalaceae 1 1 1 1
Dilleniaceae 2 4 2 4
Ebenaceae 1 1 1 1
Elaeocarpaceae 1 8 1 4 1 12
Euphorbiaceae 5 12 4 44 7 26
Fabaceae 20 72 16 114 25 186
Goupiaceae 1 7 1 7
Humiriaceae 2 6 2 6
Icacinaceae 1 2 1 2
Lauraceae 5 17 2 12 5 29
Lecythidaceae 4 60 4 48 6 108
Malpighiaceae 1 2 2 6 2 8
Malvaceae 5 11 7 28 9 39
Marcgraviaceae 1 1 1 1
Melastomataceae 1 1 1 1
Meliaceae 3 10 3 10
Menispermaceae 1 5 1 1 1 6
Moraceae 6 50 4 27 6 77
Myristicaceae 2 35 2 30 2 65
Myrtaceae 1 2 2 8 2 10
Nyctaginaceae 1 1 1 1
Olacaceae 1 1 1 1
Piperaceae 1 1 1 1
Polygalaceae 1 1
Rubiaceae 1 1 1 1 2 2
Salicaceae 1 3 1 3
Sapotaceae 5 85 4 58 5 114
Simaroubaceae 1 1 1 1
Urticaceae 2 26 2 38 2 64
Verbenaceae 1 1 1 1
Violaceae i 2 7 2 8
Vochysiaceae 3 5 3 5
Unidentified 12 17 29
Total 102 556 74 500 120 1056

% Includes one or more individuals not identifiedhe level of genus.
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Figure 3.4.Percentage of stems for each phenophase record@tgduonthly canopy
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Bothterra firmeandvarzeaforests were typically evergreen, with leaf faitideaf
flush recorded at low levels continuously throughtbie year but with peaks in March-
April. Deciduous species occurred in both forepes; although peaks in leaflessness



occurred towards the end of the aquatic phase YJurnérzeaforest and at the end of
the dry season (September}anra firme(Figure 3.4). Flowering reached maximum
levels shortly after peaks in leaflessness andflesth in both forest types, with a
varzeapeak in July-September andeara firme peak in October-November. Flowering
in varzea however, was prolonged until December, with sgbeat fruit production

and maturation appearing much more synchronouseegetthe two forest types than for
other phenophases (Figure 3.4). Production of immredtuits peaked in November-

January, whereas that of mature fruits peaked ircMapril.

3.3.3. Trap collections

Mean total fine litterfall irvarzeaforest was not significantly different from that i

terra firme(Table 3.3). Although leaf fall was significanttwer, the amount of small
branches, bark and trash was higher. The propooficotal fine litterfall comprising
leaves was 80.4% and 74.7%énra firmeandvarzeaforest, respectively, with

litterfall fractions consisting of fertile materialaking the smallest contributions (Table
3.3, Appendix 3.2).

Leaf fall collections appeared to peak during theédie of the aquatic phase (March-
May) in varzeaforest, compared to a major peak during the dagse (August) in
terra firme Peak flower fall invarzeaforest was recorded in June with peaktésra
firme forest in September-November. Peak fruit fall weaorded in January for both

varzeaandterra firmeforest (Figure 3.5).

Table 3.3.Annual fine litterfall fractions (Mean + SD, Mg Hayr') sampled by 96
traps in each forest type from April 2009 to Mag&il0. P-values are represented by
* P <0.05, ** P <0.005, ** P < 0.001.

Terra firme Varzea t P
Leaves 8.27 £ 0.96 743 £1.04 -5.76 <0.001 ***
Small branches, bark and trash 1.69 +£0.39 2.36%0 10.16 <0.001 ***
Flowers 0.15+0.24 0.05 £ 0.07 -4.09 <0.001 ***
Fruits 0.18 £ 0.20 0.12+0.24 -1.94 0.054

Total 10.29+1.18 9.95+1.33 -1.84 0.068
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Figure 3.5.Mean monthly values for (a) total fine litterfaM¢ ha), recorded from bi-
monthly collections of 96 traps in bd#rra firme(open circles, dashed line) andrzea
forest (solid circles, solid line), and for individl vegetative and reproductive fractions:

(b) leaves, (c) fine woody litter (small branchieark, trash) , (d) flowers, and (e) fruits.
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Figure 3.6. Fruit production estimates iterra firme(open circles, dashed line) and
varzeaforest (solid circles, solid line) using three qdementary sampling methods:
canopy observations of (a) unripe and (b) ripetfr(g) trap collections of the fruit
fraction in litterfall, and (d) ground surveys a#sidual fruit patches (stem basal area:
n’ ha'). Seasonal variation in (e) rainfall: black poimspresent total monthly values
from daily records at the Bauana field station;tédtline represents records from the
Eirunepé meteorological station (source: INMET)ddf) water-level: black points
represent daily measurements at the Bauana fiakibst, grey fill represents records
obtained at Porto Gavido, Carauari (source: Petrabr S.A.).



3.3.4. Ground surveys

Surveys for residual fruit-fall showed the consat#e inter-annual variation but do
suggest a unimodal patterntarra firmeforest and a peak associated with maximum
rainfall. Temporal fruit availability irvarzea in contrast, appear to be more complex
with the largest peaks during the aquatic phasesrnaller secondary peaks during the

terrestrial phase (Figure 3.6).

3.3.5. Seasonality of seed dispersal modes

While the overall pattern in fruit production appegsimilar in botherra firmeand
varzeaforest, there were noticeable differences whersicening different seed
dispersal modes (Figure 3.7). There was a largerbeu of plant genera exhibiting
abiotic dispersal modes (wind, water and ballisticjarzeaforest than irterra firme
which was dominated by animal-dispersed plants.fitheéng peak interra firmeforest
was initiated during the mid-rainy season exclugiby animal-dispersed plants, with
wind-dispersed and ballistic genera bearing fmaitrf the onset of the dry season. In
varzeaforest, wind-dispersed genera bore fruits mosjueatly during the terrestrial
phase between May and September, whereas waterskspgenera were restricted to
the aquatic phase. Finally, a secondary fruitinakpduring the terrestrial phase in

varzeawas dominated by endozoochorous plants (Figuie 3.7

3.3.6. Phenological and environmental correlates

Correlations were detected between different gdwehophases and between different
phenology monitoring methods. Temporal correlatiese also present between plant
phenology and climate variables, as well as wateell Correlations with rainfall and
flood water-level are shown in full across lag pds of up to 12 months (Appendix
3.3). A summary of peak correlations demonstrdtedikely role of water-level as a

trigger invarzeaforest, as opposed to rainfallterra firme(Table 3.4).
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Table 3.4.Summary of peak correlation coefficients (r) withifag of four months
between sequential plant phenophases (listed iardiogical order) recorded from
canopy observations terra firmeandvarzeaforests, and rainfall and water-level. P-
values are represented by * P < 0.05, ** P < 0.00%, P < 0.001, followed by the
respective lag period in months.

Terra firme Varzea
Phenophase Rainfall Waterlevel Rainfall Waterlevel
Leaf fall -0.608 * 0 0.741 * 3 0902 *** 4 0916 *** 2
Leaf flush -0.657 * 1 0643 * 3 0874 = 4 0.783 ** 3
Leafless -0.692 * 3 -0.756 ** 0 -0.783 ** 0 0861 *** 3
Flowers -0.886 *** 4 -0.907 *** 1 -0.804 ** 3 -0.895 *** 0
Unripe fruit  -0.683 * 4 -0967 ** 3 0888 * (0 -0.951 ** 3
Ripe fruit 0.873 *** 4  (0.838 ** 1 0581 * 1 0.687 * 2

3.4. Discussion

This study provides a multi-faceted examinatiothef differences in plant phenology
patterns between seasonally flooded and unfloooiestf along the Rio Jurua, a major,
yet poorly known, white-water tributary of the Anmez Our use of three
complementary methods, including a novel floatirag tdesigned to cope with the
fluctuating flood levels ivarzeaforest, enabled us to quantify litterfall and frui
production throughout the year. This year-round momity-wide assessment represents
one of the most extensive efforts conductedarzeaforest, making a substantial
contribution to understanding phenological pattemd processes within this forest
type. Our study reports several important obsemnati(1) invarzeaforests, abiotic

seed dispersal modes are more prevalent thaerra firmeforest, where trees and
lianas are primarily dispersed by animal seed-dsgderectors; (2) both vegetative and
reproductive phenological cycles show strong sealggnn both forest types, and these
appear to be primarily triggered by flood watersdnzeaand rainfall interra firme

and (3) different sampling techniques, includireptfing litter traps in varzea as
successfully used in this study, provide complemgninformation on plant phenology

to account for systematic biases of each technigisolation.



3.4.1. Vegetative phenology

Phenological studies often focus on flowers anddralthough leaf production and
abscission, which affects the overall photosynthetachinery, is potentially a key
stage in the timing of other phenophases. Finerfil is strongly seasonal in
Amazonian floodplains (Chave et al. 2009) but trepprtions of individual fractions

are not always reported, since this is typicallydstd as a measure of primary
productivity. In thevarzeaforests of the Médio Jurud, leaves comprised 74bbtal

fine litterfall, in close agreement with records é&ntral Amazonia (Schoéngart et al.
2010) but higher than in Peruviaarzeaforests (Nebel et al. 2001a). Absolute values
for total fine litterfall in our study were sliggthigher than the regional average and, in
contrast to regional analyses (Chave et al. 2009)¥ound no evidence for significant

differences in total fine litterfall between floatland unflooded forests.

Leaf fall, recorded as a fraction of fine littetfal traps, showed a peak during the
aquatic phase imarzea(February-May), but during the dry season (Augirmsterra
firme. Canopy observations failed to clearly detect plaigern but captured
corresponding patterns in leaf flush and leaflessnBoth methods support evidence
from previous studies (Ayres 1986, Worbes 1997 g8ghrt et al. 2002, Haugaasen &
Peres 2005, Schongart et al. 2010) that leafrfalarzeais related to cambial dormancy
induced by the onset of the aquatic phase, witllelesness peaking around the
maximum flood pulse. In contrast, leaflessnedeiira firmepeaks during the height of
the dry season and is inversely correlated withfadli although we failed to find
evidence for differing degrees of deciduousnessédet forest types (but see Parolin
2001, Haugaasen & Peres 2005).

3.4.2. Reproductive phenology

The timing of flowering in the Jurua, using recofdsn both canopy observations and
litter-traps, again concurs with previous findirtgat peak levels imarzeaforest occurs
towards the end of the aquatic phase, but can éxt¢n the terrestrial phase once
floodwaters recede (Ayres 1986, Schongart et &l22Blaugaasen & Peres 2005).
However, while Haugaasen & Peres (2005) reportifierdnce between peak flowering
in terra firmeandvarzea we find flowering interra firmeto peak later than inarzea

and going beyond the dry season into the onséteofainy season. These patterns are



clearer for canopy observations than for trap ctitbes, where records of flowering
events fovarzeawere notably sparser than thosettara firme From canopy
observations it is also noteworthy that communitgenlowering extends for a period

of almost six months, indicating a wide range ddtstgies for individual species.

Fruiting in humid tropical forests typically occutaring the early to mid rainy season
(Zhang &Wang 1995, van Schaik et al. 1993). Oua diamterra firmeforest were
consistent with this pattern, especially considgtimap collections which showed a
January peak in fruit-fall (mid-rainy season). Gayobservations showed a peak in
immature fruits in the preceding month, as woulakeected, but the apparent peak for
mature fruit was as late as April. However, obseows of ripe fruit may be less
accurate since they become effectively detectalsla much shorter period of time than
unripe fruit (Ayres 1986). In practice, ripe frmi¢j events are so ephemeral that they can
be more easily missed by monthly surveys; immdiuies often succumb to the

reverse bias whereby individual fruits may be répdlst scored within the same plant in
consecutive months. Traps, by providing a contisuageord of fruit-fall between
canopy observations, may therefore be considered mnabable in this sense, despite
other drawbacks of this method including a biasreaare plant species or plants

producing few large fruits or seeds (Milton et2005).

At first glance, patterns in fruit availability weeapparently similar inarzeaandterra
firme, despite preceding differences in the phenolodgafes and flowers. Likewise,
fruiting peaks at Lago Uauacgu were observed in Béaz-March (early-mid rainy
season) and January (start of the aquatic phaselranfirmeandvarzeaforest,
respectively (Haugaasen & Peres 2005). Howevec)aser inspection, this pattern
seems more complex w@rzeaforest than merely a lag behitetra firme While our
trap collections indicate a peak in December-Jan(early-rainy season) asterra
firme, the amplitude is much lower and a much more proned peak occurs during
maximum flood levels in April-May. This is suppaitby ground surveys for residual
fruit fall, which suggest a bimodal distributionfimit production invarzeaforest in
contrast to a unimodal patterntarra firme This is similar to thearzeaforest at Lago
Teiu, Mamiraua (Ayres 1986), where a first fruibgdollows the peak rainfall but
precedes peak water levels, and a secondary pee&das the start of the rainy season,

coinciding with the submergence of low-lyingrzea(chavascdl. In this study the



secondary peak occurred during the terrestrialg@f@sset of the rainy season), and was
notably comprised of fleshy fruits suchBysonimaspp. andManilkara spp.

3.4.3. Fruiting seasonality and seed dispersal mosle

Animal-dispersed plants bearing fleshy fruits aedl wepresented in Amazonian forests,
and tropical humid forests in general (Fleming &&s 2011). Abiotically dispersed
plants, including wind (anemochory) and gravityl@aezhory) dispersal, are more
common in dry forests (Griz & Machado 2001), anel expected to fruit during the
driest and windiest period of the year within hudacests (van Schaik et al. 1993).
Desiccation is also an essential requirement tot fnaturation in many plants
exhibiting explosive seed-dispersal strategiesh siscrubber treegieveaspp.), in
contrast with the humid conditions that may be neglfor the maturation of fleshy
fruits (Lieberman 1982). Our results frderra firmeare consistent with these
expectations, in terms of the high proportion @inpltaxa during the early wet season
bearing fleshy fruits consumed by vertebrate frage¢ and, conversely, the dry-season

maturation of fruits and seeds dispersed by abagents.

In seasonally-inundated forests suclva@azea which are intensively regulated by the
abiotic influence of the flood pulse, a higher pdn of plants bearing seeds
dispersed by abiotic agents are expected and wateaysticular, is expected to be the
principal dispersal vector (Kubitzki & Ziburski 199 Bouyancy, however, represents
just one of a range of strategies employed by platith fruits or seeds falling during
flood conditions (Ferreira et al. 2010). Othergmatively sink, remaining dormant on
the forest floor until the water-levels recede (K & Ziburski 1994) where they
provide a resource for returning terrestrial friagas. During the aquatic phase
moreover, many zoochorous fruits are consumed atehpally dispersed by fish,
rather than mammals or birds (Goulding 1980, Kibig& Ziburski 1994, Correa et al.
2007, Horn et al. 2011). Thus, while we documeiatedrprisingly low proportion of
hydrochorous plant genera, seed dispersal in dgdards classified as anemochorous

or zoochorous may in fact be additionally assistgthe floodwaters.

The greater prevalence of anemochorous trees amasliwithinvarzeaforest is also
likely related to the lower stature and less cardirs nature of the canopy, as well as

the history of plant colonisation of the floodplaifntom adjacenterra firmeforest



communities (Wittmann et al. 2010b). While it issurprising not to find any
hydrochorous plants bearing mature fruits duriregtérestrial phase, it is interesting to
note that fruiting in anemochoroudrzeaforest plants appears more tightly aligned to

the dry seasoper sethan to the terrestrial phase.

3.4.4. Phenological triggers

Phenological triggers are best determined fromeamination of long-term datasets,
which allow the identification of patterns in retat to anomalies in climatic variables

or other environmental gradients. The importancenoiti-year studies is highlighted by
the supra-annual reproductive cycles in many spdtlewstrom et al. 1994, Haugaasen
& Peres 2005) and the wide inter-annual variatioolimatic conditions resulting in
substantial oscillations in flood pulses. In theeaice of multi-year data from all our
datasets, other than residual fruit-fall, we arahla to examine the occurrence of supra-
annual patterns. Further caution in defining tharenmental triggers of plant
phenology is necessary due to the difference betywesximate triggers (environmental
events correlated with phenology) and the ultiniatéors actually driving evolutionary

scale selection pressures (Hamann 2004).

Although seasonality in wind velocity has been ggised as an important factor in
South-East Asian forests frequented by typhoonsn@han 2004), varying levels of
precipitation have more often been considered th&t significant environmental
trigger for plant phenology in the tropics (van &i&ret al. 1993). The key proximate
cue is usually assumed to be the period of watesstalthough evidence has not
always supported this hypothesis (Wright & Cornky®0). Dry conditions were found
to be important in East African riverine forestsr{iaird 1992), but in relation to river
level as opposed to rainfall. The role of watereldvas also received attention within
Amazonian flooded forests where, paradoxically,greatest degree of water stress is a
result of anoxia from the extended period of wabgging and deep submersion
(Parolin 2009).

The significant correlations of plant phenophasgk vainfall and flood water-level in
both forest types in our study show the high degfesasonality and the auto-
correlation between environmental variables. Byngiréng the lag between

phenophases and their environmental correlatesspassible to determine the relevance



of these correlations. berra firmeforest, the chronological sequence of phenophases
consistent only for correlations with rainfall (Talsl) and any correlations with
floodwaters in adjacemarzeaforests should be considered coincidental, as avbell
expected. In contrast the most significant tempeooalelations with rainfall ivarzea
forest bear little relation to the chronologicadjgence of plant phenophases, in contrast

to those for water-level.

3.5. Conclusions

Both seasonally-flooded and unflooded forests efMgdio Jurua region of western
Brazilian Amazonia exhibit strong seasonal pattemdant phenology that can be
clearly linked to climatic variables. Warzeaforest, the extreme annual flood cycle,
with waterlogging and submersion in a water colwhap to 10-15 m for as long as
half of the year, results in perhaps the most seddow-latitude environments
anywhere. Our study provides a useful comparistwésn adjacent flooded and
unflooded forests, and tentatively supports theoktygsis for the primary role of the
flood pulse as a primary trigger for plant phenglagvarzeaforests. Other
environmental variables, however, may potentiatigtabute as proximate triggers
(Parolin et al. 2010) and, given the wide varidtplant strategies, different triggers
may be relevant for different species in btaira firmeandvarzeaforests (Wright &
Cornejo 1990, Parolin et al. 2010). This is showrthe variation in phenological
schedules between plants with different seed dsspheyndromes, where fruiting events
in wind-dispersed specieswarzeaforest appears more closely related to the dryaea

than to the flood pulse.

Within any single study, however, it is likely temain difficult to disentangle the
relationship between phenology and various envimai variables. Clarification of
the relative roles of environmental triggers in pienology of flooded forests would be
aided, not just by a multi-year studies, but bystematic effort to increase the spatial
distribution of phenology studies. Rainfall paterary greatly across the Amazon
basin and to a large degree this is independdiiediood regime. By monitoring plant
phenology in flooded forests with contrasting lagipds between peaks in rainfall and
flood pulses, a more robust assessment of thaitivelroles may be possibMarzea
forests remain vastly understudied, in terms ohlsatimpling effort and the distribution



of study sites across Amazonia, partly as a regutie practical difficulties associated
with fieldwork in such a dramatically unstable hHabiWhile recent advances have been
made in digital and remote phenology monitoringnfiee et al. 2011, Zhao et al. 2012),
there remains no replacement for field surveys. dgcessful use of three
complementary field methods to monitor plant phegwlillustrates the possibilities for
long-term studies inarzeaand other flooded forests.
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Chapter 4

Fruit-frugivore interactions

in Amazonian seasonally flooded and unflooded forests

L
>aey.

/———\\
~
N
\
\
\6
\

\
\

~

— — —

-

/
/
‘!/!;
_ -

To be submitted to Oecologia as:

Hawes, J.E., & Peres, C.RAruit-frugivore interactions in Amazonian seasonally

flooded and unflooded forests.




Abstract

Construction of empirical fruit-frugivore networks an entire frugivore assemblage at
a tropical forest site has proved challenging tie d@f the few ecological studies that
have successfully examined a broad coterie of ¢stieg frugivores, there is a
conspicuous absence of research in lowland Amaztirearopical region hosting the
highest diversity of frugivorous vertebrates anelwhdest spectrum of morphological
fruit types worldwide. We assessed the fruit resesirthe frugivore assemblages, and
corresponding fruit-frugivore networks of two cadting forest types along the Rio
Jurué region of western Brazilian Amazonia: seaépflaoded varzea(VZ) and the
adjacent unfloodeterra firmeforest (TF). Monthly surveys of fruit patches and
medium- to large-bodied vertebrate frugivores wemeducted within three 100-ha plots
(two in TF and one in VZ), supplemented by fruitbys conducted along 67 transects
of 5 km in length distributed across two contigutwest reserves (41 in TF; 26 in VZ).
Observations of feeding interactions from theseeys were further supplemented by
semi-structured interviews with experienced longratéocal residents, including hunters
and fishermen, from 16 local communities in the teserves. Interviews incorporated
local knowledge of fish frugivory, and expanded tugivore assemblages to include
primates, ungulates, rodents, terrestrial and cabogs, bony and cartilaginous fish,
and freshwater turtles. We constructed binary o@drof trophic interactions for each
forest type independently, which contained low jprtipns of all potential interactions
(TF: 25.7%; VZ: 19.4%). NMDS and ANOSIM analysiosled significant partitioning
of fruit resources among broad frugivore guildeath forest types but recursive
partitioning analysis failed to clearly match difaces in fruit selection to fruit traits.
The dramatic annual flood pulsevérzeaforests had an overriding influence on the
species turnover of fruit resources and frugivdresveen the two forest types, with

higher-order effects on network structure.



4.1. Introduction

The mutualistic interactions between frugivorougeferates and the fleshy-fruited
angiosperms, which have undergone a co-evolutiopigess over 90 Ma (Fleming &
Kress 2011), have received an ever-increasing ahafuasearch attention due to the
importance of seed dispersal (Howe & Smallwood ) 282 the maintenance of
functional integrity in degraded ecosystems (Coad& Howe 2003). Recent focus is
now moving from an organism-based approach (tylyi¢atused on either consumer or
resource species) to a more complete understanélicgnmunity networks and the
mechanistic processes driving the fabric of inteoas (Carlo & Yang 2011, Jordano et

al. 2011), as more frequently achieved for polloranetworks (Olesen et al. 2007).

The most comprehensive assessments of fruit-frugimetworks to date have often
been conducted in temperate environments (e.geket998), or focused on birds and
bird-dispersed plants (e.g. Snow 1981). Howevegifores are particularly ubiquitous
in tropical forests, where both unripe and ripetfrepresent a key resource for a wide
range of vertebrate taxa (Fleming & Kress 2011 addition to birds (Kissling et al.
2009), frugivory has evolved independently withatd(Muscarella & Fleming 2007),
carnivores (Ray & Sunquist 2001), fish (Gouldin@@9Correa et al. 2007, Horn et al.
2011), primates (Chapter 6), reptiles (Valido & €2le 2007), and ungulates (Bodmer
1990). Attempts to produce regional scale comitetiof observed trophic interactions
from fruit-frugivore studies to date have been édygestricted to a single taxon (e.g.
figs: Shanahan et al. 2001; hornbills: KitamuraR2Gdpider monkeys: Gonzéalez-
Zamora et al. 2009; tapirs: Hibert et al. 2011thview networks assembled across

multiple frugivore taxa (e.g. bats and birds: Medtaal. 2011).

Efforts to construct networks across an entireifroig assemblage at single tropical
forest sites have also proved difficult, perhapslpdue to their high diversity of both
fruiting plants and fruit consumers. Some studeghcompared the diets of a select set
of coexisting frugivores within a community (e.gaufsen et al. 2002), but few studies
have examined the degree of dietary overlap oitjoaning of available fruit resources
among all members of a large coterie of phylogea#yi independent co-occurring
frugivores (e.g. Kitamura et al. 2002, Donattile2@11, Schleuning et al. 2011).
Indeed, Gautier-Hion et al.’s (1985) study in MatokGabon — which identified

distinct fruit morphology partitioning amongst fiugres — remains one of the most



comprehensive assessments of the trophic intersctuthin a broad guild of tropical

forest frugivores.

Fruit morphology is frequently proposed as onehefttait complexes that determines
the consumers and potential seed-dispersal agepéstaular plants. A suite of plant
traits, including fruit size, mode of presentatioalour and nutritional content, are
suggested to collectively create a ‘dispersal sym#’' that matches a functional group
of fruit consumers (Janson 1983, Jordano 1995dearijl 1969). However, whether
or not dispersal syndromes actually operate irrgheworld remains a contentious
hypothesis (Fischer & Chapman 1993, Lomascolo &8tdr 2010) and the role of
frugivores in the evolution of fruit traits thusmains obscure. In contrast to plant-
animal pollination networks, fruit-frugivore intertgons tend to be diffuse and
characterised by a low degree of specialisatiorgrely individual fruiting species may

be attended by a large number of generalist frugsv¢Bascompte & Jordano 2007).

Elucidating the variation in fruit trait selectiamd degree of dietary overlap in co-
existing consumers is critical to understand frogavresilience to disturbance. For
example, large frugivores are more at risk fronectle hunting, which could threaten
the status of large-fruited or large-seeded pl@Mseelwright 1985, Peres & van
Roosmalen 2002) unless alternative frugivores ¢fctevely provide substitutional
roles as dispersal agents. Several tropical fetesies have examined differences in
the selection of fruit traits within a single frugre assemblage (Kitamura et al. 2002,
Bollen et al. 2004, Voigt et al. 2004, Flérchingeéml. 2010). Surprisingly, however,
few studies have been attempted in lowland Amazrnk & Stevenson 2004), even
though this region holds both the highest diversitierrestrial and aquatic frugivorous
vertebrates (Fleming et al. 1987) and the widesttspm of morphological fruit types
(van Roosmalen 1985, Gentry 1996) anywhere in thédw

The dearth of community-wide Amazonian fruit-frugre studies is compounded by
the marked differences between Amazonian foregtstgharing the same regional scale
biota. One of the clearest such cases is the digtmbetween unfloodedefra firme

and seasonally-floodeddrzeg forestsVarzeaforests, occupying the white-water
floodplains of the Amazon (=Solimdes) river andtitsutaries (Prance 1979), account
for >200,000 krfi of Brazilian Amazonia alone (Junk 1997) and cainbedated for up
to 210 days per year, rising to a depth of 10-1Bardlin et al. 2004). Such extreme

environmental conditions results in substantidkdénces betweaerra firmeand



varzeaforests in terms of plant composition, forest st (Chapter 2: Hawes et al.
2012), plant phenology and fruit production (Chagfe The resident frugivore
assemblage imarzeaforests is also strongly affected by the seasdoatifpulse
(Haugaasen & Peres 2005, 2008), which physicaltjuebes terrestrial vertebrates
during the aquatic phase, but remains accessildebtwreal and scansorial mammals
and canopy birds and bats. This frugivore assemsblagwever, is further boosted by
the highly predictable seasonal incursion of fregows fish, including characids and
catfish, which abandon the river channel and oxtakes with the rising flood waters
to take advantage of canopy resources, includiadssdruit pulp and arthropods
(Goulding 1980).

Our study landscape, in the Rio Jurué region otevedBrazilian Amazonia, provides
the ideal opportunity to examine differences betwteera firme (TF) andvarzea(VZ2)
forests, which diverge markedly in environmentadients and plant life-history traits,
and yet typically co-occur side-by-side. We aimedampare the plant diet of
terrestrial, arboreal and aquatic frugivorous \mdees in botherra firmeandvarzea
forest, and examine the relative contribution aftftraits, including fruit morphology
and colour, to their diet selection in terms oftfresources. To our knowledge, this
represents the first systematic attempt to docutientomplete tropical fruit-frugivore
networks of two adjacent, yet radically differefatiest types. We do not attempt to
infer the demographic consequences of fruit-fruggvateractions to the fate of seeds,
and thereby define frugivorgénsu lathas simply feeding on fruit parts, including
immature/mature seeds consumed by granivores peadrtiit pulp consumed by

frugivores 6ensu stricth

4.2. Methods
4.2.1. Study area

This study was conducted within two contiguous ainsible-use forest reserves in the
State of Amazonas, Brazil, namely the Médio Jurxidgdetive ReserveResEx Médio
Jurud 253,227 ha) and the Uacari Sustainable DevelopReserve RDS Uacar;
632,949 ha) (Figure 4.1). These reserves bordefuhe river, a major white-water

tributary of the Solimbes (=Amazon) river, and @ntarge expanses of upland



unfloodedterra firmeforest (80.6% of combined reserve area) and, closthe river
channel, seasonally-floodedrzeaforest (17.9%) (Chapter2: Hawes et al. 2012).

The Jurua region has a wet, tropical climate withesan annual temperature of 27.1°C
and annual rainfall, calculated from daily recoodser three consecutive years (2008 -
2010) at the Bauana Ecological Field Station (532, W 67°17°12"), averaging
3,679 mm. The elevation range within the resersdébi- 170 m above sea leveérra
firme soils are typically heavily leached and nutrieodipin comparison to the
eutrophic alluvial soils of pre-Andean originvarzeaforests. All sites surveyed
consisted of primary forest, although commerciafijuable timber species along the
Jurua river had experienced small-scale seleatiggihg from 1970 to 1995, especially
in varzeaforest (Scelza 2008).

4.2.2. Frugivore surveys

We conducted surveys for medium- to large-bodiedndil vertebrates (birds and
mammals) in three 100-ha plots (two in TF and @n¥4), each consisting of a trall
grid of twelve 1-km transects at 200-m intervalg(ife 4.1). Monthly surveys were
conducted in accordance with a standardised lar@sgect census protocol (Peres and
Cunha 2011), between 0630h and 1100h, and werentisaed whenever necessary
during rain. The 100-ha plots were surveyed dutiegfirst two weeks of every month
(April 2008 — July 2010), over the course of foansecutive days (three 1-km transects
per day, depending on weather conditions). Traeseetirzeaforest were surveyed by
dugout canoe during the aquatic phase. For allwertecs, we recorded species,
detection cue, distance along the transect, perpaad distance from the transect, and
animal group size. We also recorded any obsenatbfruit feeding behaviour,
including identification and/or collection of plambuchers of whole fruits or fruit parts.
Target species of frugivores in our surveys inctudemates, ungulates, caviomorph
rodents, squirrels, some frugivorous Carnivoragtdrial birds and larger-bodied
canopy birds. However, small-bodied frugivorougibjrincluding Cotingidae, Pipridae

and Tyranidae, were excluded from our surveys.
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Figure 4.1.Map of the Médio Jurué region of western Brazillamazonia showing
locations of 67 transects of 5 km in length (lin@sdl three 100-ha plots (squares) in
terra firme(no shading) andarzeaforest (grey shading). Local communities withia th
two forest reserves are indicated by solid cirglebere interviews were conducted)
and open circles (where interviews were not corehlictSolid black and grey lines
represent reserve boundaries and perennial streagspectively; dashed lines
represent the total extent of thérzeafloodplainin this region as measured by ALOS
ScanSARmages © JAXA/METI 2009 (Hawes et al. 2012).

4.2.3. Fruit surveys

We conducted monthly ground surveys of residuat-fedl in three 100-ha plots (two
TF, one VZ), as described above. Surveys were atgpconcurrently with frugivore
surveys, recording the presence of all patcheall&f fruit occurring within a 1-m wide
strip along the transect (total transect lengttl2krh per plot, total survey area = 1.2 ha
per plot). For each fruit patch encountered we naa its location along the transect,
and collected a fresh specimen for our referengedollection. In each case we also
located the fruiting stem bearing fruits, includingth trees and high-climbing woody

lianas, and measured its DBH and perpendiculaamiist from the transect. Similar



ground surveys were also conducted on an intemmitt@nthly basis by 22 trained
local field assistants who walked a network of @hsects of 5 km in length (41 TF, 26

VZ; Figure 4.1) which were widely distributed acsdbe two study reserves.

4.2 .4. Fruit identification and traits

Further voucher collections were made of fallent firom tagged trees monitored for
phenology records (see Chapter 3), which were iiilehin situ by a trained technician
from the Botany Department of the Instituto NaciahaPesquisas da Amazonia (INPA,
Manaus). All fruit and seed specimens were alsotified at INPA before being
deposited at the EAFM Herbarium of the Institutdém®l de Educacao, Ciéncia e
Tecnologia do Amazonas (IFAM, Manaus). Additiorggntification of trees and fruits
was aided by the following sources: van Roosmdl®8%), Gentry (1996), Ribeiro et al.
(1999), Cornejo & Janovec (2010), and Wittmann .&2810). Fruits and seeds were
weighed using a 0.01g electronic scale and thegtle width and depth were measured
using callipers (10 fruits/seeds per sample whessiple). Fruit type, colour,
dehiscence and number of seeds were also recdrdettype was reduced from an
initial formal botanical classification includindg Inorphological categories (e.g. Spjut
1994) to only four functional groups (van der RpI82, Fleming & Kress 2011): i)
berries and berry-like fruit, ii) drupes, iii) papand iv) dry fruits. Fruit colour was also
reduced following an initial classification, fron® 1o only five categories: green, brown,
yellow, red and purple/black. The number of seettdoit was assigned into four
classes as single-seeded, several (2-5), nume&sedls) @nd many seeds (>15).

4.2.5. Fruit-frugivore interactions

In addition to feeding observations made duringcgrse of frugivores surveys within
the 100-ha plots and along the 5-km transectsnalade all feeding observations
recorded opportunistically by JEH during the cowkether field activities over an 18-
month period. To supplement these records withl krmawledge of fruit-frugivore
interactions, we conducted eighteen semi-structuntedviews in sixteen local
communities located within the two study resenk@gure 4.1), during July-August
2011. Interviewees were selected non-randomly @h eammunity to target the most

knowledgeable informants, typically experiencedthts) fishermen, and older women



who had examined stomach contents of hundredséndssof fish. Colour photographs
of fruits with known identity from our referencellsztion were shown to two or three
interviewees simultaneously who were invited totleir respective vertebrate
consumers whenever those were known. Colour phapbgrof frugivorous mammal,
bird and fish species were available as a promali icases. Local informants
interviewed were free to contribute jointly, andwoeds were made for the combined
group. A total of 188 photographs of fruit speajesiera were shown (103 fraerra
firme and 79 fromvarzeaforest), including six additional photographs ohmative
(exotic) fruit to check for any tendency to reptyge 1l errors (i.e. false feeding
interactions), with interviews typically lasting @@in. Finally, an unstructured portion
of the interview invited informants to list all kwa food sources for resident fish

species.

4.2.6. Data analyses

Data from monthly frugivore surveys were pooledasrthe twderra firme plots and
converted into number of sightings per 10 km walleedompare between forest types.
Sightings of closely related species were typicptipled at the genus level, including
for Cebusspp.,Mazamaspp., andsaguinusspp., although ambiguous identifications
also necessitated the pooling of observations agesera for parrots, pigeons, and

tinamous.

Fruit-frugivore interactions recorded from all medls (direct observations from 100-ha
plots and transects, and local knowledge) were aoeakto create a single binary
matrix of frugivore consumers and fruit resourceith a value of 1 representing the
confirmed presence of a positive interaction amé@esenting an undocumented
interaction. We examined the number of positiverattions recorded per fruit resource
and per frugivore consumer as an indication of camitg-wide richness of interactions
or degreegensulordano et al. 2003); more sophisticated analykes
specialisation/generalisation would require a séatided metric of interaction
frequencies across the different methods (Blithegead. 2006) which is unavailable in
this study. Independent networks were generateddon forest type using Pajek 2.05
(Batagelj & Mrvar 1998), and presented as bipagrggphs, excluding consumers with
fewer than 10 trophic resources identified in biotlest types. Non-metric



multidimensional scaling (NMDS) ordinations, basedthe Bray-Curtis similarity
index, were produced from the same binary matrimed,we used ANOSIM to further

explore the differences in dietary composition kew functional groups of frugivores.

All plant species and genera were assigned meaev&br fruit and seed mass, length,
width and depth, with field measurements of attlé@druits/seeds supplemented by
values from the literature where necessary (varsRaten 1985, Cornejo & Janovec
2010, Wittmann et al. 2010a). This approach is @ppate as both fruit type (Casper et
al. 1992) and seed size (Kelly 1995, ter Steegeagniiond 2001) tend to be
morphologically conservative and consistently umfavithin Amazonian tree and
woody liana genera, so that most of the variatiothese traits occurs between genera.
As a result of strong correlations between morphameariables, we used only fruit
and seed mass in the following analyses, predictiisging values where necessary

from fruit and seed width and length measuremesas Appendix 4.1).

In addition to the continuous variables fruit aeeéd mass, we used fruit type, fruit
colour, a ranked classification of number of sesgisategorical variables, and whether
or not fruits were dehiscent (as a binary variatdegxamine the role of fruit traits on
the relative partitioning of fruit genera acrodsahctional groups of frugivores. We
used a classification and regression tree (CARPjaaxh (Breiman et al. 1984, Loh
2011) that successfully incorporates the combinatiocontinuous, categorical and
binary variables, which is not conducive to ordioattechniques. All analyses were
conducted in R (R Development Core Team 2010): NMD& ANOSIM used the
‘vegan’ package (Oskanen et al. 2011); CART anslysed the ‘rpart’ package
(Therneau & Atkinson 2012).



4.3. Results
4.3.1 Frugivores

Total survey effort of the 100-ha plots was 552ikrterra firme (Plot 1 = 24 months:
11 wet season, 13 dry; Plot 2 = 22 months: 7 was@® 15 dry) and 312 km vérzea
forest (26 months: 13 aquatic phase, 13 terreptilg detected 36 functional groups of
medium to large-bodied non-aquatic frugivorouseferates, typically equivalent to
genus level classification, including 9 primatesingulates, 5 rodents, 2 carnivores, 9
canopy birds, 6 terrestrial birds and 1 reptilelf€at.1). These surveys failed to detect
the Wattled CurrasowCrax globulosaor the nocturnal primates (night monkéwtus
nigricepy, and two arboreal procyonids (kinkajdRgtos flavusand olingo,Bassaricyon
gabbii), although their presence was confirmed in the iMédruéa region outside of
surveys. The complete list of the medium-large bddrugivore assemblage of the
Médio Jurud region also includes aquatic frugivaegsesented by 12 bony fish, 6
cartilaginous fish, and 3 freshwater turtles (Apgigri.2). We do not report on the

interactions of frugivorous bats.

There are clear differences between the frugivesemblages iterra firmeandvarzea
forests (Figure 4.2). Primates such as woolly mgalleagothriy), saki monkeys
(Pithecig and tamarinsaguinusspp.) were absent frowérzeaforest. Uacaris
(Cacajag and spider monkey#\eleg are known to occur imarzeaforest but, apart
from a solitary spider monkey sighting, were patththeir distribution across the
Médio Jurué region and absent from warzeastudy plot. In contrast, howler monkeys
(Alouattg and squirrel monkeyss@imiri) were much more frequently sightedvidrzea
thanterra firmeforest. Within the ungulates, lowland tapiiapirug and collared
peccary Pecar) were absent fromarzeaforest, while within the rodents, agoutis
(Dasyprocta and acouchisMyoproctg were also almost exclusively sightedenra
firme. Conversely, arboreal echimyiad rodemag¢tylomysandlsothrix) and squirrels
(Sciurug were largely restricted to, or far more commonrarzea respectively. This
strong turnover in community composition is enhans®en considering the additional
inclusion of frugivorous fish and turtles duringethrolonged aquatic phase when

floodwaters invade thearzeaforest.



Table 4.1.Sightings (N) and encounter rates (ER, expresseigasings per 10 km
walked) of frugivorous vertebrates during montlheltransect surveys within three

100-ha plots irterra firmeandvarzeaforest.

Frugivore species N ER
TF VZ TF VZ
Mammals
Primate Alouatta seniculus 1 48 0.02 1.54
Ateles chamek 41 1 0.74 0.03
Cacajao calvus 33 0.60
Callicebus spp. 8 7 0.14 0.22
Cebus apella, C. albifrons 72 49 1.30 1.57
Lagothrix spp. 25 0.45
Pithecia spp. 41 0.74
Saguinus mystax, S. fuscicollis 34 0.62
Saimiri sciureus 3 80 0.05 2.56
Rodent Cuniculus paca 4 1 0.07 0.03
Dasyprocta fuliginosa 61 1 1.11 0.03
Myoprocta acouchy 30 0.54
Sciurus spp. 15 24 0.27 0.77
Echimyidae 24 0.77
Ungulate Mazama americana, M. nemorivaga 36 21 0.65 0.67
Pecari tajacu 46 0.83
Tapirus terrestris 6 0.11
Tayassu pecari 18 4 0.33 0.13
Carnivore Eira barbara 11 2 0.20 0.06
Nasua nasua 13 4 0.24 0.13
Birds
Canopy bird ~ Amazona spp. 9 33 0.16 1.06
Ara spp. 18 35 0.33 1.12
Cacicus spp. 3 0.10
Clypicterus, Ocyalus, Psarocolius 8 9 0.14 0.29
Ibycter americanus 13 0.24
Pionities, Pionopsitta, Pionus 5 0.16
Pteroglossus spp. 4 4 0.07 0.13
Ramphastos spp. 40 12 0.72 0.38
Trogon spp. 12 31 0.22 0.99
Terrestrial bird Columbidae 14 18 0.25 0.58
Crypturellus spp., Tinamus spp. 119 79 2.16 2.53
Mitu tuberosa 30 28 0.54 0.90
Ortalis guttata 1 0.03
Penelope jaquacu 85 1.54
Psophia leucoptera 54 1 0.98 0.03
Reptiles

Tortoise Chelonoidis denticulata 12 2 0.22 0.06
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Figure 4.2.Encounter rates of frugivorous vertebrates (> 1§hsings per plot in at
least one forest type, mean per 10 km) duringtliaesect surveys conducted within

100-ha plots irterra firme(open bars) andarzeaforest (solid bars).

4.3.2 Fruits

In addition to the survey effort within the thre@0tha plots, information on fruit
resource availability was supplemented by fruiveys along the 5-km transects. Total
effort comprised 498 surveys (312 TF, 186 VZ) a@@months and an average of 78.9
km walked along transects per month (50.5 TF, X&) Of the 152 plant genera
considered in the remainder of this study, 50 ahdénera were detected only in either
terra firmeor varzeaforest, respectively, whereas the other 48 geoecarred in both

forest types.

Fruit and seed mass were measured or compiled/@rb% of sampled plant genera
in bothterra firmeandvarzeaforests (Table 4.2). Fruit and seed dimensionsnaass
did not differ significantly between plant genexxorring interra firmeandvéarzea
forest, but fruit mass and size were more everdiributed over a wider range warzea

forest (Appendix 4.3). The proportion of plant geneithin mutually exclusive



categories of fruit type, fruit colour, fruit debency, and number of seeds per fruit
were also comparable across the two forest typaisI€T4.2).

Table 4.2.Summary of fruit morphology measures per plant gémean + SD) and other fruit

traits (% of plant genera) iterra firme(TF) andvarzea(VZ) forest.

Traits TF N VZ N t-test p
Morphology
Fruit mass (Q) 27.84+48.45 83 34.67+107.44 78.5144 NS

Fruit length (cm) 552+6.62 93 5.51+9.00 98 00® NS

Fruit width (cm) 3.08+1.81 92 3.04 £2.63 92 (@7I1 NS

Seed mass (Q) 3.7+9.21 82 3.51+7.60 84 0.1395 N

Seed length (cm) 204+£156 91 1.77+£1.32 95 9230NS

Seed width (cm) 1.36+1.03 91 1.30+£1.10 95 (041NS
Dehiscence

Dehiscent 37.8 37.8
Indehiscent 62.2 66.3
Fruit type
Berries 194 255
Drupes 35.7 33.7
Arrilate 9.2 7.1
Dry 35.7 37.8
Fruit colour
Brown 34.7 32.7
Green 17.3 15.3
Yellow 20.4 19.4
Red 13.3 22.4
Purple/black 13.3 13.3
No. seeds
Single 40.8 45.9
Several (2-5) 24.5 18.4
Numerous (6-15) 9.2 15.3

Many (>15) 25.5 24.5




4.3.3. Fruit-frugivore interactions

The compilation of fruit-frugivore interactions, @xding functional groups with
insufficient data (<10 interaction records), yieldesample of 55 frugivore consumers
targeting 152 fruit resources across the two fangsts (TF: 38 x 98; VZ: 48 x 103).
We recorded an almost equal number of positiveactens in each forest type (TF:
956; VZ: 958), resulting in the overall filling sonnectancesensulordano 1987) of
25.7% and 19.4% of all potential interactions ie thuit-frugivore matrices iterra

firme andvarzeaforest, respectively.

These fruit-frugivore interactions were distributesty unevenly between both fruit
resources and fruit consumers (Figure 4.3). Mammuale the principal consumers for
most fruit genera iterra firmeforest, in contrast tearzeawhere more fruit genera
were consumed by a combination of mammals, birdsfiah. Primates featured
prominently amongst both terrestrial and arboreamals with the highest number of
unique interactions, especiallytierra firme With the exception of four primat€¢€bus
spp.,Cacajaq Saimiri, Alouattg and three canopy bird taxaré spp.,Amazonaspp.,
Pionusspp. etc), almost all frugivores occurring in bfrest types had a lower
number of interactions imarzeaforest than irterra firmeforest. Six bony fish were

recorded as consumers for as many plant genenanaates invarzeaforest.

Bipartite graphs (Figure 4.4) show that fruit-frugiie networks in botterra firmeand
varzeaforest were highly diffuse, with most frugivoreghéiting a generalised diet
including fruit resources from a wide range of plgenera. Similarly, most plant genera
bear fruits consumed by a diverse coterie of frageg. Beyond these general
observations, however, the networks appear torditibstantially between the two
forest types. The interactionstirra firmeforest were heavily dominated by arboreal
frugivores, and primates in particular. Primatesamed important inarzeabut in,
addition to a number of plant genera commoteta firme their fruit resources were
notably comprised of plant genera uniquedozeaforests, which were also heavily
consumed by frugivorous fish. Accordingly, theresveanotably smaller contribution to
thevarzeaforest network from terrestrial frugivores, incing ungulates, rodents and

terrestrial birds, as these taxa are not year-roesidents in this forest type.
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Figure 4.3.Numbers of fruit consumers identified per plantugem (a) terra firme and
(b) varzea forest, and (c) corresponding numbenglarit genera identified as fruit
resources per frugivore consumertérra firmeandvarzeaforest (bars above and

below the zero line, respectively). Symbols ira(@ (b) represent mammals (squares),
birds (circles) and fish (triangles); plant geneaee ranked by number of mammalian
consumers; curves represent smoothed means; gaerghrepresents 95% confidence
intervals. Numbers along the x-axis in (c) refefrtmivore codes listed in Appendix 4.2.



Chapter 4: Fruit-frugivore interactions in floodaad unflooded forests
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Figure 4.4.Bipartite networks of fruit-frugivore interactioms terra firme and varzea
forests. Fruit consumers are ordered by taxonomieig. Fruit resources are plotted in
descending order of the number of interactionsaetkinterra firmeforest. White,
black and grey circles represent plant genera odaogrin terra firme varzeaand both

forest types, respectively.
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Despite such apparent overlap in fruit resourcessadrugivorous vertebrates of
widely different life histories, the two-dimensididMDS ordination plots, based on
the binary interaction matrices, show a distinciugring of frugivores according to
major functional groups (Figure 4.5; ANOSIM, TF=0.6968, p < 0.001, VZ: R =
0.6597, p < 0.001). Variation in the compositiorfrait diets is generally lower within
functional groups than between pairs of frugivor@ugs (Table 4.3). There was also a
noticeable separation between arboreal and taedefstrgivores interra firmeforest,
and between arboreal, terrestrial and aquatic\yorgs invarzeaforest. The
partitioning of fruit resources amongst frugivoveass not clearly explained by the
CART analysis of fruit traits (Appendix 4.4), altingh the relative importance of fruit
traits indicate that fruit and seed size, and toesdegree fruit dehiscency, were the
most importart traits in the overall partitioninfyfauit genera across the frugivore
assemblages in botarra firmeandvarzeaforest. In contrast, other categorical traits,
such as fruit colour and fruit type, explained lgest amount of the variation in trait
partitioning. Finally, forest type was the most onjant dichotomous variable when
included in the analysis, likely because of thentdggree of turnover in fruit genera

available in eitheterra firmeor varzeaforest.
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Figure 4.5.NMDS ordinations based on binary matrices descghilre genus-level
plant composition of fruit diets in (&rra firmeand (b)varzeaforest. Symbols
represent major classes of frugivores as in themegfor Figure 4.4.



Table 4.3.ANOSIM results showing partitioning of fruit resoes between frugivore consumer groups. Below tigodial: R, above the diagonal: p.

TF vz
Canopy Terrestrial Canopy Terrestrial Bony Cartilagi-

Primates Ungulates Rodentdirds birds Primates Ungulates Rodentbirds birds fish  nous fish Turtles
Primates - 0.0009 0.0009 0.0001 0.0001 - 0.0029 280.00.0027 0.0017 0.0004 0.0085 0.1171
Ungulates 0.74 - 0.2001 0.0779  0.0075 0.72 - 0.0674 0.0835044% 0.0032 0.0286 0.1905
Rodents 0.93 0.1 - 0.0114  0.0092 0.97 0.75 - 0.0258.0466 0.026  0.0984 0.3302
Canopy
birds 0.71 0.26 0.46 - 0.0052 0.38 0.24 0.92 - @300 0.0005 0.0076 0.3757
Terrestrial
birds 1 0.89 1 0.48 - 0.86 0.37 1 0.48 - 0.0014 1830 0.1721
Bony fish - - - - - 0.66 0.9 1 0.54 0.91 - 0.0098 .25%1
Cartilagi-
nous fish - - - - - 0.92 1 0.92 0.66 0.9 0.74 - 42

Turtles - - - - - 0.85 0.92 1 0.17 1 0.67 1 -




4.4. Discussion

This study provides one of the first assessments@icomplete tropical fruit-frugivore
networks from adjacent but highly contrasting fotgpes. Our use of direct feeding
observations from extensive frugivore and fruitveys, coupled with knowledge of
interactions obtained through interviews with ldegn residents, allowed us to
construct binary matrices for seasonally-flooded anflooded forest from the Rio
Jurua region of western Brazilian Amazonia. Oudgtieports three important
observations: (1) taxonomic turnover was high betwerra firmeandvarzeaforests,
in terms of both vertebrate consumers and frudueses available; (2) fruit-frugivore
networks in both forest types consisted of a lange diffuse set of interactions whose
structure varied markedly between forest types;(@h@artitioning of fruit resources
among functional consumer groups was clear butvetitexplained by our data on fruit

morphology and presentation.

4.4.1. High turnover in frugivore assemblages andtit resources

Even without considering the seasonal occupanéglofHorn et al. 2011) and
freshwater turtles (Balensiefer & Vogt 2006 viérzeaforests during the aquatic phase,
we recorded considerable differences in the vestelassemblages of flooded and
unflooded forests. In addition, frugivores commorboth forest types also differed
substantially in their abundance expressed as abteorates. These findings are
consistent with previous studies comparing theelmdte communities of flooded and
unflooded forests (Ayres 1986, Peres 1997, Pattah 2000, Haugaasen & Peres 2005,
2008), which tend to report a relatively depaupefatina irvarzeain comparison to

terra firme although mammal biomass is higher in the forrRerés 1999, Haugaasen

& Peres 2005).

These differences owe much to the physical batwiéerrestrial frugivores imposed by
the seasonal floodwaters. Most arboreal and scahsertebrates, including primates,
squirrels, generalist carnivores such as talyma(barbarg and coati Nasua nasug
and canopy birds retain accessibilitwtrzeaforests all year-round. In contrast,
caviomorph rodents, ungulates, terrestrial birdstantoises are almost completely
excluded from this forest type during the aquakiage for up to half the year. The

annual lateral migration patterns between floodetlunflooded forests have not yet



been comprehensively explored but the seasonalfuk®ded forests by a range of
terrestrial rodents and marsupials, ungulates,gigmand birds has been documented
(Bodmer 1990, Fragoso 1998, Peres 1996, Boubli,1i88:olm et al. 2005,

Haugaasen & Peres 2007). In particular, thosedeiaefrugivores excluded during the
aguatic phase are potentially attracted to thewedesupply of fruits and seeds exposed
or deposited on the forest floor by the recedingdlwaters, in addition to the burst of
fresh undergrowth foliage (Haugaasen & Peres 2@N7Qf which are sustained by the

nutrient-rich soils of varzea forests.

The species composition of fruit resources arelanyidivergent between flooded and
unflooded forests. The plant communities of Amaaarfloodplain forests have
received less research attention than their uptandterparts, but have consistently
been shown to have lower species richness (Camgiolll 1986, ter Steege et al. 2000,
Haugaasen & Peres 2006) as a result of the extrenditions of stress imposed by the
flood pulse. Yet Amazoniavarzeaforests are the most species-rich floodplain figres
worldwide (Wittmann et al. 2006), partly as a résidltheir internal habitat
heterogeneity, the relentless process of naturaktsuccession, and the relative
geoclimatic stability of Amazonian floodplains ovecent geological history (Hoorn &
Wesselingh, 2010, Wittmann et al. 2010b).

The high species richnesswi@rzeaforests can also be partly attributed to the tybalf
someterra firmeplant species to tolerate varying degrees of iatiod and thus expand
their ecological distribution into floodplain foteson high ground (Wittmann et al.
2010b). However, the unique environmental presswitsn varzeaforests are
reflected in very low levels (10 - 30%) of florisimilarity withterra firmeforests
(Wittmann et al. 2010b). These general patterng@msistent with the composition of
fruit genera in our surveys that were unique thegiterra firmeor varzeaforests, with

a smaller fraction occurring in both forest typereover, this floristic dissimilarity
further increases at the species level as manypa#iacongeners are restricted to

eitherterra firmeor varzeaforest (Junk, 1989).

4.4.2. Forbidden or missing interactions

The high species diversity in the frugivore andtfrasource assemblages in our study

area results in a large number of potential inteyas. Our field observations, combined



with repeatedly verified cognitive information frdcal informants, suggest that a
large proportion of these interactions are notisedl It is important to understand that
these unobserved interactions may truly not odaubi@dden), or alternatively may just
have passed undetected during sampling (missinigs€0 et al. 2011). This issue of
unobserved interactions is of general concern twork studies as the problem in
discerning forbidden from missing links makes fficult to assess the degree of
completion in the matrix, and any number of sangpéntefacts resulting in incomplete

matrices will affect a variety of network metri&lijthgen et al. 2008).

Our networks, however, are likely to contain bathts of unobserved interactions.
Incomplete sampling from field observations is dapgented by in-depth knowledge
from local residents with decades of personal egpee from hunting, fishing and
examining gut contents of terrestrial and aquagimg vertebrates, particularly from
frugivorous fish which are typical of the local sigience diets. However, there are
biases in this approach as local knowledge isylikefavour those frugivore species
most targeted by hunters and fishers, and frums fthe best known plant species. For
example, the diet of primates, ungulates and camtpmrodents are likely to be more
comprehensively reported than that of non-game elidstand procyonids, which have
broadly omnivorous diets that can include high lewé frugivory (Kays 1999, Alves-
Costa & Eterovick 2007). Similarly, consumers akell to be more readily reported
for plant species that are prominent in the logahebotany, including those that are
abundant, large-girthed or more heavily used byleeas valuable extractive resources,
such as fruits, seeds, latex, and timber (Pete28&f). The patchy distribution and
rarity of many plant species in tropical forestsg ghe often ephemeral nature of their
fruiting strategies, means that some rare inteyastare much more unlikely to be
observed than others. In our study area, we alsothe possibility that local
knowledge may be more extensive withiarzeaforests, which lie in closer proximity

to most reserve communities and are potentiallyenmeavily exploited (Figure 4.1).

Despite the high likelihood of many missing linksaur dataset, it is also certain for a
number of reasons that a large proportion of zatoes in our matrix represent
forbidden interactions. Firstly, the spatial tureowf fruits and frugivores betweégrra
firme andvarzeasimply prohibits certain interactions from takipigce. Secondly, any
asynchrony between the temporal cycles of fruidpotion and accessibility of flooded

forests to terrestrial or aquatic frugivores (andetrically opposite times of year)



precludes otherwise possible interactions. Finglly,repeated absence of any given
interaction in the aggregate data pool from 2,2880k census walks along 371 km of
transects, sampled over 29 months by 25 local &sfistants likely reflects either
forbidden or very rare interactions, which are kel to be ecologically important. We
are therefore confident that the networks presein¢ed effectively portray the broad
patterns of frugivory in both flooded and unfloodetests.

4.4.3. Partitioning of large, diffuse networks

Whilst networks in both forest types showed a largeber of diffuse interactions,
overall connectance (the proportion of total paggrinks realised) and the degree
(number of links) was higher terra firmefor almost all frugivores occurring in both
forest types. Primates irarzeaforest exhibited ecological plasticity in retaigia large
number of links, including interactions with plaggnera unique to this forest type, but
the overall dominance of primates in tr&gzeanetwork was weaker than thatterra
firme. This was in part due to the absence of three nwajoa firmefruit consumers
(Lagothrix Pithecig andSaguinus The high number of interactions associated with
frugivorous fish also provided a major contributiorthe more even distribution of fruit
resources amongarzeaconsumers. Despite their wide recognition as irgar
frugivores (Goulding 1980), we still have littletd# on the diet of many fish species
including their relative generalisation/speciaiisat(Correa et al. 2007, Horn et al.
2011).

The suggestion that the diet of frugivorous fishyragerlap substantially with other
consumers (Horn et al. 2011) is supported by eviddéromvarzeaforest that fish
consume fruits that are widely used by both mammadsbirds. This overlap could
potentially reduce the selective pressure on fraits; with trait matching being hardly
detectable compared to more specialised netwouts & many flowering plants and
their pollinators (Blithgen et al. 2007). While fe@ind clear partitioning of fruit
resources among major frugivore groups in bothstanges, this could not be
immediately attributed to particular fruit traitshich may be related to the considerable
levels of overlap recorded. We also note the odligrgiinfluence of forest type in our
study, demonstrating the important role of the ahflood pulse in partitioning fruit
resources between arboreal, terrestrial and aqguagivores invarzeaforests.



4.5. Conclusions

Both seasonally-flooded and unflooded forests ef\fédio Jurua region of western
Brazilian Amazonia contain large and complex assagds of frugivorous vertebrates,
although turnover is high and the temporal sequeh&eigivores and their fruit
resources ivarzeaforests are strongly determined by the annualfimaise. Terrestrial
vertebrates are excluded by the prolonged inundatiaghe aquatic phase, when access
is permitted to frugivorous fish and freshwatetlag. In combination with the variable
fruit resources available terra firmeandvarzeaforests throughout the year, the binary
networks of fruit-frugivore interactions we congtied from field observations and local
knowledge differed substantially in structure bedwéhe two forest types. Fruit
resources were clearly partitioned among broadnamacally coherent groups of
frugivores but we did not identify a clear explaoatfor these differences on the basis

of fruit traits.

Our networks were characterised by a large propodf unobserved potential
interactions, suggesting a high probability of nmgsdata due to sampling effects in
addition to the identification of truly ‘forbidddmks’. However, we hope that this
study will highlight the importance of community-de assessments of fruit-frugivore
networks, particularly in tropical forests wherelsa large proportion of the vertebrate
species richness and biomass is sustained by imenatd mature fruits and seeds as a
resource. We also hope to highlight the potenties of poorly studied frugivores,
particularly frugivorous fish in flooded forestanglly, we emphasize the valuable role
that local knowledge can play in ecological studiiespecies-rich ecosystems,

including the assembly of complex fruit-frugivoretworks.
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Abstract

Primates comprise the most observable and besedtadder of mammals, yet the
distribution of sampling effort by primatologistasinevitably focused on a few genera,
and a limited number of study sites. Here, we prete first systematic review of such
biases in research on wild primate populationgniagstigating effort allocated to
primate dietary studies across the entire Neotsotadmate diets, particularly in this
region of the world have been extensively studieer the last few decades, since
primates are widely recognised as the most impbftagivores in tropical forests, with
vital roles as seed dispersal agents for manydabpiants. We use a standardised
measure of sampling effort to assimilate datasetiveld from multiple methodologies
and attempt to understand the distribution of ¢fbased on a combination of
geographic variables and primate species traitsd@&ytifying primate taxa and
geographic regions that have been particularly lgaoovestigated in terms of total
sampling time and density of research effort iatteh to species geographic range size
and country size, we hope to redirect future redeaffort towards current knowledge
gaps. In addition, we show a collective failuredoynatologists to investigate the full
primate assemblage occurring at any given stuey 8fe therefore advocate that
primate ecologists should focus on the most undgpisd geographic regions and
improve sampling coverage across taxa at existuyssites. Finally, we propose the
creation of a common data library of primate fegdiecords (including currently
unpublished datasets), complete with associateddatt and full details of study
sample effort, in the interest of increasing ouwlenstanding of community-wide fruit-

frugivore interaction networks.



5.1. Introduction

Non-human primates comprise the most intensivelgistl order of mammals. Many
species traits in tropical forest primatesincluding their diurnal habits, arboreality,
tolerance of habituation by human observers, alatively cohesive social groups
occupying stable home rangesrender them highly amenable to long-term
observational field studies. This has predisposehdl primates to the continuous
close scrutiny of field observers worldwide (Kapmes. Watts 2012), both in the
Paleotropics (Whitehead & Jolly 2000) and the Ngatrs (Garber et al. 2009). Field
research effort on non-human primate populatiosschacentrated on various aspects
of primate social behaviour (Smuts et al. 1987e68010) and ecology, with
noticeable attention paid to their diets and fega@ioology (Clutton-Brock 1977,
Hohmann et al. 2006). This compares favourablytherohighly observable,
charismatic, and well-studied vertebrate taxa, @schirds, where high levels of
observation effort have not necessarily focusedetniled data acquisition on their

trophic ecology.

The distribution of this impressive observatioroefby primatologists is highly
unequal, however, both in terms of the geographictaxonomic focus of studies, as
previously reported for field botanists (Nelson 4pand ornithologists (Reddy &
Davalos 2003). Data on primate behavioural ecobgpear heavily skewed towards
certain species, particularly at a few well-studmchlities, yet consideration of the
impact of these biases remains conspicuously albséme literature. For example,
reviews of primate feeding ecology have glossed wagation in sampling effort to
provide broad and simplified overviews of diets {jNiaal Research Council 2003) or
are restricted to summaries of the nutritional iehef different dietary profiles (Felton
et al. 2009). Yet it is critically important to aamt for such incomplete datasets in
community ecology (Kodric-Brown & Brown 1993), atalclearly appreciate their
inherent sampling biases. In the case of feediotpgy, this approach can help identify
the ecological requirements of poorly studied tteead species and encourage a more
integrated understanding of complex feeding netadfor example, geographic and
taxonomic gaps in our knowledge of primate feedinglogy may severely affect which
species can be defined as important hubs or comnseatinteraction networks (Olesen
et al. 2007).



To compare the relative effort employed by primagiadts, in terms of both its spatial
and taxonomic distribution, requires a standardigatlof study effort. Comparative
analyses to date has been problematic, particulaidyto the inconsistent nature of
reporting effort; feeding studies varyingly reptivé number of contact or feeding hours,
the number of feeding bouts, the number of foosh&®r food species consumed, the
number of observations or group scans, or mereydtal duration of a study (e.g.
number of days or months). In addition, samplirfgréin some primate dietary studies
is quantified only indirectly, for example by thember of faecal samples collected or
stomach contents analysed. This disconcerting sityenf quantitative metrics clearly
stems, at least in part, from the variety of megheahployed by field primatologists to
provide different insights into primate feeding gy (Dew 2003), comprising both

direct observations and alternative techniques.

The most common methodology in orthodox primatiel fstudies is to monitor a study
group that has been previously habituated to obsgrvecording the food items
observed during feeding bouts, usually over ‘daoAtiiisk’ group follows. Additional
sources of dietary observations are often deriveah systematic vigils of key food
trees visited by primates, and brief, opportunigbservations during the course of line-
transect surveys or other fieldwork. Systematiceoletions during ‘group follows’ and
‘tree vigils’ typically use focal-animal (continuswr instantaneous) or all-animal
(usually scans) observational sampling (Altmanndl®@&hner 1996), whereas
population censuses and other opportunistic eneositend to record any feeding
observationad libitum Alternative methods (including examination ofratch
contents of specimens killed by hunters and mussallactors, and analyses of faecal
samples) are either used independently or to sogriedirect observations. Finally, an
important contribution to our understanding of patendiets comes from indirect
evidence based on reliable signs of specializedirigeactivity (e.g. inspection of holes
gouged into tree trunks, exploited for exudates),more frequently via interviews with
local informants, often highly experienced hun{erg. Voss & Fleck 2011).

All these methods have been used by primate distadies in the Neotropics, the
biogeographic domain containing the largest remaitiacts of tropical forest and the
highest primate species richness worldwide (Rylad&ttermeier 2009). Primate
studies have recently been summarised for eachtirganrMesoamerica (Estrada et al.
2006) and South America (Garber et al. 2009), btit avlimited focus on feeding



ecology. Within the Neotropics, detailed dietaryadaave been reviewed for a restricted
number of taxa within smaller subregions (&tglesin Mesoamerica: Gonzalez-
Zamora et al. 2009; Atelines: Peres 1994a). Howeveomprehensive quantitative
review of primate diets across the entire neotapiegion — building on earlier
anecdotal attempts to review dietary informationi(bra-Filho & Mittermeier 1981,
Mittermeier et al. 1988) — is still required. lanicular, it is important to compile data
on a wide range of plant species in order to undedsthe close relationships between
primates and plants, and the degree to which dietdap among both sympatric taxa

sharing the same flora and ecologically equivalaxa that may not.

The geographic distribution of extant neotropiaatates spans from southern Mexico
to northern Argentina, but some genera are mucle mwately distributed than others.
For example, the range of howler monkeibk(lattg extends across the entire
distribution of neotropical primates (Peres 19%)the other extreme, woolly spider
monkeys Brachyteley and lion tamarinsLeontopithecusare endemic genera to
remnant fragments of the Brazilian Atlantic Foréslipwing a vast reduction of their
historical geographic ranges (Pinto & Rylands 199&rulff & Rylands 2003, Cunha et
al. 2009). This results in marked variation in spatial availability of any given taxon
for potential studies, with wide-ranging and relaly abundant taxa much more likely
to occur at any given study site (Peres & Jans@®9)1T his variation in geographic
availability could clearly contribute to biaseste study effort logged by
primatologists towards different species, althoatter traits such as body size,
behaviour and conservation status, and directeshdial resources may also render

some species more or less amenable or attractstedy.

The distribution of primates may also influence $patial variation in aggregate study
effort by all primatologists. Neotropical primai@® markedly arboreal and thus
generally restricted to closed-canopy forest hgkaiéhough some species persist in
forest fragments and tolerate close proximity tsmho populations (Cristobal-Azkarate
& Arroyo-Rodriguez 2007). Primate species richnesges substantially in relation to
continental scale variation in environmental fastsuch as forest cover and total
rainfall, peaking at mid latitudes in western Amiaiam forest sites with up to 14
sympatric species (Peres & Janson 1999). Howesarpfimate diet studies cover the
entire species assemblage coexisting at any giteearsd logistical considerations, such
as accessibility (Schulman et al. 2007), undoulteffect study site selection criteria.



Here, we provide a quantitative review of the gapbrc and taxonomic distribution of
ecological sampling effort allocated to wild primgtopulations across the New World
tropics, which contain the world’s most diversenmate fauna (140 species in 19 genera:
IUCN 2011). By standardising existing metrics afrgpling effort in primate feeding
studies conducted using a variety of techniquesaimeto highlight the inherent
discrepancies and poor comparability in the distrdn of feeding ecology sampling
effort accumulated over decades by field primatisiisg\We then examine the main
factors that drive the selectivity of study sitesl &tudy species. Finally, we inform
future research agendas by pinpointing the mostonous knowledge gaps in terms

of severely undersampled taxa and regions.

5.2. Methods
5.2.1. Data compilation

We performed a comprehensive literature reviewlgiublished and unpublished
sources of neotropical primate diet studies repgrprimate-plant feeding interactions
in natural settings. We therefore exclude all aagéind semi-free ranging primate
populations. Individual studies are defined aaraey effort covering a single or
multiple primate species over a discrete samplenpg at a single study site. For each
study we recorded the primate species, geograplicimates of the study site,
observation methods used, and the total sampliogt eéalised.

Our literature review of neotropical primate stugdieporting primate-plant feeding
interactions, returned 423 references for consiaerapanning 42 years (1969 - 2011).
These references comprised published sources @G3érpviewed articles, 30 book
sections), grey literature (36 dissertations, J®res, 3 conference proceedings), and
three additional datasets (C.A. Peres, unpubl, d&tgan Roosmalen, unpubl. data,
TEAM 2011). This excludes unsubstantiated referemadeeding interactions and
reviews of multiple sources where original souneese otherwise available. Of these
sources, 92 represented multiple publications bpaéty or entirely on a single

original dataset, resulting in a final set of 33ilque references, corresponding to 289

individual studies using a variety of field methddsable 5.1).



Table 5.1.Summary of references included and field methoqidogmed in this review

of neotropical primate diet studies.

Type Method Total references considered Uniqueeates included Studies
Observations Group follow 313 332 206
Tree vigil 34 30 29
Transects 26 22 21
Opportunistic 38 36 35
Total observations 408 317 274
Alternative Local knowledge 8 6 5
Stomach contents 7 7 9
Faecal samples 33 23 25
Tree examination 2 1 1
Total alternative 48 35 38
Total 423 331 289

The final reference compilation reported on thepthets of 24 functional groups (or

‘ecospecies’) belonging to 17 neotropical primaaeya (Table 5.2), from 163 study

sites across 17 neotropical countries (Figure Babje 5.3). A full list of references,

studies and study sites are available from theaasithpon request.

5.2.2. Standardised sampling effort

Sampling effort was calculated by standardisinfed#int observation methods and

metrics of observation effort. To achieve this,agsumed a 10-min opportunistic

observation bout per group encounter during mpkieges line-transect surveys, and 3 h

of observations per faecal sample or examinatiaig#sta (e.g. in seed-dispersal and

stomach content studies), based on the approximed® gut passage time across all

species. Where study effort in terms of samplingetivas not reported directly for

group follows, effort could be calculated from tinember of scan samples obtained or

estimated from the number of days or months ofyshased on the typical

daily/monthly effort of comparable studies, accangfor the total dawn-to-dusk

activity period of different primate species. Whergy the number of feeding



Table 5.2.Key traits of neotropical primate ecospecies anatomic distribution of effort in feeding ecologydies.

Body mass Range Site density (per
Code Functional ecospecies Activity  (kg)? (km?)®  CountriesSites® Studies Reference§ Months® Hours® 1,000,000 krf)
Al Howler monkeys Diurnal 6.32 13095330 15 74 108 151 893 47236.5 5.65
At Spider monkeys Diurnal 8.56 6784000 13 29 44 71 419 18328.3 4.27
Br  Woolly spider monkey Diurnal 8.84 26780( 1 5 9 11 83 3643. 18.61
La  Woolly monkeys Diurnal 8.46 3351007 4 11 16 29 185 8714.7 3.28
Cf  White-fronted capuchins Diurnal 2.92 4057250 7 17 30 34 149 21291.6 4.19
Ca Brown capuchins Diurnal 3.0911193082 8 40 50 64 412 13152.5 3.57
Co Wedge-capped capuchins Diurnal 2.911944175 3 4 4 6 45 14245 2.06
Se¢  Squirrel monkey Diurnal 0.81 641755. 5 15 18 21 14€  4956.: 2.3¢
Sf  Saddle-back tamarins Diurnal 0.512436081 4 12 18 39 169 13585.1 4.93
Sx  Moustached tamarins Diurnal 0.50 827714 3 13 29 115 12297.5 9.67
Sm  Midas tamarins Diurnal 0.55 1574740 3 11 36 568.1 5.08
So  Bare-faced tamarins Diurnal 0.44 216323 3 8 27 2033.3 27.74
Cx  Atlantic marmose Diurnal 0.37 274562 1 14 22 20 16z 6540. 5.1C
Mi  Amazonian marmosets Diurnal 0.38 1256621 1 3 4 6 26 1868.4 2.39
Cb  Pygmy marmosets Diurnal 0.12 1579650 4 9 63 3351.5 3.80
Le Liontamarins Diurnal 0.58 85208 1 10 81 122449 46.94
Cg Goeldi's monkey Diurnal 0.4 274562 1 7 32 2505.t 0.7:
Pi Saki monkeys Diurnal 2.31 3677870 5 12 17 26 182 6208.8 3.26

cont.



Table 5.2. cont.

Body mass Range Site density (per
Code Functional ecospecies Activity  (kg)? (km?)®  CountriesSites® Studies Reference§ Months® Hours® 1,000,000 krf)
Ch  Bearded saki monkeys Diurnal 2.863006600 3 10 18 24 139 5124.0 3.33
Cj Uakarie! Diurnal 3.0t 76458¢ 3 8 9 18 68 1881.° 10.4¢

Amazonian dusky titi
Cm monkeys Diurnal 0.96 3741840 4 8 10 32 12723 1.87
Cp Atlantic dusky titi monkeys Diurnal 1.33 896493 1 8 44  2649.5 4.46
Ct  Collared titi monkey Diurnal 1.2 175235: 3 4 25 750.: 2.2¢
Ao  Night monkeys Nocturnal 0.93 7711498 5 11 12 14 47 1661.3 1.43
17 163 289 423 3579 193291.0

4Source: Smith & Jungers (1997)

®Source: Patterson et al. (2007)

¢ All sites, studies, and references, including thapé references and sites/studies with only tigiés\or local knowledge.

4 Total excluding effort from tree vigils and lodalowledge.
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Figure 5.1.Map of primate diet studies at 148 field sites asr@7 neotropical countries

showing (a) sampling effort (circle size represeitert per site (hours), country colour
represents number of studies per country) and ¢b3gecies richness (circle size
represents ecospecies richness, shading reprepespsrtion of ecospecies studied,
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Table 5.3.0ccurrence of primate ecospecies across neotropégabns and countries, and distribution of efflorfeeding ecology studies.

Dark grey and light grey shading represents ecoEsestudied and resident ecospecies that are yiet &tudied within that country,

respectively.

CodeCountry Site$ Studies® Refs® Months” Hours® Al At Br La Cf CaCoSaSf Sx SmSoCxMi CbLe CgPi ChCj CmCpCt Ao ER°ES® PS®
Mesoamerica

BZ Belize 3 6 7 61 579t 2 1 05
CR Costa Rica 11 22 29 208 261 - 4 4 1
SV El Salvador 2 2 3 6 12 » 2 2 1
GT Guatemala 1 2 3 16 172 2 2 1
HN Honduras 3 0 O
MX Mexico 9 17 28 238 1310 - 2 2 1
NI Nicaragui 3 4 6 32 2649 o 3 2 0.67
PA Panama 4 13 15 58 407 o 6 4 0.67
Amazon

BO Bolivia 9 13 20 131 727C 13 8 0.62
BR Brazil 28 47 75 522 216t » e 20 19 0.95
CO Colombia 12 19 30 390 125!« e 14 12 0.86
EC Ecuador 3 7 8 92 724 11 5 045
FG F. Guiana 5 7 15 117 427 8 4 05
PE Peru 14 29 64 619 383 - e 15 14 0.93
SR Suriname 2 4 14 134 227 ¢ 8 8 1
VE Venezuela 7 14 17 172 891 11 7 0.64
GY Guyana 8 0 O
TT Trin. & Tob. 2 0 O

cont.



Table 5.3. cont.

CodeCountry Site$ Studies® Refs® Months” Hours® Al At Br La Cf CaCoSaSf Sx SmSoCxMi CbLe CgPi ChCj CmCpCt Ao ER°ES® PS®

Atlantic

AR Argentina 8 10 11 74 434 » . e 3 3 1

BR Brazil 41 72 85 706  328€ . . . . . 6 6 1

PY Paraguay 1 1 1 4 24( e 5 1 02

UY Uruguay ? 1?7 0 O

N/A

CH Chile® 0 0 O
Brazil 69 119 160 1228 545]e o o o o o o o o o o o o o o o s o o o o o o 24 23 096
Mesoamerica 33 66 91 619 5345 e o . . . e 6 5 0.83
Amazon 80 140 243 2177 102: e o e o o o o o o o o o o o o o o e ¢ 20 20 1
Atlantic 50 83 97 784 3744 » . . o o . o o e 9 7 0.78

2117 1 51011 511 5 3 431 34149546159
Total 163 289 423 3579 19328% 24 24 1

1713 1 47 93543 3311411534 4135

2 All sites, studies, and references, including thapé references and sites/studies with only tigiésvor local knowledge.

® Total excluding effort from tree vigils and lodalowledge.

¢ ER = Ecospecies richness, ES = Ecospecies stRifd, Proportion studied.

4 Chile falls outside the range of neotropical piiesa



observations or feeding bouts was reported, wereigiapproximations of study effort
on the basis of comparable studies. In this mardespite the wide range of
observation methods and the inconsistent repodirsgudy effort, we were able to
standardise sampling effort in terms of observatime (hours) across 91.0% (263/289)
of studies. In addition to observation time, wepalkscorded the duration of each study
(months) and the proportion of the annual cycleecedt by the study.

5.2.3. Taxonomy

The alpha-taxonomy of neotropical primates (Par@oRlatyrrhini: New World
monkeys) is not universally agreed upon. Sevexartamic arrangements are proposed
on the basis of distribution and behaviour (Rylagddittermeier 2009), genetics
(Wildman et al. 2009), and morphology (Rosenbefdrl). The general consensus,
however, is of a monophyletic group of approximated0 extant species (IUCN 2011)
belonging to 16 to 19 genera. Despite recent trémalards taxonomic inflation,
Rosenberger (2011) sees no justification for spdjtOreonaxfrom Lagothrix

Callibella from Cebuella or Mico from Callithrix. Uncertainty also remains
surrounding the placement Abtus variously assigned to Pithecidae or its own fgmil
Aotidae. Since we are primarily interested in fumaal diversity we use an updated
version of Peres & Janson’s (1999) functional d¢fecsgion, which recognises 24
species groups, hereafter ‘ecospecies’ (AppendiXHgse generally correspond to
genus level taxonomy (Rosenberger 2011), with doeg@ion ofCallicebus Cebusand
Saguinuswhere we recognise multiple ecospecies baseldeodegree of intra-genus
ecological divergence; indeed, only these genenéb@xsympatric congeners coexisting
in stable assemblages. In addition, we considemAitt Forest populations separately
from Amazonian populations to enable comparisorexofogical analogues in different
geographic regions (i.e. distinguishing the marrhgsaeraMico from Callithrix, and

the titi monkeyCallicebus personatugroup from othefallicebus spp. For each
ecospecies we compiled data on mean adult body (Basth & Jungers 1997), total
geographic range size (from NatureServe and IUCKgoas: Patterson et al. 2007,
IUCN 2011), and mean extinction risk [based onlth@N Red List status per species
(LC=1, NT=2, VU=3, EN=4, CR=5): Purvis et al. 2000ace et al. 2008).



5.2.4. Geography

Site locations were recorded by extracting geogcaptordinates from publications or,
where these were missing, by estimates from otvestadole mapping resources,
including Google Earth. Sites were assigned in@ afithree broad regions containing
distinct assemblages of both primates and plabjsAihazonia, including the WWF
ecoregions of the Andes, Choco, and Llanos (Olsah 2001); (2) the Atlantic region,
including the Atlantic Forest, Caatinga, Cerradbac, and Pantanal; and (3)
Mesoamerica. The total number of primate ecospeciasccurring at each site (i.e. the
potential species richness available to be studied)calculated from NatureServe
range distributions (Patterson et al. 2007), inoctapng necessary adjustments due to
inaccuracies in range polygons (Palminteri et@1.13. We were thus able to estimate
the total number and proportion of ecospecies stldi each site. Using threat status
scores per ecospecies, we also calculated a mesat tlalue per site, as a metric of

potential level of assemblage-wide conservatiorceam

Finally, we used a geographic information systengj@o extract values within 100-

km buffers around each site for the following vhles: mean human population density
(GPW v3: CIESIN/CIAT 2005), degree of forest co@iobCover: ESA 2008/Arino et
al. 2008), mean elevation (masl), standard deviadfcelevation, and climatic data
including total annual rainfall (mm) and mean arriamperature (WorldClim:

Hijmans et al. 2005). We performed the buffer asialat distances of 10, 25, 50, 100,
and 250 km, using the Hawth’s Tools extension (B&@®4) within ArcGIS 9.2.
Extracted values for each variable were strongbitpely correlated across buffer

distances so we used only those values from 100+Kifers in all further analyses.

5.2.5. Data analyses

We used generalized linear models (GLM) to assessdistribution of sampling effort
across the 148 study sites with known geograplocdinates and standardised effort
(hours). We relate variation in study effort to thephysical and climatic variables
extracted within 100-km buffers for each studyaddition to the primate species
richness and an aggregate score of IUCN conservttreat for all species co-
occurring at each site. Finally, country identitgsnincluded as a categorical variable.

All analyses were conducted in R (R DevelopmeneQaam, 2010).



5.3. Results
5.3.1. Standardised sampling effort

The vast majority of primate diet studies we rev@ewonsisted of direct observations,
mainly via systematic group follows (Table 5.1) ellemainder of direct dietary
observations consisted of vigils of focal treeangect walks, and other opportunistic
observations. In addition, a small number of stsigie®vided diet information through
alternative methods including analyses of stomactients or faecal samples, collation
of local informants’ knowledge, and examinatiortree trunks for evidence of exudate
consumption. Compiling data from all studies toedmtross all ecospecies at all sites —
and standardising to account for variable methodgelded a cumulative sampling

effort on neotropical primate diets equivalent &3,291 h of observation.

Regardless of this volume of sampling effort, neigs have been severely under-
sampled in terms of the proportion of coexistingatatudied at each site, with only a
few notable exceptions (e.g. Cocha Cashu, Per@y@asamiria, Peru; Raleighvallen-
Voltzberg, Suriname; and Urucu, Brazil) (Figureld.IThe vast majority of sites have
only hosted a diet study on a single primate eaospalespite the far higher species-
richness of most assemblages (57% of study sigsthiaast four species and only <8%
had a single species) (Figure 5.2). Although less@unced, there are similar patterns
at a national level; many countries have failedttaly their entire primate fauna and
most ecospecies are yet to be studied acrossuaitroes in which they occur (Table
5.3). In addition to widespread species undersamgphfi many countries and most local
assemblages, the available sampling effort has thsénibuted very unevenly, both

across primate taxa and neotropical regions (Tdbh$.3).
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Figure 5.2.Frequency of observed ecospecies in primate dieiest at 158 neotropical
sites (white bars), in relation to true primate sigs richness at those sites (dark
shading), and to all 490 neotropical sites incluglat least one primate species for

which species richness is known (light shading;. ®&res, unpublished data).

5.3.2. Taxonomic distribution of sampling effort

There is a clear bias in sampling effort towardgdabodied species (i.e. the Atelidae,
and howler monkeys in particular), followed by Get® (white-fronted and brown
capuchins) and Callitrichinae (saddle-back and ra@hed tamarins) (Figure 5.3a).
This bias is apparent in both the number of siteere primate diets have been
investigated, and the total amount of time effidcated. In contrast, other ecospecies

that are now restricted to a small portion of tifiefrmer ranges such as lion tamarins



(Leontopithecushave been heavily studied at few sites in congparto night monkeys
(Aotug, for example, which have received very littleeation throughout their vast
geographic range (Figure 5.3c). Adjusting for difeces in geographic range size of
each ecospecies, highlights the relatively intemsiffort on Goeldi’'s monkeys
(Callimico goeldi) and, conversely, the low effort allocated to rsitamarins and
collared titi monkeys, for example (Figure 5.3e).

There was a weak positive effect of both geograpdmge size and mean body mass on
sampling effort per ecospecies (Figure 5.4), witheldly distributed ecospecies
receiving greater attention than range-restrictexbpecies (R= 0.08, p = 0.184) and
large-bodied ecospecies receiving greater attetttiam small-bodied ecospecies (R
0.08, p = 0.186). However, body mass and geographige size are also positively
related (R = 0.08, p = 0.187). The mean threat score peliapeased on the IUCN

Red List status was apparently unrelated to theuanaf sampling effort per
ecospecies (R= 0.002, p = 0.823).

5.3.3. Geographic distribution of sampling effort

In terms of spatial distribution of sampling effdtie broad pattern shows comparable
levels in each of the three major neotropical negiAmazonia, Atlantic and
Mesoamerica), with particularly large total effattocated to Brazil, Peru and Costa
Rica (Figure 5.3b). Brazil is unique in encompagsarge amounts of primate habitats
in both the Amazon and the Atlantic Forest regi@ithough the amount of effort per
site is lower throughout Brazil than in either PeriCosta Rica (Figure 5.3d).
Adjusting for country area emphasises the relatiirgkensive sampling effort in Costa
Rica, Belize, Peru, Ecuador and Suriname, espgamtomparison to severely
understudied El Salvador and Paraguay (Figure.5=8f)r countries in tropical South
America (excluding Chile, where nonhuman primatesot occur) and Mesoamerica
had no primate diet studies, namely Guyana, Horsgldiménidad and Tobago
(populations oRAlouattaandCebus albifrons and Uruguay (unconfirmed population of
Alouatta Villalba et al. 1995).
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Figure 5.3.Sampling effort in neotropical primate dietary segl(a) per ecospecies

and (b) for different countries. Scatter plots shibe relationship between the number

of sites surveyed and total hours effort by (cspeaies and (d) country, and the
analogous relationship adjusted by (e) ecospeaegygphic range size and (f) country
area including the range of at least one primatecsgs. Grey shading represents (a,c,e)
taxonomic subfamily and (b,d,f) geographic subre@ocording to insets in (a) and (b).
Ecospecies and country codes correspond to Tahkearl 5.3, respectively. Dashed

lines represent linear regressions.
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The spatial distribution of effort is also highlgeven when considered in more detail at
the locality scale (Figure 5.1a). Most sampling#gfhas been heavily skewed to
relatively few sites (e.g. Quebrada Blanca, Pengh@a Cashu, Peru; Lomas Barbudal,

Costa Rica; Lemos Maia, Brazil; and Los TuxtlasxhMe), with most sites elsewhere



experiencing relatively low effort. Broad gaps taody effort are obvious in vegetation
biomes lacking large areas of closed-canopy fa@gtr, such as the Brazili@errado
andpantanaland the Bolivian and Paraguayamaco(Figure 5.1e). However, there is
also a low density of study sites and relatively total effort right across the Brazilian
Amazon, compared to a high density of sites in lyiffflmgmented forest landscapes of
Mesoamerica and the Brazilian Atlantic Forest, \Whace densely settled and benefit

from improved accessibility (Figure 5.1f).

GLM modelling, used to examine the amount of redeaffort (expressed as the {gg
hour-equivalent) allocated across the 148 neotabfacest sites for which both effort
and geographic coordinates were available, indsctdigt mean human population
density within a 100-km radius had a significansipee effect on research effoq €
0.0463), whereby more heavily-settled regions vibetéer investigated. High elevation,
however, was a significant inhibitor of researdlorf(p = 0.0126), and country identity
also had a significant effegh € 0.0313). Surprisingly, the richness of primgieces

(p = 0.6375), the aggregate IUCN conservation statttisose speciep(E= 0.3764), and
landscape-scale degree of forest coper 0.2337) had little or no effect on the overall

distribution of research effort.

5.4. Discussion

This study provides a timely summary of the higsitewed sampling effort conducted
by field primatologists in documenting neotropipalmate diets. This represents the
first large-scale assessment of the cumulative Bageffort allocated to primate
feeding ecology anywhere, which is critical in itl&mng knowledge gaps in terms of
severely undersampled taxa and geographic redmopsirticular, we highlight some
key emergent patterns: (1) Almost all study sit@gehbeen hugely undersampled in
terms of the proportion of co-occurring primateaaf?) The taxonomic distribution of
effort has generally been skewed towards largedabsipecies occupying large
geographic ranges; (3) The geographic distribupioaffort allocated by both habitat-
country and expatriate primatologists has beenaanated at relatively few
‘primatology hubs’ in specific regions, particularh Costa Rica, southeastern Peru and

the Brazilian Atlantic Forest.



5.4.1. Severe undersampling of primate assemblages

Only a tiny minority of sites have had the dietludir entire resident primate
assemblage investigated, even to a minimal degites.is illustrated by the small
number of synecological dietary studies successtahducted to date, notably in
Cocha Cashu, Peru (Terborgh 1983), Pacaya-Sameaia, (Soini 1986), Raleighvallen-
Voltzberg, Suriname (Mittermeier & van Roosmale®1)0 and Urucu, Brazil (Peres
1994b). Conversely, most sites have only hostedgiesor a few autoecological studies,
meaning that any comparative analyses of dietamyposition would rest on cross-site
comparisons, which are plagued by potential contjposil differences in plant
communities and food sources available. Primateiepeichness is highest at mid-
latitudes and especially in the western Amazong®&rJanson 1999), suggesting that
primate assemblages in this region are frequeesly Well studied proportionately.
Beyond this pattern of community-level undersangphleross virtually all studies, there

are also conspicuous gaps amongst certain prircaggpecies and in certain regions.

5.4.2. Taxonomic biases

Both the extent of geographic ranges and bodyesiptain to a limited degree the
amount of sampling effort received by neotropicainate ecospecies, although the
relationships were weak and other factors likefg@fthe spatial distribution of

research effort by primatologists. Larger geograpanges clearly increase the spatial
availability of a species in different regions, dajer species often attract more
attention and research funding than smaller spé€blagtin-Lopez et al. 2009).

However, these factors are not independent of e, as large-bodied ecospecies are
frequently associated with large geographic rari@eston & Blackburn 1996).

The overwhelming focus of dietary studies on howtenkeys Alouattg), which
accounts for 37.4% of all studies and 24.4% ofatygregate observation effort, seems
best explained by a combination of these and d#wors. Howlers represent one of the
largest bodied and occupy by far the largest ggducaange of any neotropical
primate. They are also forest habitat generalistsiwing in both evergreen and
deciduous forest and from sea level to cloud fereser 3200 m in elevation (Peres &
Janson 1999). In fact, the dominance of howler regrgtudies over that of other

larger-bodied atelids is best explained by its gapkic and ecological distribution. In



addition to their large body size and wide disttib, however, howler monkeys are
highly amenable to systematic observations in begfagively sedentary, highly
folivorous, and consistently exhibiting small spatequirements, often persisting even

in small isolated forest fragments.

Following the Atelidae, cebine primates have reegithe largest amount of sampling
effort, particularly white-fronted and broveapuchins. This can similarly be explained
by their ubiquitous distribution and large bodyesithe smaller effort dedicated to
wedge-capped capuchins matches a correspondingljesrgeographic range. Squirrel
monkeys $aimiri)), however, have been relatively poorly sampleegitheir wide
geographic distribution. In contrast, much moreratbn to date has been allocated to
some Amazonian callitrichids at patchy localitiesch as saddle-back tamarins and
moustached tamarinthan would be expected in relation to their size geographic
range, perhaps because they provide excellent méatettudies of mixed-species
groups in primates (Peres 1993). Conversely, ahkitrichids have generally
experienced lower research effort, with the notaigeption of lion tamarins which
have been relatively well studied despite theihhigestricted contemporary
geographic ranges (Rylands et al. 2002). The tlstafus and accessibility of the few
extant populations of lion tamarins has encourdgghl research effort, yet similarly
threatened woolly-spider monkey populations haudeen studied to the same extent,
even though they are also endemic to Atlantic Raeranants (Brito et al. 2008).

In general, pitheciids (tribes Pitheciinae, Calice, and Aotini) have been remarkably
undersampled in relation to other taxa. Sakis mgsieithecig and bearded saki
monkeys Chiropote$ have received the most amount of research attebtit even
these ecospecies are poorly sampled in relatitimeio size and relatively large ranges.
This is potentially due to observational difficei posed by the remoteness of extant
Amazonian populations, the cryptic behaviour ofi saknkeys (Palminteri et al. 2012)
and the rapid locomotion of bearded saki monkeykerhighest forest strata (Silva &
Ferrari 2009). The ecology of uakari€atajag has been studied even less than other
pitheciids (but see Bowler & Bodmer 2011), but #®species is often patchily
distributed in relatively inaccessible and pootlydsed Amazonian seasonally-flooded
forests (Ayres 1986).

Compared with collared titi monkeys and Amazoniasky titi monkeys, Atlantic

Forest titi monkeys haveeen slightly better sampled, likely because thiialler



geographic range is both more accessible and mashrdo heavily settled

metropolitan areas, and they persist in even simast fragments. Finally, the total
sampling effort dedicated to date to the ecologgight monkeys, is particularly low
considering their continental scale distributioonfr Panama to northern Argentina. This
can be easily explained by their nocturnal habimsgue among all primates other than

prosimians, which widely discourages research effom visually oriented observers.

5.4.3. Geographic biases

Spatial variation in sampling effort was best expd by variables relating to the
physical accessibility of study sites. In contragigcies-rich sites do not necessarily
attract greater attention from primatologists. Sitkvser to large urban centers received
higher levels of research effort than remote sitesparsely-settled areas and high-
elevation sites were undersampled compared to taM@arests. That we detected no
effect from the degree of forest cover within eksidscape suggests that vast areas of
continuous lowland forest remain severely undersadin relation to highly
fragmented forest landscapes. The effect of coudémtity emphasises the clear
disparities in research effort across internatiqaditical borders. Belize, Guatemala,
Peru and Suriname received relatively high levéksffort per study site. This contrasts
with Brazil, the largest neotropical country, whisthost to a relatively large number of
study sites, although the density of research &ffdhin those sites tends to be low.
Within this context, we concentrate primarily orsdebing the variation in effort

between regions, countries and key study sites.

Mesoamerica has long been recognised as the soiumest science outputs in modern
tropical ecology (Stocks et al. 2008). This genexedrdominance in ecological
sampling is extended at least to some degree twageifield studies despite the
relatively species-poor primate fauna north oflamamanian isthmus. Although most
Mesoamerican primate assemblages include AldyattaandAteles Aotusand
Saguinusextend their much larger South American rangesBanama, whil€ebus
andSaimirireach slightly farther north at least into CosteaRThe cumulative
sampling effort in relatively affluent Mesoamericamuntries, such as Mexico and
Costa Rica, is disproportionately large in relatiorfsouth America, with only Brazil
and Peru surpassing these countries in termshareiumber of studies or total



observation load. This becomes even more impressige we consider relative country
areas within the distribution of neotropical pries(which excludes only Chile);
virtually all Mesoamerican countries have a higtemsity of study sites than their

South American counterparts.

Greater physical accessibility of forest sitese®earchers, in combination with stronger
investment in ecological research facilities arfdastructure, may contribute to the
disproportionately large effort in Mesoamerica. Hwer, the main driver is more likely
to be the greater accessibility to North Americad Buropean investigators, including
easier political access in terms of research psrioitexpatriate primatologists
(Antonelli and Rodriguez 2009). Mexican primateei@sh, traditionally centred
primarily at Los Tuxtlas Biological Station, is guie in having produced a strong cadre
of Mexican primatologists (Estrada et al. 2006)cdmtrast, logistical convenience for
foreign researchers has been a decisive factdrapisg the spatial distribution of
research effort throughout the rest of Mesoamdntastocks et al. 2008) and,

conversely, inhibiting research in several Southefinan countries.

Within the Amazon region, Peru has hosted by fargiieatest sampling effort, although
French Guiana has a comparable density of effoligwed by Ecuador, accounting for
the relatively small country area within the ramf@eotropical primates. Again, this is
largely explained by sampling effort by researcties North America and Europe
(Pitman et al. 2011). In contrast, while over 20,0@urs of effort have been invested in
primate diet studies across the Brazilian Amazoa density of both study sites and
research effort across this vast inaccessible negjie relatively low. Moreover, this is
considerably less than the total research efftotaled to Peru, even though Peruvian
Amazonia is only ~16% the size of Brazilian AmazonBrazil, like Mexico, has
successfully cultured a well developed communitynedountry primatologists and a
strong tradition in field primatology. However, Wwithe exception of Manaus and
Belém, the vast majority of Brazilian academicitusés are based well outside

Amazonia.

In contrast, many of these research communitiebased in urban centers within the
highly fragmented Atlantic Forest, which extendsrnortheastern Brazil into northern
Argentina and western Paraguay. Ease of physicalsaand close proximity to wild
primate populations are clearly attractive to ptiohagists, corresponding to the high

density of study sites and total research effothig region. The severe threats facing



primate habitat in the Atlantic Forest, the imgedlconservation status of many
resident primate species (Galetti et al. 2009),famdurable funding allocated to
endangered species likely represent additionaritaning factors. Conversely, the
physical and political inaccessibility and poorgveéloped research infrastructure of
vast forest tracts across the Brazilian Amazonrdaute towards a failure to i)
encourage field studies by primatologists from otyeats of Brazil, ii) attract foreign
researchers, or most importantly iii) develop tbeently small community of resident
Amazonian primatologists. The Amazon region sumpbath the highest primate
richness (Peres & Janson 1999) and the highedt gilaTsity (ter Steege et al. 2006),
emphasizing the severe undersampling of the lowkmédzon (and Brazilian
Amazonia in particular) in relation to the restloé Neotropics, especially in terms of

species diets.

In addition to comparing total observation loadogsrcountries and regions it is also
useful to assess the proportion of ecospeciesestiadia country scale. For example,
despite a relatively high density of investigatedfort, dietary studies in Ecuador and
French Guiana have only included around half of fwémate ecospecies (Table 5.3).
We found no primate dietary studies in Guyana, Hoasl and Trinidad & Tobago,
whereas only night monkeys had been studied ingRasadespite the occurrence of
four other primate ecospecies (Stallings 1985)utfing the onlyMico marmoset
species occurring outside Amazonia (Rylands €tG09). In terms of taxonomic break-
down, the ecology of night monkeys and squirrel keys remain unstudied in almost
half of the countries in which they occur, and diet of the monotypic Goeldi’s
monkey has only been studied at single site inheont Bolivia (Porter et al. 2007).
Although these observations are crude given thgngudegree of effort between
studies and countries, they complement a morelddtanalysis of relative effort and

can inform research priorities at a national level.

5.4.4. Data quality and sampling completeness

Data quality is important in addition to data quigniStudy duration is of particular
importance in dietary studies, since food sourceephemeral and highly variable over
the course of the year, and even a continuousrgegud study will miss food species
that become available on a supra-annual basie(StiMendes 2009). The methods



used in a study will also affect the findings; medit methods such as stomach contents
and faecal samples are biased towards fruits contaseeds passed intact through
digestive tracts, and towards primates that areerfikely to ingest whole seeds.
However, some food sources are less reliably recbddiring direct observations,
particularly for certain primates, and indirect heds can therefore provide useful
complementary data to systematic observations lufueted groups.

That primate species richness is not a signifipaatlictor of sampling effort
emphasizes the point that the full assemblageiofgtes is rarely studied in its entirety
at most individual study sites. This degree of clatgmess at the site level represents
one opportunity to increase effort of undersampde@. In addition to encouraging
increased effort in the taxonomic and geographpsga our current knowledge of
primate diets across the Neotropics, we also lgghthe importance of reporting
complete datasets and accompanying metadata fetudiles conducted. In particular,
perhaps partly due to inadequate botanical expertsdies conducted to date have
frequently failed to report complete annotated &hsts of food species, including plant
parts consumed at different times of the year,thadelative importance of these items
in the overall diet (for instance, in terms of tisgent feeding, number of feeding bouts,
and number of food patches). Moreover, a clearrgasm of methods used in feeding
ecology studies is critical, and we were surprisgthe number of previous studies
omitting site co-ordinates and key measures ofyséfifbrt, including the study dates,
the number of months and days of observation, tdisérvation hours, amount of

feeding time observed, and number of feeding bouts.

Finally, despite attempting to be as extensiveasiple, there may be further studies,
particularly from inaccessible grey literature sms and unpublished datasets, which
could improve the overall picture presented in teigew on what we know about
primate feeding ecology in the Neotropics. We wandourage all researchers to
contribute such datasets (full plant species dietricluding plant parts consumed, and
with associated metadata including full detailstoidy sample effort) to a common data
library of feeding records even if these studiesrast formally published.



5.5. Conclusions

This review represents the first comprehensivessssent of the sampling biases
inherent in the aggregate field effort allocate@c¢ological studies targeting an entire
continental scale primate fauna. As the most imtehsstudied mammalian order,
primates provide an unparalleled opportunity ta@spnt the inconsistencies and
sampling biases that potentially plague other nlask well studied taxa. We focus on
feeding ecology studies of New World primates, wiith neotropical region
representing the highest global levels of both pterrichness and plant diversity. By
standardising effort across methodologies we wileta compare total sampling effort
(in hours between primate taxa and between stueg)sacross the countries and
regions of the Neotropics. In this manner we hgjttlibiases in sampling effort and the
resulting geographic and taxonomic gaps in oureturknowledge of neotropical
primate ecology. We further pinpoint major geogiagaps where it is important to
increase the coverage of study sites, and whichpsmies have been most poorly
sampled to date. In addition, we highlight the ediiive failure by primatologists to
ensure that the full complement of species co-oomat any given site are
investigated, which could be used to address a raidge of community ecology
questions. In practical terms, improving the gqyadit datasets on full primate
assemblages at existing sites is potentially auisédirting point to allow meaningful
comparisons of ecological traits such as feedirigbeur.

Although the biases discussed in this review haenlpoorly considered to date, they
remain central to our understanding of the dietany spatial requirements of non-
human primates, especially as they face mountingewation threats from habitat loss
and fragmentation. In a wider context, the variaiiosampling effort among
neotropical primate ecological studies has serimydications for the degree of
completeness in the continental-scale knowleddbeofeeding ecology of each species
or functional group, and thus for determining takative importance of primate species
as seed dispersal agents in network analyses dihfgenteractions. We hope this
review will encourage greater consideration of éhleisses in network studies of both

primate and non-primate consumers.
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Chapter 6

Frugivory in neotropical primates:

trophic status and ecological correlates
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Abstract

Primates comprise the most observable and besedtathmmalian order in tropical
forests, with widespread attention dedicated tdekeing ecology of wild populations.
In particular, primates play a key role as frugesand seed dispersal agents for a
myriad of tropical plants. Sampling effort by pritokgists, however, has been
unequally distributed, hampering quantitative congmeas of primate diets. Here, we
provide the first systematic review of primate djetith an emphasis on frugivory,
using a comprehensive compilation of 289 uniqumate dietary studies from 163
localities across the entire Neotropics. We accéamgampling effort (standardised as
hours) in comparing the richness of fruiting plar@sorded in primate diets, and the
relative contribution of frugivory to the overalled in relation to key life-history traits,
such as body mass. We find strong support foradhg-held hypothesis, based on Kay’s
Threshold, that body size imposes an upper liminsectivory and a lower limit on
folivory, and therefore that frugivory is most imfsmnt at intermediate body sizes.
However, the truncation in the upper body mass lohextant neotropical primates,
induced by the post-Pleistocene megafaunal ovehal implications for the extent of
the frugivory-folivory continuum in extinct lineageContemporary threats faced by the
largest primates serve as a further warning treatltets of all neotropical primates
remain severely undersampled with regard to tHengss of fruit consumed. Indeed,
frugivorous primates expected to have the mostiepeich diets are amongst those
most poorly sampled, exposing implications for onderstanding of primate-plant

interaction networks.



6.1. Introduction

Fruit represents a key dietary resource for mogti¢al forest vertebrates, and most
tropical forest plants depend on fruit-eating Vieréges as seed dispersal vectors (Howe
& Smallwood 1982, Fleming 1987). This mutualismyeleped over a long
evolutionary history, means frugivores are ubiqustin a wide range of taxa (Smythe
1986, Oleson & Valido 2003, Correa et al. 2007, déuslla & Fleming 2007),
particularly in birds and mammals (Fleming & Kr&gs 1). Within mammals,
frugivory has evolved independently on multiple agions and is especially well
represented amongst prosimians and anthropoidsmast primate families worldwide
being moderately to highly frugivorous. New Worldmnkeys (Primates: Platyrrhini)
are markedly arboreal, yet inhabit a variety opical-subtropical forest habitats, and
differ substantially in terms of population dynasjisocial organization, and
locomotion, in addition to diet (Garber et al. 2RG9owever, the entire radiation of
platyrrhine primates routinely include fruit in thdiets, although there is wide
variation in the degree of frugivory across taxaes$t types, and geographic regions.

Ecological differences between extant neotropicahates appear to reflect
evolutionary changes in body size since the Latseke or Early Oligocene arrival of
their common OIld World ancestor (Fleagle & Christep2006), with a predicted body
size of ~1kg. Freed from competition with smalteegsirrhines, New World monkeys
diverged in both directions filling most availalsiehes (Ford & Davis 1992), to result
in a present-day size range spanning two ordemsaghitude (0.12 — 10kg). This
contributed significantly to the diverse range b§erved life-history traits. Dietary
composition, for example, has long been recogrisde influenced by body size (Ford
& Davis 1992, Fleagle 1998), with particular redgeqorotein requirements (Felton et
al. 2009a, 2009b). Although fruit are widely consgahin the tropics, they represent a
patchy resource in space and time (Fleming etS&@7 1Levey 1988, Herrera 1998), that
is typically of poor nutritional value comparedioth animal prey (e.g. arthropods) and
foliage (Oftedal et al. 1991). Insects provide ghhguality source of nutrients and
calories, ideal for the high metabolic requiremeritsmall primates (Kleiber 1947).
Large primates require a greater bulk food intakiehave lower basal metabolic rates
(BMR) and lower energy demands per unit of bodysntsis enabling a diet based on
lower energy sources (Fleagle 1998). Moreoverglgmgmates can exploit foliage
because of the greater complexity of their larggsgwhich can tolerate high levels of



(hemi)cellulose and toxins that render this widelhpilable resource either unpalatable
or undigestible to smaller primates (Chivers 1904yge-bodied primates are also
rarely able to consume large amounts of arthropedause of either prohibitive
pursuit-and-handling time involved in capturing eligldispersed small prey or
anatomical and locomotor constraints on arthropedation (e.g. Terborgh 1983, Peres
1994Db). Body size constraints therefore appeanfmse both upper limits on
insectivory and lower limits on folivory, leading the proposed dichotomy between
frugivore-insectivores and frugivore-folivores (Roberger 1992) as predicted by
Kay’'s Threshold (Kay 1984).

The general profile of most primate diets is rgkliy well understood, following long-
term observational field studies in all tropicaldamasses (Garber et al. 2009, Kappeler
& Watts 2012). However, these studies have beeviljeskewed towards certain
lineages, typically large-bodied and widely-distitibdd species (Chapter 5). For example,
howler monkeysAlouattaspp.) are by far the best studied neotropical giengenus,
having received almost one quarter of the aggredjatary sampling effort (Chapter 5).
Such sampling biases have unforeseen consequencesunderstanding of primate
diets. While a summary of the overall trophic sgytof a primate species may remain
relatively accurate despite a low sample effoe,ithplications are more severe when
considering dietary details. Elementary metrichsag the number of food species
consumed by a primate population or the degreeugfvfory or folivory of a primate

species are greatly affected by the overall distiiim of sampling effort.

This is compounded by the highly variable food-$sg&cichness (e.g. of fruiting plants)
of a primate population, which will depend upon tverall floristic diversity of the
surrounding habitat. In addition to taxonomic bs&ag®imate sampling effort is plagued
by geographic biases with the distribution of @ffancentrated at relatively few sites
in specific regions (Chapter 5). For example, dhggoportion of the overall effort from
neotropical studies have been conducted in Mesoeaner the Atlantic Forest, which
are relatively poor in terms of both woody pland gmimate diversity compared to the
lowland Amazon. Perhaps more importantly, rangéicted primates have a smaller
plant meta-community from which to potentially sdengheir diets than widespread
genera, such as howler monkeys, whose range spaestire distribution of
neotropical primates, from southern Mexico to nemthArgentina (Peres 1997). A
markedly skewed sampling effort then clearly haglications for any comparative



analyses of vertebrate diets, particularly giveat thore ubiquitous, large-bodied
species typically receive the most attention fronestigators (Chapter 5).

We first amassed a comprehensive survey of botdigtary data and sampling effort
allocated to feeding ecology studies of neotropgicathates (Chapter 5). Given a more
accurate understanding of the geographic and tammnioiases inherent in our present
knowledge, we are able to examine in more detail tie dietary profiles of all
neotropical primates actually diverge, particulanlyelation to frugivory. Two
orthodox methods have been used to quantify fansamption by highly observable
frugivores, such as diurnal primates: 1) estimafdle total biomass of fruit consumed,
and 2) duration/frequency of fruit feeding boutsagsoportion of feeding time or
observation events. We do not consider the firghote more popular in the field of
metabolic ecology, but focus instead on the sectavdured by behavioural
primatologists, and a third method, quantifying degree of frugivory given the
richness of fruiting plants observed in primatasli©ur assessment considers the
inherent variation in observational sampling efftottest long-held hypotheses
regarding the relationships between vertebrate lsasty geographic distribution, and
diet.

We therefore provide the first comprehensive quainte review of the feeding ecology
of wild primate populations across the New Worlapics, which contain both the
world’s most diverse primate fauna and the highesrsity of plants and fruit
morphological design. Comparable reviews are altor only a limited number of
frugivore taxa (e.g. hornbills: Kitamura 2011; t@piHibert et al. 2011), or the frugivore
assemblage attending a single plant taxon Fecgis spp.: Shanahan et al. 2001).
Instead we have identified primates as a largerapdrtant group of frugivores in
neotropical forests that are long overdue a sysiemeview, despite the strong
tradition of observational field studies dedicatiedhese charismatic vertebrates. We
aim to 1) quantify the degree to which neotroppainates rely on fruit pulp and other
fruit parts to meet their basic metabolic requiratagconsidering differences in
sampling effort allocated to date across taxa,grattempt to explain trophic status in
relation to the body size and geographical rangdftdrent species. Finally, we hope to
inform future research priorities by pinpointingtmost urgent gaps in our current
knowledge of the plant diets of neotropical primated encourage similar reviews in
other taxa and regions worldwide.



Chapter 6: Frugivory in neotropical primates
6.2. Methods
6.2.1. Data compilation

We performed a comprehensive literature review sipgr42 years of research (1969 —
2011), from published and unpublished sourcesgofropical primate diet studies
reporting primate-plant feeding interactions indyplopulations (Chapter 5). From a
total of 423 references, we included 331 uniquerezfces corresponding to 289
individual studies, defined as a survey effort cowvga single or multiple primate
species over a discrete time period at a singltystite. These sources reported on the
plant diets of 24 functional groups or ‘ecospeci{eshsuPeres & Janson 1999)
belonging to 17 neotropical primate genera distabwacross 163 study sites in 17
Meso and South American countries (Figure 6.1; & &ll). A full list of references and

study sites is available from the authors uponestju
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Figure 6.1.Map of primate dietary studies at 149 sites conapitethis review, showing

the composite range of extant platyrrhines (damke)iacross 17 neotropical countries.
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Table 6.1.Taxonomy and corresponding ecospecies classificatimeotropical primates used in this analysis.

Body mass Range

Subfamily: Tribe® CodeEcospecie$ Taxonomic species included (kg) (km?) °
Atelinae Al Howler monkeys Alouattaspp. 6.32 13095330
At  Spider monkeys Atelesspp. 8.56 6784000
\{ Br  Woolly spider monkeys Brachytelespp. 8.84 267800
La Woolly monkeys Lagothrixspp.,Oreonax flavicauda 8.46 3351007
Cebinae Cf  White-fronted capuchins Cebus albifronsC. capucinus 2.92 4057250
Ca Brown capuchins C. apella+ Cebusspp.® 3.09 11193082
m Co Wedge-capped capuchins C. kaaporj C. olivaceus 2.91 1944175
Sa  Squirrel monkeys Saimiri spp. 0.81 6417552

Callitrichinae: Saguinini Sf  Saddle-back tamarins Saguinus fuscicolljsS. inustusS.
melanoleucus, S. nigricolli$. tripartitus 0.51 2436081
Sx  Moustached tamarins S. mystaxS. labiatusS. imperator 0.50 827714
Sm Midas tamarins S. midasS. niger 0.55 1574740
K S. bicolor S. geoffroyiS. leucopusS.

So Bare-faced tamarins martinsi S. oedipus 0.44 216323
Callitrichinae: Cx  Atlantic marmosets Callithrix spp. 0.37 2745620
Callitrichini, Callimiconini Mi  Amazonian marosets Mico spp. 0.38 1256621
Cb Pygmy marmosets Cebuella pygmae&allibella humilis 0.12 1579650
x Le Liontamarins Leontopithecuspp. 0.58 85208
Cg Goeldi's monkeys Callimico goeldi 0.48 2745620
Pitheciinae Pi  Saki monkeys Pitheciaspp. 2.31 3677870
‘ Ch Bearded saki monkeys Chiropotesspp. 2.86 3006600
Cj Uakaries Cacajaospp. 3.05 764586

cont.



Table 6.1. cont.

Body mass Range

Subfamily: Tribe® CodeEcospecied Taxonomic species included (kg) © (km?) ¢
Homunculinae Cm Amazonian dusky titi monkeysCallicebus molock Callicebusspp.® 0.96 3741840
Cp Atlantic dusky titi monkeys C. personatus- Callicebusspp.® 1.33 896493
B Ct Collared titi monkeys C. torquatust+ Callicebusspp.® 1.25 1752351
Ao  Owl monkeys Aotusspp. 0.93 7711498

4Taxonomy from Rosenberger (2011).

®Ecospecies classification updated from Peres &afa(k999).
¢ Source: Smith & Jungers (1997).

4 Source: Patterson et al. (2007).

®See Appendix 5.2 for full list of species.



For each study we recorded the primate speciegestustudy site location including
geographic coordinates, observation methods, studgtion defined in terms of the
number of months and proportion of a Julian ye&b (Gonsecutive days) sampled, and
the sampling effort, standardised across diffesantpling techniques and expressed in
terms of the total number of hours (Chapter 5gdnh case we recorded, wherever
available, the number and identity of fruit spe@easumed, and the proportional
composition of fruits in the overall diet. Wherettotal number of fruit species
consumed per primate ecospecies per study wagoatipd in each source, we used
the total sum from complete or incomplete dietagcses lists, or from the isolated
mention of individual plant species. We define fuagy (sensu latpas including all

ripe and unripe fruits, in addition to other frpdrts, including fruit pulp, seeds and
seed-pod exudates. We therefore make no assessihwamether individual fruit
consumption records infer effective seed dispesaked predation. Plant taxonomy
was updated to the APG Il system (APG Ill 20090 agnonyms in the Latin

nomenclature were condensed using available so(iFbesPlant List 2010, IPNI 2011).

6.2.2. Measures of frugivory

We used three approaches to quantify the degrsag¥ory exhibited by each primate
ecospecies. Firstly, we assessed the log-lineatigakhips between sampling effort and
the richness of plant genera in the diet of eaghaie ecospecies per study. For highly
frugivorous ecospecies a steeper increase in timbauof fruit genera consumed per
unit effort would be expected than for less frugouss ecospecies. The rate of increase
with effort or the slope (Effort-based Fruit RiclsseSlope: EFRS) of the regression line

would therefore represent one measure of the irapogt of fruit in the overall diet.

Secondly, we compared the richness of plant gesmxarring in the fruit component of
primate diets. However, the total number of fr@hgra observed as present in the diet
of primate ecospecies provides a misleading ingicaif actual dietary richness
because of both varying levels in the samplingrefémged across ecospecies and the
severe undersampling of dietary profiles in alnadstases (Chapter 5). Examination of
non-parametric estimators of richness or indiceslia diversity would require
abundance count data for each fruit genus obseBeshuse most references compiled
provided only a food-species list, we could onlg aspresence-absence matrix of



confirmed plant-primate species interactions. Wadfore produced sample-based
rarefaction curves, to represent the cumulativelyarof fruit genera recorded across
all studies for each primate ecospecies and to mrerately estimate the relative
richness of fruit genera in the diets of all ecasp® on the basis of an equivalent
sampling effort. We then re-scaled the x-axis efsample-based rarefaction plots
(where samples represented individual studiesypoess effort in terms of the number
of observation hours, therefore accounting forttiglly variable effort per sample
logged by different primatologists. Using the widage of sampling effort allocated to
different primate ecospecies, we calculated radgfiant taxonomic richness
standardised to 100, 1000 and 4000 hours of obseny@anly Amazonian marmosets
(Mico spp.) and collared titi monkey€dllicebus torquatuand related congeners;
Table 6.1) had total efforts < 1000 h.

Thirdly, we calculated the mean proportion of faagly (fruit pulp and other fruit parts)
in the diet of each primate ecospecies. The pesgentontribution of any plant parts
(e.g. foliage, exudates, flowers, fruits, seedsimal prey (vertebrates and
invertebrates), and other food sources to theveistrecorded from the subset of all
references reporting such information (Appendi¥.@e to seasonal dietary shifts,
the most accurate dietary representation is proMiestudies which span at least a full
annual cycle. Year-round dietary data, howevergwelatively scarce in the literature,
particularly for certain functional groups. Thigjugred the inclusion of a few less
comprehensive studies to estimate the mean deffeeyivory for each primate
ecospecies, although we excluded all studies spgh@ss than six months dé facto

field sampling.

6.2.3. Correlates of frugivory

We tested the relationship between total samplifuytgoer primate ecospecies and
each of the above measures of frugivory: 1) thpestaf the relationship between effort
and richness of fruit genera consumed, 2) rardfigtigenus richness, and 3) the
proportion of the overall diet consisting of fruitsnally, for each primate ecospecies
we calculated the mean body mass (Smith & Jund¥9)land geographic range size
(NatureServe/l[UCN range polygons: Patterson &0f)7, IUCN 2011), and tested
these predictors against the rarefied richnessudgfdenera (including seeds) consumed



and the degree of frugivory as a proportion of alletiet. We expect a positive
relationship between food-plant (and fruit) richrmi@sd geographic range size, as a
result of the continental-scale turnover in plgm@es composition available at
different sites. We also predict a peak in frugyvas a proportion of the overall diet at
the mid-range of neotropical primate body masgxaected by Kay’'s Threshold of
feeding/foraging investments into different classesophic resources. We used body
mass as a metric of body size relevant to feedboipgy because it is a powerful
predictor of metabolic requirements and its cladationship with digestive tract
capacity (Peters 1986). All analyses were conduct€d(R Development Core Team
2010); sample-based rarefaction curves were pradusieg the ‘vegan’ package
(Oksanen et al. 2011).

6.3. Results
6.3.1. Effort-based Fruit Richness Slopes

Feeding ecology studies on neotropical primatesrendkedly skewed towards a
handful of ecospecies (Table 6.2, Figure 6.2). Miost heavily studied genera are
howler monkeys, spider monkeyatélesspp.), capuchingebusspp.), and tamarins
(Saguinusspp.; Table 6.1). Conversely, ecospecies expengmarticularly low levels
of attention include the wedge-capped capuchieb(skaaporiandC. olivaceus,
pygmy marmosetJebuellapygmaeaandCallibella humilis), Goeldi's monkeys

(Callimico goeldi), and collared titi monkeys.

Substantial differences are also evident betweespscies and higher taxonomic
groups in terms of the cumulative number of fr@hgra consumed as a function of
study effort. Notably within the Atelidae, whichcindes two of the best studied
ecospecies, there are much steeper EFRS slopss iegression lines for spider
monkeys and woolly monkeykdgothrixspp.) than for howler monkeys and woolly-
spider monkeysBrachytelespp.) (Figure 6.2a). Steep EFRS slopes are afsaramt
for moustached tamarinS4guinus mystaand ecological analogues) and Amazonian
marmosets, although the latter have been seldairestu



Table 6.2.Sampling effort and measures of frugivory (sentu) lr neotropical primate ecospecies. Codes repné ecospecies (see Table 6.1).

Max. spp. Tot. gen. Tot. fam.  Curve Rarefied genus richness Dietary classes
Code Sites Studies Hours  EFRS per study richness richness completion® 4000 hrs 1000 hrs 100 hrs % fruit N
Al 74 108 47236.4 0.17 97 294 83 65.1 68.2 19.3 2.0 35.1 41
At 29 44 18328.3 0.43 238 259 75 63.3 114.9 36.6 4.0 78.3 16
Br 7 9 36435 0.29 71 101 51 35.7 37.4 4.2 42.6 5
La 11 16 8714.7 0.66 183 239 78 59.7 155.7 55.6 6.4 73.4 5
Cf 17 30 21291.6 0.53 176 214 65 51.1 64.9 18.5 1.9 81.2 1
Ca 40 50 13153.6 0.38 176 260 73 54.9 126.3 39.6 4.3 48.5 7
Co 4 4 14245 0.33 54 112 52 20.5 146 54.6 1
Sa 15 19 4956.3 0.38 150 144 62 39.6 119.0 40.2 4.5 38.1 2
Sf 12 18 13585.1 0.51 251 187 66 65.3 99.4 33.6 3.8 54.1 6
Sx 8 13 122975 1.00 267 182 62 62.2 994 33.4 3.7 68.0 5
Sm 8 8 568.1 0.43 48 85 45 32.8 205 66.0 3
So 6 6 2033.3 0.49 23 39 24 32.2 22.4 2.7 61.5 2
Cx 14 22  6540.7 0.59 30 85 43 36.3 63.5 19.9 2.2 17.9 6
Mi 3 4 1868.4 1.30 57 52 29 18.6 1
Cb 6 6 33515 0.20 6 5 4 25.6 3.5 0.4 0.0 1
Le 4 8 122449 0.58 87 115 51 45.0 53.2 15.8 1.7 76.1 3
Cg 2 4  2505.5 0.46 55 55 31 14.7 19.9 2.6 29.0 2
Pi 12 17 6208.8 0.49 172 215 71 49.9 162.3 57.3 6.5 85.0 7
Ch 10 18 51239 0.54 177 240 66 60.4 219.1 93.3 11.8 84.1 7
Cj 8 9 18817 0.67 120 173 49 42.0 96.0 12.8 87.2 2

cont.



Table 6.2. cont.

Rarefied genus richness Dietary classes
Max. spp. Tot. gen. Tot. fam. Curve
Code Sites Studies Hours  EFRS per study richness richness completion® 4000 hrs 1000 hrs 100 hrs % fruit N
Cm 7 8 1659.3 0.13 81 94 45 23.6 59.3 6.9 53.0 2
Cp 4 6 2649.5 0.41 69 82 37 30.8 38.3 4.4 81.0 2
Ct 4 4 363.3 0.09 49 57 33 86.3 1
Ao 11 12 1661.3 0.34 63 68 33 25.7 43.6 5.2 76.5 2

Total 163 289 193291.0

& Effort Fruit Richness Slope.
® 0% completion of fruit genus accumulation curve.
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Figure 6.2.Log-transformed relationships between samplingrefmurs) and

richness of fruit and seed genera observed acrmtarg studies of neotropical

primates. Codes represent primate ecospecies @ele 6.1), arranged in rows

according to primate subfamilies: a) Atelinae, Bhihae, c) Callitrichinae: tribe

Saguinini, d) Callitrichinae: tribes Callimiconir@nd Callitrichini, €) Pitheciinae, f)
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confidence intervals (excluded for Cb, Cg, Co, @ndliue to small samples of3

studies); dashed box encompasses the Callimicf@g)i and Callitrichini tribes of the

Callitrichinae.



Ecospecies with the most shallow EFRS slopes, asdollared titi monkeys and

pygmy marmosets, are often characterised by smalpke sizes, but this is not the case
for howler monkeys and Amazonian dusky titi monké&yallicebus moloctand
analogues). Relatively shallow slopes are commowmsadhe Homunculinae, including
night monkeysAotusspp.), and the Cebinae, with the exception ofritermediate

slope exhibited by white-fronted capuchi@epus albifron@ndC. capucinuswhich

has a value more similar to members of the Callitnae such as the saddle-back
tamarins $aguinus fuscicolliand analogues), lion tamarinepntopithecuspp.), and
Atlantic marmosetsQallithrix spp). Finally, all Pitheciinae show relativelyegtesiopes,
particularly in the case of the uakari€atajaospp.) whose slope is comparable to that

of woolly monkeys.

6.3.2. Fruit richness accumulation curves

The higher sampling effort devoted to the Ateliaael Cebinae subfamilies, and to
howler monkeys in particular, is confirmed by exaimg the aggregate effort across all
studies (Table 6.2, Figure 6.3). The Pitheciinagt ldomunculinae are particularly
undersampled but there are examples of poorlyetiueitospecies in each subfamily,
even including the woolly-spider monkeys and wedgpped capuchins from the

Atelinae and Cebinae, respectively.

The cumulative curves also display the richnegsdait genera consumed as fruit or
seeds by each ecospecies and the rate of accuonubeter the course of their studies.
Despite a lower sampling effort, the fruit richnessves of spider monkeys and woolly
monkeys are considerably steeper than that fordrowbnkeys. Squirrel monkeys
(Saimirispp.) and brown capuchinG€bus apellaand analogues) exhibit steeper curves
than white-fronted capuchins, while those for saduick tamarins and moustached
tamarins are almost identical. It is difficult taterpret the least studied ecospecies but it
is apparent that all pitheciines exhibit exceptiynsteep accumulation curves in

relation to most other ecospecies (Appendix 6.2).
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Direct comparisons are made possible by estim#ti@garified genus-level richness of
fruits and seeds consumed at a common sample.dffgirig values equivalent to 4000
h of observation (Table 6.2) it is clear that pdiirees include the highest diversity of
fruits and seeds in their diets, followed by woatipnkeys, brown capuchins, spider
monkeys, saddle-back tamarins, and moustacheditenaAt this level of sampling,
howler monkeys accounted for a plant genus richlesssthan half that of saki
monkeys Pitheciaspp.) and less than a third that of bearded sakikeys Chiropotes
spp.). Uakaries have received less than 4000 ly siifiokt but appear to have a similar
trajectory to the bearded saki monkeys. Midas tammgBaguinus midaandS. nige)
and wedge-capped capuchins show some indicatisteep accumulation curves using
a highly rarified richness at 100 h of observatiom these ecospecies have been

severely undersampled.

6.3.3. Frugivory within different dietary classes

Pitheciines again rank amongst the most frugivomusn considering frugivory as a
proportion of all dietary classes (Figure 6.4)edtllonly when both seeds and fruit pulp
are included (Appendix 6.3). Granivory also conitds to the high representation of
frugivory within the diets of titi monkey<@llicebusspp.), although to a lesser degree
than in pitheciines. Frugivory represents a sligtdiver dietary component of spider
monkeys and woolly monkeys, and a considerably tmsenponent of the other atelids,

howlers and woolly-spider monkeys, which are prei@mtly folivorous (Figure 6.5).

Capuchins and squirrel monkeys exhibit an interatedevel of frugivory, with a
correspondingly higher proportion of insectivorygiire 6.5). Tamarins are similar in
terms of percentage frugivory but with the addegtigbution of exudates to the diet
(Figure 6.4). Exudates become the dominant dieflaigs in marmosets, particularly in
the extreme case of pygmy marmosets which consuniyeaaninimal amount of fruit.
Lion tamarins, in contrast, exhibit a higher intaifdruits than other Callitrichinae,

while Goeldi’'s monkeys are unique in the substhebatribution of fungi to their diet.
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6.3.4. Effects of sampling effort on measures ofdgivory

The completeness of each ecospecies’ accumulatime can be measured by how
close it is to reaching an asymptote. As expedteslmetric is positively related to
overall sampling effort, in that the taxonomic nelss of food species is better
understood in those ecospecies studied for loygpdndix 6.4a). Our three measures
of frugivory, however, are related in contrastingmmers to sampling effort, notably
that the best studied ecospecies are typicallyethoth the least diverse diets, as
indicated by the rarefied genus richness (Appefdib). There is a slight positive
relationship between sampling effort per ecospeamesthe EFRS of studies allocated
to that ecospecies (Appendix 6.4c), whereas thegotion of fruits in the diet is

independent of study effort across ecospecies (Agiges.4d).

6.3.5. Ecological correlates of frugivory

Geographic range size was not strongly relatedeaithness of fruit genera consumed
by primate ecospecies or to the proportion of thmts consisting of fruits (Appendix
6.5); several patterns of cumulative fruit richnesse observed across all geographic
range sizes, and both the highest and lowest gigtdmess values were observed for
ecospecies distributed across mid-sized geographges. Body size, however, was
positively related to rarefied fruit richness (Appix 6.5), with a wider range of values
in large-bodied species. Degree of frugivory asap@rtion of the overall diet including
both plant and animal matter was decisively unintatiavas relatively low in highly
faunivorous small-bodied species, reached a peekrts the upper intermediate range
(2 — 3 kg) of the entire body mass spectrum wishilasequent partial decline towards

the largest and most folivorous extant neotropgicathates (Figure 6.6).
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6.4. Discussion

This study provides a critical continental-scaleessment of diet, and frugivory in
particular, in all neotropical primates. Few vertb taxa have been subjected to such
dietary reviews (see Courts 1998, Virgos et al. 91 Barrett et al. 2007, Gebert &
Veryheyden-Tixier 2008, Kitamura 2011, Hibert et2011), and most are restricted to

a relatively narrow focus. Perhaps the most widireg geographic and taxonomic



coverage is provided by a global review of fig ammgrs (Shanahan et al. 2001),
although this is limited to feeding records conaggra single pantropical plant genus.
Our study represents the first large-scale qudiviitaeview of primate dietary data
worldwide, and one of the most comprehensive assa#s of the feeding ecology of
any terrestrial vertebrate infraorder, especiaiyg the high diversity and
disproportionately large trophic importance of ptetines in neotropical forests.

We uncovered the following main patterns: (1) Alinals New World primate
ecospecies have been severely undersampled in ¢étimes species-richness of food
plants exploited as fruit resources; (2) Accounfmgstudy effort, vegetative diets vary
considerably across primate ecospecies in theesshaf fruit genera, which is more
closely related to body size than to geographigeasize; (3) Degree of frugivory as a
proportion of the overall diet also varies consadidy between ecospecies, and in a
unimodal pattern consistent with Kay’s (1984) baize hypothesis: frugivory is most
prevalent at the mid-high spectrum of body sizénimiheotropical primates. This
pattern is discussed in relation to the full rangbody sizes of extinct and extant non-
human primates in both the paleotropics and nemisop

6.4.1 Severe undersampling

Despite the impressive investigation efforts ofdfiprimatologists, which have made
primates the most intensively studied order of mamnsampling effort within the
neotropics is heavily skewed towards a small migarf genera both in terms of the
number and spatial distribution of studies andréselting observation time (Figure
6.2). These biases are confirmed in the total sageliffort per ecospecies accumulated
across all studies (Table 6.1) and, in particldgithe cumulative curves of fruit genera
recorded as consumed (Figure 6.3). Here it becaymgarent that in fact, no primate
ecospecies has been successfully sampled to apptaaccumulation curve
asymptote. Even for howler monkeys, which easipresent the best studied
platyrrhine ecospecies, we still cannot be confidleat the full breadth of dietary fruit
genera have been uncovered. The situation is mocsewor many others, however,
with clear examples from each neotropical subfanpifrticularly the most poorly

sampled Homunculinaé\0tusspp. andCallicebusspp.)



Furthermore, our estimates of rarefied food-spetusess values, which effectively
account for variable sampling effort, show thattngmcal primate fieldwork has
predominantly targeted those ecospecies exhititiadeast diverse in fruit diets
(Appendix: Figure S3). This is important to recagmieven if understandable given the
close relationship between diet and other lifedmstraits that influence the
amenability of primate species to ecological redeardowler monkeys, for example, in
addition to being ubiquitous in neotropical foresi® over-investigated relative to
other ecospecies, perhaps in part because théwyglg folivorous. This, in turn, is
associated with a suite of traits that render abgraal folivore more conveniently
observable: notably small home ranges, high poluaensity, a relatively lethargic
lifestyle, and a high tolerance of human disturlesaicd edge-dominated habitats in
forest fragments that are often within reach ofdacaic institutes in large urban centres.
Conversely, more frugivorous ecospecies are natslyamore challenging to study,
and it is worth considering that such practicaliéssare likely to constrain the selection
of study species and research questions, espeaiaéiy much primatological fieldwork
has been conducted by graduate students with plarti@nd highly seasonal) time
limits to produce a dependable dataset (Chapter 5).

6.4.2. Variable levels of frugivory: fruit richness

The degree of frugivory across primate ecospesidhistrated in several ways, firstly
by the strength of the relationship between stuttyrteand the number of fruit genera
consumed in a study. Using genus level identificadf plants helps to account for the
notoriously poor botanical expertise of many fiptdnatologists. Steep positive slopes,
for example in woolly monkeys, indicate high digtachness within an individual

focal group, suggesting that the number of fruriega observed in their diet would be
further augmented by a prolonged study periodoltrast, shallow slopes such as
those of howler monkeys, suggest that even short-$¢udies appear to capture most of
the dietary richness, so that geographic varidatidghe composition of food sources
available across studies likely plays a larger moléhe overall richness of fruits
consumed by less frugivorous ecospecies. Thistaffdikely to be substantial in
ecospecies with a large geographic range, whidhreglire a greater spread of study

sites to cover the greater floristic turnover iarglcommunities across their ranges.



Accumulation curves provided an additional anglagsess the importance of frugivory
across primate ecospecies, by amalgamating infaymah food-plant richness across
all available studies. Shallower curves indicatd tiew studies will have a lower
impact in terms of additional contributions towam®rall fruit genus richness for that
ecospecies. On the other hand, steeper curvesteditat much of the true fruit diet of
that ecospecies remains undocumented and thatithker of fruit genera known to be
consumed can be expected to rise with future ssutliéthin the Atelidae, for example,
despite the large number of studies and large ¢ffaift allocated to date, there are
relatively few fruit genera observed in the diehofvler monkeys. Dietary curves rise
much more steeply for spider monkeys and woolly kegs, and a far greater fruit
richness would therefore be predicted if they wereeceive the same level of sampling

effort as howler monkeys.

Rarefaction provides a more effective comparisam tthe extrapolation of
accumulation curves, although care must be takamtenpreting the values for the most
poorly sampled ecospecies, especially those obddéovdéewer than 1000 h (Table 6.1).
The highest rarefied genus richness is displayetthdyithecinae, which confirms their
extremely steep accumulation curves despite relgtiow sampling effort. Further
studies, in particular targeting remote parts ofa&onia, will yield many more fruit
taxa consumed by these ecospecies. However, pitaatietary records, in addition to
ripe fruit pulp, also include unripe seeds of m&eg and woody liana species, which

comprise an important part of their diet.

6.4.3. Importance of frugivory as a dietary class

Although all neotropical primates are frugivoroassbme degree, they adopt a wide
range of dietary strategies in supplementing thneit diets with alternative food
sources. Simple models proposed previously to thestitese strategies include the
frugivore/folivore/insectivore trichotomy (Chivees al. 1984), subsequently expressed
as the frugivore-folivore/frugivore-insectivore daomy (Rosenberger 1992) to
highlight the general dominance of frugivory. Thiegrtional balance between these
food classes can be shown by a ternary plot ofabveietary allocation (Figure 6.5),
expressing the continuum between ripe-fruit-pulecsglists, such as spider monkeys
and woolly monkeys, to the predominantly folivordweswvler and woolly-spider



monkeys, or the highly insectivorous squirrel morskdntermediate consumers such as
the opportunistically folivorous/insectivorous ttnd night monkeys or the
frugivorous/faunivorous capuchins are generallyespnted along the three
dimensional gradient but any finer details are, Ipatticularly in relation to additional
dietary sources that can comprise a substantiatibation to the total diet of a few

ecospecies (Figure 6.4).

Pitheciines, for example, are more accurately desdras seed specialists or granivore-
frugivores than generalised frugivores (Palmingem@l. 2012), whereas dusky titi
monkeys are also incipient seed eaters (Garbem%d$i 1992, Kinzey 1992).
Marmosets and pygmy marmosets are specialised exaiis, and rely on gums and
resins for a large part of their diet. The moseastve study of Goeldi’'s monkeys to
date reveals that, in excess of the contributioeydates, the largest proportion of
their diet consists of fungi (Porter 2001). Therefavhile the simplistic approach of
categorising broad patterns between the major tcaphlds of frugivory, folivory and
insectivory might be valuable, the reality is fregtly much more complex.

6.4.4. Body mass and frugivory

The old adage of “you are what you eat” has perbaps most dramatically
demonstrated for a South-East Asian strepsirriireeslow loris Nycticebusspp.),

where consumption of toxic invertebrates has pnodoimnplications for its unique life
history (Ligabue-Braun et al. 2012, Streicher e@ll2). However, the relationship
between a species’ diet and many aspects of éigtory is fundamental for all
organisms and platyrrhine primates are no excep@oanivory in pithecids, for
instance, is reflected in morphological adaptatimnite biomechanics of their jaws and
dentition (Kinzey 1992). Complex neural developrseare also proposed withebus
andSaimiriin relation to the cognitive requirements of aleetic diet sourced by a

highly variable spatiotemporal mosaic of fruit gags (Janson & Boinski 1992).

Body size, however, perhaps represents the kekibtery trait related to diet (Peters
1983, Calder 1984, Lindstedt & Boyce 1985, Flenti@§1). The relationship between
diet and body size is, in turn, linked to a mulliéuof other ecological traits, including
reproductive rate, population density, home range, fiabitat composition, vertical

stratification of forest use, and locomotion (Milt& May 1976, Clutton-Brock &



Harvey 1977, Terborgh 1983, Robinson & Redford 1¥8d & Davis 1992,
Rosenberger 1992). The adaptive radiation of npmab primates has been driven by
the diversification in body size with a resultaabge of phyletic ‘dwarfs’ and ‘giants’
(Martin 1990, 1992). Increased body mass allowaramal to eat more in terms of both
volume and diversity of food items (e.g. Camposetzet al. 2008) which has a
bearing on the relationship observed between bagyasd fruit dietary richness.
However, this evolutionary process has long beepgsed to relate closely to the
evolution of primate dietary strategies, with theservation of small-bodied
insectivores and large-bodied folivores, with haggrees of frugivory most prevalent
within the mid-range of body sizes (Kay 1984, Fled98).

The roles of body size and proportional frugivamyprimates has been examined in the
paleotropics, in relation to responses to habitdtitbance (Johns & Skorupa 1987) but
data were primarily based on single populations. Sudy compiles the relative dietary
intake for all neotropical primate ecospecies (ipldtpopulations in all but five cases)
to provide an unprecedented opportunity to exanhiadody size-diet relationship
(Figure 6.6). Frugivory is low for small body sizeghere exudativory and subsequently
insectivory make large contributions to callitridhdiets. It then gradually increases

with greater body size towards a peak, represedntede pitheciine granivore-
frugivores, before a decline driven by the highrdegf folivory in two of the large-
bodied ateline ecospecies.

Interestingly, the largest prehensile-tailed nqatral primates include the highly
frugivorous spider monkeys and woolly monkeys idiadn to the more folivorous
howler and woolly spider monkeys. Woolly-spider rkeys are generally described, in
common with spider monkeys and woolly monkeys,resgy maximisers characterised
by semibrachiating locomotion, large home randeg] social groups and generally
frugivorous diet (Peres 1994a). This contrasts Witvler monkeys as energy
minimisers, with their slow quadrupedal locomotitamg periods of inactivity, small
home ranges, and often highly folivorous diet (&ai& Kinzey 1992, Strier 1992). The
apparent disagreement regarding the ecologicabfololly-spider monkeys is
perhaps explained by the proposal that leaf-eatirgis ecospecies is a secondary
adaptation following its recent range restrictiorthie Brazilian Atlantic Forest (Ford &

Davis 1992). This is supported by recent studiesre/fevels of facultative frugivory in



continuous evergreen forest are higher than prelyaecorded in populations from
heavily disturbed forest fragments in semideciduousst (Talebi et al. 2005).

While folivory in neotropical primates is therefarere important towards the large-
bodied end of the size spectrum, the predictedecafthe body size-diet relationship
appears to be incomplete (Figure 6.6). The firssfme explanation for this is the
absence of any extant New World primate much lattgen 10 kg. In mainland Africa,
gorillas Gorilla spp.; males 135 — 180 kg, females 68 — 113 kgalanest exclusively
folivorous (Watts 1984, Rogers et al. 2004), whiddoonsRPapiospp.; up to 40 kg)
and geladasTheropithecus geladd8.5 kg) are primarily grazers/browsers, as was
almost certainly the case for the extinct giantuesrof MadagascaH@dropithecus
stenognathuandArchaeoindris fontoynont(Mittermeier et al. 2010). The exception
amongst the largest-bodied Old World primates ésdtangutanRongospp.; males 118
kg, females 45 kg), which is highly arboreal angyivorous (Taylor 2006).

It had previously been assumed that there was amax body size within New World
monkeys around the 10kg threshold, and perhapshéathyletic gigantism radiation
from a small-bodied common ancestor had not yegnessed sufficiently into large-
bodied species exhibiting high levels of folivoiyia the Old World (Peres 1994b).
Indeed the arrival of humans in Meso and South Agaanay have brought this
progression to a sudden halt, in relation to thenex'mega’Brachytelespecies and
the currently threatened status of the most oveduularge atelines (Peres 1990). We
therefore suggest that the absence of the largeledh forms in New World primates
could explain the puzzling lack of obligate foliest and the truncation observed in the
size-diet relationship (Figure 6.6). This hypotsesauld be elucidated by the subfossil
discovery ofProtopithecus brasiliensjs giant platyrrhine estimated to have reached
~20 kg (Hartwig and Cartelle 1996, Halenar 2014pusd its broad diet be investigated

perhaps using stable isotope analysis.

Alternative hypotheses to explain the comparatil@ly representation of folivores in
neotropical primates consider differences betwherNew and Old World tropics in the
synchronicity of leafing and fruit phenology (Tergb & van Schaik 1987) or levels of
fruit protein concentrations (Ganzhorn et al. 20003 xtinct large-bodied primates
from the neotropics did indeed have highly folivasaliets as predicted by the body
size-diet relationship we have shown, this wouldrothe possibility that seasonal

resource availability or fruit nutritional qualityere not necessarily effective constraints



on the evolution of body size in platyrrhines. Aault, perhaps more attention should
be directed towards the role of human pressurécpkarly considering the
considerable conservation threats currently fatiiegargest-bodied extant neotropical

primates (Chapman & Peres 2001).

6.5. Conclusions

This review represents the most comprehensive sreees of neotropical primate
dietary studies, and one of the most extensive datigns on the feeding ecology of
any frugivorous vertebrate taxon. Coupled with argitative assessment of the
sampling effort of the dietary studies conductedg@er 5), this provides an
unparalleled opportunity to compare the diets widge-ranging and ecologically
important group. The high variation observed acressiropical primate diets, both in
terms of the richness of fruiting plants and in tiiege of dietary strategies, supports
the reluctance to accept the concept of a ‘typigaihate (Strier 1994)

Such variation in diet, and measures of frugivorparticular, has both taxonomic and
ecological correlates. Many of the suite of lifstbry traits related to diet are
potentially driven by phylogenetic constraintsparticular the influence of body size.
The adaptive radiation of neotropical primatesifra common ancestor of
approximately 1kg to a modern-day range spannimmgasslers of magnitude (~0.1 to
~10kg), offers an ideal setting to test the refettop between body size and frugivory.
Our review consolidates support for the hypothesisay’s Threshold, with a peak in

frugivory as a proportion of total diet at internege sized species.

While the compiled dataset represents an impressinilative observation load by
primatologists, and the overall trophic strateggrisbably now well described for most
neotropical primates, the same cannot yet be sgarding a more detailed knowledge
of their dietary richness and composition. The angation curves of fruit genera
consumed fail to approach an asymptote for alltional groups, with disconcerting
ignorance on the feeding ecology of some ecospétasemain particularly
undersampled. However, an increased observation effid spread of sample sites is
likely to yield variable returns, in terms of fruithness, for different ecospecies.
Unfortunately, the frugivorous primates with thesnspecies-rich fruit diets appear to

be amongst the most poorly studied to date, wilerseimplications for our overall



understanding of fruit-frugivore interactions ahe tole of primates in ecological
processes such as seed dispersal or seed predation.

Finally, our continental-scale focus on such adaagd important group of tropical
forest consumers highlights the importance of lagge comparative analyses to
quantify our current understanding of frugivorepatential seed dispersal agents. We
hope this review will serve as inspiration for damicompilation efforts for
paleotropical primates.
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Chapter 7

Conclusion

7.1 Introduction

As the threats to tropical forests and global hiedsity become increasingly profound,
conservation biologists are becoming more awatbeheed for ecosystem-scale
research to complement single-species studies énimayer et al. 2007). This concept
has now been developed beyond the assessment ofwtty species richness or
species diversity, to examine the richness andsityeof interactions between species.
The networks of ecological interactions formed witbommunities point to the
inexorable interdependency between individual camepts within the ‘web of life’
(Bascompte 2009).

The network approach to community-level studiesdtimsulated investigation of how
network properties relate to the fragility or resice of ecosystems (Fortuna &
Bascompte 2006). In particular, plant-animal musti@l networks are increasingly
recognised as the ‘architecture of biodiversityddhe structure of these networks may
help determine their robustness (Bascompte & Jar@807), particularly in the face of
intensified anthropogenic impacts (Morris 2010XKig an ecosystem-wide view
(Levin 1998) also enables us to consider the pigntascading impacts of species
extinctions on dependent species and ecosystertidoadge.g. Nichols et al. 2009).

Ecological networks are exceedingly complex withyiad of direct and indirect links
(Montoya et al. 2006), and Darwin aptly describeel ¢complex interactions between
species as a ‘tangled bank’. This is especially within species-rich ecosystems, and
perhaps contributes much to the current paucigcofogical network studies in tropical
forests worldwide. This thesis attempted to redtleissimbalance, and adopted an
ecosystem-orientated approach to examine the nistinaletworks of fruit-frugivore

interactions in the species-rich forests of thetnmgycs.



7.2 Key findings
7.2.1 Seasonal floods and varzea forests

The first half of the thesis focused on the indogddiverse forests of lowland
Amazonia. Much of the beta-diversity of the Amaz®gontributed to by the
heterogeneity of forest types, in relation to vaoiain soil types and flood regimes (ter
Steege et al. 2000), and the comparison of two foagst types in the Médio Jurua
region of western Brazilian Amazonia were centoahis part of the thesis. Seasonal
flooding of the white-water Jurua river causesdhrual inundation of thearzea
forests along its banks, in contrast to upland egpsa oterra firmeforest that remain
unflooded year-round. Although typically less dsetharterra firmeforests (Prance
1979),varzeaforests are the most species-rich floodplain feresirldwide (Wittmann
et al. 2006) and the floristic turnover betweentthe forest types may reach 70-90%
(Junk 1989, Wittmann et al. 2010).

Because of the complexity of interactions causethbyhigh species richness of fruiting
plants and fruit consumers, the unique conditiomsased by the flood pulse (Junk et
al. 1989, Parolin et al. 2004), and the shortaga@¥fious studies on fruit-frugivore
interactions irnvarzeaforests (Haugaasen & Peres 2007), it became iupioid

conduct some background studies before considexiatall networks. In particular it
was necessary to gain an understanding of thea$jpatil temporal dynamics of plant
communities in the poorly known study landscape tama fruit production and

vertebrate frugivore abundance and distributionhiniige influenced in both forest

types.

Chapter 2 of this thesis (Hawes et al. 2012) sidties process by examining the spatial
variation in forest structure across the study $aage in botlerra firmeandvarzea
forests. This was illustrated through the estimmatibaboveground forest biomass,
incorporating wood density values assigned to géened identifications of woody
stems, from an extensive sample of small plots. IBynpg such a widely distributed
sampling effort, stratified by forest type, cleaslyowed that landscape-scale variation
in aboveground biomass was primarily determineébbgst type. Lower levels of
aboveground biomass vrzeaforest, driven in part by lower values of wood signin
the predominantly fast-growingarzeatree flora, illustrated the overriding influence o

the dramatic flood pulse on ecosystem processimssimegion.



Using satellite data to define the period of inurataexperienced within eaclarzea
plot sampled, allowed the impact of the stress fflmwding to be assessed and
compared to the stress experiencetéima firmeas a result of water deficit. Not
surprisingly, the extreme stress conditionsaizeaforests were found to be a more
important influence on aboveground biomass, althantgrestingly aboveground
biomass was highest in areas experiencing the $driged periods. Chapter 3
confirmed the central role of the flood pulse bylening the focus from a spatial
perspective to include the temporal variation iemdlogical patterns in the plant
communities oterra firmeandvarzeaforests. In addition to detailing the broad
seasonal patterns in plant vegetative and reproucycles, including fruit production,
this chapter found that phenological patterns aggaet be primarily triggered by

floodwaters invarzea as opposed to rainfall terra firmeforest.

7.2.2 Community-wide fruit-frugivore interactions

With consideration for how seasonal variation untfproduction would influence
frugivores, the analysis of phenology patterns aistuded an examination of seed
dispersal modes in fruiting plants, which foundt tivhile trees and woody lianas in
terra firmeforest primarily displayed zoochorous seed disgder®des, seeds dispersed
by abiotic vectors were more prevalenvérzeaforest. This simple categorisation of
the availability of fruits to frugivores was thexpanded upon in Chapter 4, which built
on the foundations provided by the earlier two pfacused chapters to begin to
explore the interactions between the plant and ahc@mmunities of terra firme and
varzea forests. Additional fruit traits such astfmass, seed mass, fruit colour, and fruit
dehiscency were attributed to the large varietiywfs catalogued during extensive
surveys of fruit patches in each forest type. Tivese then assessed in an attempt to
detect any evidence of trait matching between fesburces and functional groups of

frugivores.

Fruit resources iterra firmeandvarzeaforests were clearly partitioned across the
diverse coterie of frugivores but this was not diematched to distinct suites of fruit
traits as suggested by classic notions of tighigvolved seed dispersal syndromes
(Ridley 1930, van der Pijl 1982). As might be expég¢ given the dominant influence of
forest type on other processes within this studyesy, the major influence on the
partitioning of fruit resources and on network stue was the difference betweenra



firme andvarzeaforests. This was primarily a direct or indireesult of the flood pulse.
In addition to the high turnover in plant commuestibetween the two forest types, the
seasonal flood also has a dramatic influence oanimeal communities. High water-
levels invarzeaforests during the aquatic phase prevent accdssrastrial frugivores,
and simultaneously open up foraging opportunityaiguatic frugivores. Thus, while
canopy primates and canopy birds are free to fatmgeighout the year, ungulates,
caviomorph rodents and ground-dwelling birds amdiles are effectively replaced for

half the year by bony and cartilaginous fish, amgHtwater turtles.

These substitutions within thérzeafrugivore assemblage, however, do not necessarily
confer a functional replacement, for a number asoms. Firstly, the fruit resources
available vary as starkly between the aquatic anédtrial phases as the change in
frugivore community. Secondly, the range of fruge@may have very different
preferences in their selection of fruit traits vitltheir diets. These two factors combine
to create the spatiotemporal partitioning of fresources observed between frugivore
groups, which is clearly apparenttarra firmeforest as well agarzea and is likely to
reflect their widely divergent ecological roles.

7.2.3 Regional meta-analyses and primate diets

The second half of this thesis explored these gomdbroles within a major group of
frugivores present in thterra firmeandvarzeaforests of the Médio Jurua. Primates
were important frugivores in both forest types tlgloout the year, including the aquatic
phase irnvarzeaalthough they were particular dominant in theratéons with fruiting
plants ofterra firmeforests. The ecological plasticity of neotropipamates in general
is further demonstrated by their distribution faybnd Amazonia to span a range of
forest habitats from Mesoamerica to the Atlanticgsg and the adaptive radiation of
platyrrhines throughout the American tropics haslted in diverse range of dietary
strategies. Narrowing the focus to this group offastidied consumers allowed
functional groups (or ‘ecospecies’) to be defineatenprecisely than for earlier

community-wide analyses at a local scale.

In the same manner that the investigation of lcoahmunity-wide networks (Chapter
4) required prior background research (Chaptery 2e3the exploration of fruit-

frugivore networks in neotropical primates alsodezkpreparatory analysis, although in



both these cases the ‘background’ chapters regdradkeand independent lines of
enquiry in their own right. In this case, beforasilering the full network of
interactions, it was essential to consider the siagpiases inherent within the
continental-scale compilation of primate dietarydées. Although primates arguably
represent the most charismatic and most intenssatalyied order of mammals, even if
extinct/extant hominids are excluded, Chapter htifled a systematic skew in
sampling effort towards large-bodied species anddlwith large geographic ranges. In
addition, this analysis showed that studies wereentrated into specific locations,
particularly in readily accessible sites with alvgdveloped community of either
resident or foreign researchers, and that most sieze hugely undersampled in terms
of the proportion of co-occurring primate taxa stdgdand the incompleteness of
feeding ecology data. A particularly valuable cdmition of this chapter was to
highlight geographic and taxonomic gaps within¢bhenulative body of research effort
spanning decades of investigation from the nortinewtropical frontier in southern
Mexico to the southern frontier in northern Argeati

Using information assembled in the previous cha@bapter 6 was able to account for
the disparities in sampling effort to quantify tegels of frugivory across primate
functional groups. This resulted in the most corhpresive assessments of neotropical
dietary studies, and one of the most extensive datigns on the feeding ecology of
any frugivorous vertebrate taxon. One of the kagifigs here was that despite the
impressive cumulative effort of primatologists retneotropics over the last few
decades, even the best-studied ecospecies weresanmgiéed in terms of the richness of
fruits known to occur in their diets. This chapaéso quantified the variation between
the diets of neotropical primates, including theele of frugivory both in terms of
richness of fruit in their diets and as a propartd overall diet. A final key finding

from this comprehensive comparative analysis ahpte feeding ecology, was the clear
confirmation of a unimodal relationship betweergfuary as a proportion of overall

diet and body size, in a manner consistent with'&Kéy984) body-size hypothesis.
While small-bodied primates were more typicallyrfaorous and large-bodied
primates typically folivorous, frugivory was mogsepalent at the mid-high spectrum of

body sizes within neotropical primates.



Figure 7.1.Fruit and seed collecting in the Médio Jurua.

7.2.4 Contributions towards methodological advances

An additional output from this thesis is a numbecantributions towards
methodological advances. Use of the recently dpeel ALOS ScanSAR imaging is
highlighted as a valuable tool to define inundapeniods in floodplain forests (Lowry
et al. 2009) and to map seasonal habitat avaialrlivarzeaforests for both terrestrial
and aquatic fauna. This technique performed wedijplaining the variation in
aboveground biomass vrzeaplots (Chapter 2), in contrast to the use of dglema
from SRTM data which does not consider the compigeraction between topography
and relative water-level of the river on floodplamundation (Alsdorf et al. 2010).



While there are both advantages and disadvantagesiming the use of small,
‘Gentry’ style forest plots to estimate abovegrobimmass (Phillips et al. 2003), the
ability to widely distribute a large number of @aicross a vast heterogeneous
landscape, stratified by forest type (Chapter2@ clear benefit of this sampling

protocol (Laumonier et al. 2010).

The pros and cons of the various methods for mongglant phenology have also
been well discussed (Morellato et al. 2010), inclgdhe effectiveness of various trap
designs (Stevenson & Vargas 2008). These, howbaee generally been challenging
to operate in seasonally flooded forests. In aoldlito using three complementary
methods for monitoring plant phenology, this stdegcribes the use of a novel floating

trap designed to cope with the fluctuating floogels invarzeaforests (Chapter 3).

The completeness of fruit-frugivore networks israportant concern (Bluthgen et al.
2008). Although it is still difficult to determinde proportion of ‘missing’ and
‘forbidden’ interactions in the Médio Jurua netwsrkheir degree of completeness was
undoubtedly improved by incorporating local knovgedf fruit-frugivore interactions
to supplement a large-scale sampling protocol basetirect observations (Chapter 4).
To help overcome the challenges in completingfiruigjivore networks, particularly in
species-rich tropical forests, the contributiomrirexperienced and reliable local

residents could be highly advantageous.

Also in relation to the idea of completeness, ffuiggivore networks have rarely been
quantified according to the amount of sampling effeceived. Furthermore, if the
meta-analysis of neotropical primates is represimetéhere can be expected to be a
wide range of effort attributed among different semers or resources in a network
(Chapter 5). In addition to other traits, the degoéfrugivory exhibited by each
consumer is likely to influence the number of pesiinteractions recorded during
observations. Again, differences between frugivimesther taxonomic groups may or
may not reflect those within neotropical primatebgere levels of frugivory varied in a
non-linear relationship with body mass (Chapter\8jthout considering the
distribution of sampling effort and levels of frugry among consumers, interpretation

of the structure of networks may be flawed.



7.3 Future directions
7.3.1 Seasonal floods andarzeaforests

This thesis made a valuable contribution to theylmfdesearch comparingarzeaand
terra firmeforests, yevarzeaforests in particular remain one of the most usietied

of tropical forest types. There remain open questibat can be investigated using data
from fieldwork conducted in the Médio Jurua durthg course of this thesis, including

some that were not included in any of the finalpthes.

During the forest structure study in the two foitgpes (Chapter 2), data were also
collected on canopy cover and understorey derfsatyremain unanalysed. In addition
to these small plots, similar data are availabteim 100-ha plots (one iterra firme
one invarzeg, in which the distribution of treefall gaps wealso mapped (J. Hawes,
unpublished data). These combined datasets casdoetol investigate potential

differences in canopy structure and disturbancerdse flooded and unflooded forests.

The triggers of phenology patterns in flooded ftgés an area that deserves much
closer research attention. While Chapter 3 addpdatifor the role of the flood pulse

in driving plant phenology inérzeaforest, it is challenging to dissociate the relativ
influences of other environmental variables sucheagall. Further insight may be
gained by comparing phenology patterns from mudtgtes across different catchments
in the Amazon basin, where rainfall and flood reggnmay vary in levels of synchrony
given the basin-wide variation in time lags betwapatream peak precipitation and

peak water-levels.

The identity of trees was also recorded within arlfadius of each of the traps used to
measure fruit-fall inerra firmeandvarzeaforests (J. Hawes, unpublished data). If
fruits and seeds collected from these traps cdulteadentified, these data could
potentially be used to distinguish the proportidalispersed from undispersed seeds in
each trap, and to compare between forest types.

7.3.2 Community wide interactions

While the survey of small tree plots (Chapter 2jevenalysed to investigate patterns in
forest structure and aboveground biomass, theydaab be examined from a

community composition perspective. By incorporaiimigrmation on fruiting



phenology and fruit traits according to the geraigl identity of sampled stems, the

spatial and temporal variation in fruit producticould be estimated over the scale of
the two study reserves. This would be particulartgresting to assess in conjunction
with patterns of vertebrate frugivore abundancechvivere also assessed within the

wider research effort of Projeto Médio Jurua (Wd&i& C.A. Peres, unpublished data).

Interactions between fruits and frugivores can haxtended higher-order influences
within the wider ecosystem, for example the cladationship between dung beetles
and faecal resources produced by large mammaliginvbres (Nichols et al. 2009).
Dung beetles were sampled in the same 10@+hna firme plot used for fruit and
frugivore surveys (E. Nichols, unpublished datggring the possibility for a combined

analysis of the spatial congruence between these thophic levels.

7.3.3 Regional meta-analyses

The culmination of the meta-analysis of neotropprahate studies in a comprehensive
network of fruit-frugivore interactions was not ceéad during the course of this thesis.
However, the full matrices of interactions haverbeempiled and analysis is underway
to assess the relative contributions of primatetional groups to the network
accounting for both the sampling effort they hasteeived (Chapter 5) and the degree of

frugivory within their diets (Chapter 6).

Further uses for this comprehensive data set iedkgccombination with other taxa
such as bats and birds (Mello et al. 2011), andrtbeelling of impacts on network
structure following the removal of the largest pates. This simulation of an
overhunting scenario would assess the potentialdbscosystem function through
missing seed dispersal links. A reverse situatmridcalso be envisioned to simulate
selective logging with the predicted effects onvoek structure when harvesting timber
resources that may or may not be important to gdisefrugivores.

7.3.4 Antagonistic vs mutualistic interactions

Finally, an important consideration, for both tlemtropical primate networks and for
further analysis of the community-wide networksirthe Médio Jurud, is the

difference between antagonistic and mutualistieraattions (Bascompte & Jordano



2007, Estes et al. 2011). In addition to the nunalper identity of links between
frugivores and fruit, the ecological role that gially of interest is the consumer’s
contribution to the resource plant as an effecd®ed dispersal agent. Many frugivores
(sensu latpas used throughout this thesis), including présaalso operate as seed
predators as opposed to effective seed dispei@@ssblurred relationship is difficult to
guantify since a given frugivore may be an effeetisperser for one plant species but
represent a predator for another. However, thigissinnot be ignored and the goal for
future fruit-frugivore network analyses must inatua quantified network with the
strength of interactions scaled by the qualityhaf $eed dispersal service provided, in

addition to the frequency of the particular intéi@tc.

7.4 The web of life

This thesis has been centrally concerned with & wrday of interactions. The
interactions between fruiting plants and frugiva@nimals are vital to the maintenance
of tropical forests and global biodiversity. A specextinction event is even more
significant than the loss of that single speciesifthe ecosystem; for each species lost
a host of interactions with other species may versel. We still do not know enough
about the resilience of ecosystems to cope witltoust interactions, and the need to

learn more is urgent.

Hopefully this thesis outlines the importance ofyfrcommunity-wide assessments,
encompassing the mutualistic interactions betwkeriull range of fruits and
frugivores. As well as studies exploring anthropogémpacts in heavily disturbed
environments, it is equally important to study tmote, inaccessible species- and
interaction-rich sites frequently overlooked bye@shers. The complex fully-
functioning ecosystems at these sites may prowgb®rtant information to help curb

losses elsewhere.

In addition to these intensive single-site studilis, thesis emphasises the potential for
compilations of existing research (often hiddenyawmaunpublished sources) to be used
in the construction of regional assessments of-frugivore interactions. The

interaction of multiple studies, compiled over spaad time, can be extremely valuable
in cataloguing the full collection of network linkis this manner, disparate dots can

perhaps be joined in order to help reveal a fydleture.



It is important too to recognise that people doopmrate outside the networks
mentioned in this thesis, and are not only resfb@$or the extinction of species within
them. A clear example of this is provided in thencounities of the Médio Jurua.

Within these reserves, people interact with thegband its other inhabitants on a daily
basis. These interactions include fishing, huntargl] the extraction of many timber and
nontimber forest products (Newton 2011), represgrai close integration into the web
of life. The Médio Jurua Extractive Reserve andatimcent Uacari Sustainable
Development Reserve are managed by local residergsognition of the dependence
of their livelihoods on both forest and aquaticongses, and their roles as guardians to

ensure the long-term protection of those foresiugses and ecosystem services.

Finally, | wish to acknowledge my personal intei@t$ during the course of producing
this thesis, in particular the many friendshipsrfed during my time in the Jurua.

Figure 7.2.Selection of fruits from the Médio Jurud.
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Appendix 2.1.Relationship between tree DBH and canopy heigh®®& stems
measured in a remote Amazoniama firmeforest (dashed line) at Urucu, which is
located some 200 km from our study landscape aloadrio Jurua (Peres 1994). Solid

line indicates the predicted relationship fdgdrzeaforest assuming height = 30 m when
DBH = 100 cm.



Appendix 2.2.Imaging dates for ALOS ScanSAR (Path 430, Fram8)375
corresponding to Jurua river stage heights measuatetie Porto Gaviao gauge (ANA

station 12840000), and inundation period metricsdzhon a reconstructed 38-year
stage record (1973-2010). This series of 12 Scarse&Res was used to classify all

varzeaforest across the study landscape by mean antagal tiuration. The value for

each forest plot was subsequently extracted, usieagnean flood duration whenever a

plot spanned more than one flood duration cated@fyof the 10&arzeaplots).

Low water High water

River recurrence recurrence
ScanSAR  stage Flooded Flooded interval interval  Flood duration
image date  (cm) days/yr  molyr (yrs) (yrs) category (molyr)
09/10/2008 31 355 11.7 3.45 1 9-12
22/08/2007 123 334 11.0 1.52 1 9-12
24/08/2008 161 320 10.5 1.23 1 9-12
19/11/2006 287 285 94 1.03 1 9-12
07/07/2007 312 279 9.2 1.03 1 9-12
24/11/2008 541 242 8.0 1 1 6-8
04/01/2007 1074 181 6.0 1 1 6-8
07/01/2008 1318 121 4.0 1 1 3-5
22/05/2007 1360 99 3.3 1 1.03 3-5
24/05/2008 1422 26 0.9 1 1.65 1-2
08/04/2008 1457 3 0.1 1 6.33 <1
11/04/2009 1458 3 0.1 1 7.60 <1




7004
5004
5004

g 4001

ESS

& 3001 .

7] ]

200 .

100 1 . .

04 ‘$+ =7,=* - * H [ [ p—
10- 20- 30- 40- 50- 60- 70- 80- 90- 100 +

40

v—ﬁ 30_

£ L

a . :

£ 201 :

< . . * .

o . i : . . * t *
101 . . :
ol :

10- 20- 30- 40- 50- 80 - 70- 80- 90- 100 +

© 300 . LI
= .
= oy
m 200 . . . .
o . '
b4 . .
100 . . . i I | :
ERPTY .
04
10- 20- 30- 40- 50 60 70- 80- 90- 100 +

DBH size class (cm)

Appendix 2.3.Frequency distribution within tree DBH classesa&f gtem density
(stems ha), (b) forest basal area (hha') and (c) aboveground biomass (Mg*hidor
terra firme(open boxes) andarzea(solid boxes) forests. Horizontal bars indicate
medians, boxes indicate interquartile ranges, wdriskndicate minimum and maximum
values and circles indicate outliers (observatidns times higher or lower than 1st and

3rd quartile respectively).
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Appendix 2.4.Relationships between landscape variables relaiegater stress (elevation and distance to nearesgnqmial stream) and
historical logging access (distance to river andtdnce to community) with (a) aboveground biomA§3H) and (b) the structural conversion

factor (SCF) for 200 0.1-ha forest biomass plottemma firme(open circles, dashed lines) anérzea(solid circles, solid lines) forests. Lines
represent linear models; grey shading represents @bnfidence intervals.



Appendix 2.5.Spatial extent of forest types and their contribog to aboveground
carbon stocks within two adjacent forest reservesifthe Médio Jurud region of
western Brazilian Amazonia, including flood duraticategories withivarzeaforest

determined by an ALOS ScanSAR remote sensing abproa

Reserve area (%, ha)  Carbon stock (%, Tg C)
Mean Mean RESEX RESEX
No. WSG AGB Meédio RDS Médio RDS
plots (gcm®) (Mgha') Jurud Uacari Total Juruad Uacari Total

Terra firme® 100 0.668 358.42 81.65 80.09 80.57 85.55 84.38 84.75

Varzed 100 0.581 28192 17.40 18.08 17.87 14.45 15.62 15.25
< 1 molyr 24 0569 26992 081 226 181 064 179 143
1-2 molyr 16 0.567 307.68 278 215 235 201 156 1.70
3-5 molyr 29 0589 26185 8.03 584 652 630 460 5.13
6-8 molyr 23 0.591 26218 3.80 437 419 338 391 3.75

9-12 molyr 8 0.605 367.81 197 346 3.00 212 374 3.24

Non-forested - - - 09 183 156 - - -

Total 253,22532,949886,176 42.8 106.1 148.9

#Includespaleovarzeand upland tributaries.

® Includes following flood duration categories (musitnundation per year).

¢ Includes non-forested wetlands and permanent opéer.
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Appendix 2.6.Relationships between SRTM-measured elevatiorSgajSAR-
measured flood duration (months) and field-measticmt depth (cm) in 73 0.1-ha
forest biomass plots marzeaforests. Lines represent linear models; grey shgdi

represents 95% confidence intervals.
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Appendix 3.1.Relationship between tree DBH and crown area fd 9ms measured
in a remote Amazoniaerra firmeforest (dashed line) at Urucu, which is locatethso
180 km from our study landscape along the Rio JyR&xes 1994). This relationship
was used to predict hypothetical DBH values fondiga with measured crown areas, in

order to derive a composite measure of communitieviruit production.
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Appendix 3.2.Annual fine litterfall (Mg h& yr?) recorded from 24 bimonthly
collections of 96 traps in botlerra firme(open boxes) andarzeaforest (solid boxes),
showing total fine litterfall and values for indilial vegetative and reproductive
fractions: symbols represent (from left to righgaves, fine woody litter (small branches,

bark, trash), flowers, and fruit.



Appendix 3.3.Correlations coefficients (r) between plant phereg#s and rainfall
(solid bars) or flood water-level (open bars) witlihe same month and in each
previous month (lag: 0 to -12) for (a) canopy obsions, (b) trap collections, and (c)
ground surveys of residual fruit-fall, in botérra firmeandvarzeaforests. P-values are
represented by * P < 0.05, ** P < 0.005, *** P <001.
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Appendix 4.1.Relationships between fruit and seed dimensiondraitcand seed mass
in the Médio Jurua region of western Brazilian Amaia. These were used to predict

missing values for plant genera included in CAR@lgsis (22.4% and 19.1% of cases
for fruit mass and seed mass, respectively). Liepsesent linear models; grey shading

represents 95% confidence intervals.



Appendix 4.2.Frugivore species of the Medio Jurua region of Braz Amazonia, and their occurrenceterra firmeandvarzeaforests. Species
codes refer to numbers along the x-axis in Figu@ 4
Family Species Brazilian name English name TF VZ Code
Mammals
Primates
Atelidae Alouatta seniculus Guariba Red Howler Monkey + + 11
Ateles chamek Macaco preto Black Spider Monkey + 5
Lagothrixspp.? Macaco Barrigudo Woolly monkeys + 1
Cebidae Cebus albifrons Cairara White-fronted Capuchin + o+ 2
Cebus apella Macaco Prego Brown Capuchin + o+ 2
Saguinus mystax, S. fuscicollis Sauim/Lilico Moustached Tamarin, Saddleback Tamarin  + 12
Saimiri sciureus Macaco de Cheiro South American Squirrel Monkey + + 10
Pithecidae Aotus nigriceps Macaco da Noite Black-headed Night monkey + + 26
Cacajao calvus Uacari Uacari + o+ 8
Callicebusspp.” Zogue-Zogue Titi monkeys + o+ 18
Pitheciaspp.© Parauacu Saki monkeys + 16
Ungulates
Cervidae Mazama americana, M. nemorivaga Veado (roxo/vermelho) Brown Brocket, Red Brocket ++ 17
Tapiridae Tapirus terrestris Anta Lowland Tapir + 13
Tayassuidae Tayassu pecari Queixada White-lipped Peccary + o+ 6
Pecari tajacu Caitit( Collared Peccary + o+ 3
Rodents
Cuniculidae Cuniculus paca Paca Spotted Paca + 15
Dasyproctidae Dasyprocta fuliginosa Cutia Black Agouti + o+ 9
Myoprocta acouchy Cutiara Red Acouchy + 29
Echymidae Echimyssp.,Isothrix sp. Rato coro tree rats +
Sciuridae Sciurusspp. Coatipuru squirrels + o+ 25

cont.



Appendix 4.2. cont.

Family Species Brazilian name English name TF VZ Code
Carnivores
Mustelidae Eira barbara Irara Tayra + + 37
Procyonidae Nasua nasua Coati Coati + o+ 33
Potos flavus Jupara Kinkajou + 38
Bassaricyon gabbii Janauai Olingo +
Canopy birds
Cotingidae Cephalopterus, Coting&orphyrolaema Anambé cotingas +
Cracidae Pipile cumanensis Cujubim Blue-throated Piping guan + 32
Falconidae Ibycter americanus Cancéo Red-throated Caracara +
Icteridae Cacicusspp. Japiim caciques + 36
Clypicterus, Ocyalus, Psarocolius Japo oropendolas + 34
Psittacidae Amazonaspp. Papagaio amazona parrots + + 7
Ara spp. Arara macaws + + 4
Aratinga, Othopsittaca Maracana aratinga parakeets and Red-bellied Macaw + 23
Brotogeris, Pyrrhuraetc. Periquito parakeets + o+ 22
Pionities, Pionopsitta, Pionus Curica parrots + o+ 27
Ramphastidae Ramphastospp. Tucano toucans + o+ 14
Pteroglossuspp. Aracari aracaris + o+ 28
Trogonidae Trogonspp. Surucué&/Dorminhoco trogons + o+ 35
Terrestrial birds
Columbidae Columba, Geotrygon, Leptotila, Patagioenas  Juruti pigeons/doves + o+
Cracidae Crax globulosa Mutum piuri Wattled Curassow + ot 20
Mitu tuberosa Mutum Razor-billed Curassow + o+ 20
Ortalis guttata Aracud Speckled Chachalaca + 30
Penelope jaquacu Jacu Spix's Guan + 21
Psophidae Psophia leucoptera Jacamim Pale-winged Trumpeter + 31
Tinamidae Crypturellusspp. Nambu pequeno small tinamous + o+ 24
Tinamusspp. Nambu grande large tinamous + o+ 19

cont.



Appendix 4.2. cont.

Family Species Brazilian name English name TF VZ Code
Fish
Bony fish
Anostomidae Leporinus Piau + 42
Schizodon Aracu +
Characidae Brycon Matrinxd, Mamuri + 40
Triportheus Sardinha + 44
Colossoma spp. Tambaqui, Pirapitinga + 11
M.etynnls, Myleus, Myloplus, Mylossoma, Pac( +
Piaractus 39
Piaractus Pirapitinga + 43
Pygocentrus Piranha-caju + 50
Serrasalmus Piranha (various) + 48
Prochilodontidae Prochilodus Curimata + 53
Semaprochilodus Jaraqui + 55
Osteoglossidae  Osteoglossum Aruana + 52
Cartilaginous fish
Auchenipteridae  Trachelyopterus Cangati + 54
Doradidae Lithodoras, Megaladorg®terodoras Bacu + 47
Oxydoras Cuiu-cuil +
Pimelodidae Leiarius Jandia + 46
Phractocephalus Pirarara + 49
Pimelodus Mandi/Camisa de meia + 51
Reptiles
Turtles
Testudinidae Chelonoidis denticulata Jabuti Yellow-footed tortoise + +
Podocnemis expansa Tartaruga South American river turtle + 45
Podocnemis sextuberculata laca Six-tubercled river turtle + 45
Podocnemis unifilis Tracaja Yellow-spotted river turtle + 45

L. poeppigii(Poeppig's Woolly Monkey) arid cana(Geoffroy's Woolly Monkey) on left and right baokthe Rio Jurud, respectively.

P C. cupreugCoppery Titi Monkey) plu€. regulusandC. purinus(both = Collared Titi Monkey) on left and rightridaof the Rio Jurud, respectively.

¢ P. monachugMonk Saki Monkey) an. irrorata (Bald-faced Saki Monkey) on left and right banklé Rio Jurua, respectively.



Appendix 4.3.Density distribution of log a) fruit mass (g), Besl mass (g), c) fruit
length (cm), d) seed length (cm), e) fruit widtm)cand f) seed width (cm) for plant
genera occurring irterra firme(white curve)yarzea(black curve) and both forest types

(grey curve).
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Appendix 4.4.Regression trees foerra firmeandvarzeaand importance values for fruit traits. Symbolpnesent major classes of frugivores as in
the legend for Figure 4.4.

T
Trait Code TF \"/4 Dry I-_‘;I @ Others
Fruit mass FM 1 1

SM
Seed mass SM 0.989 0.819 <0.7 m m >1.0
Dehiscence D 0.639 0.311 l
. Purple/
Fruit colour C 0.324 0.783 black Others
Fruit type T 0.836 0.409

SM

<0.01

m Others
¢ @ Others
FM

>26.1 <2.6

TF

9¢¢



Appendix 5.1.Neotropical primate taxonomy (Rosenberger 2011)@rdesponding functional ecospecies (updated fikmres & Janson 1999)

Family Subfamily Tribe Genus Functional ecospecies Code Taxonomic species included
Atelidae Atelinae Alouattini Alouatta Howler monkeys Al Alouattaspp.
Atelini Ateles Spider monkeys At Atelesspp.
Brachyteles Woolly spider monkeys Br Brachytelespp.
Lagothrix
(inc.Oreonay  Woolly monkeys La Lagothrixspp, Oreonax flavicauda
Cebidae Cebinae Cebini Cebus White-fronted capuchins Cf C. albifrons, C. capucinus
Brown capuchins Ca C. apella+ Cebusspp. (see Appendix 2)
Wedge-capped capuchins CoC. kaapori, C. olivaceus
Saimirini Saimiri Squirrel monkeys Sa Saimirispp.
Callitrichinae Saguinini Saguinus Saddle-back tamarins Sf S. fuscicollis, S. inustus, S. melanoleucus, $cnilis,

Moustached tamarins
Midas tamarins

Bare-faced tamarins

S. tripartitus
Sx S. mystax, S. labiatus, S. imperator
Sm S. midas, S. niger
So S. bicolor, S. geoffroyi, S. leucopus, S. martinsi,

S. oedipus

cont.



Appendix 5.1. cont.

Family Subfamily Tribe Genus Functional ecospecies Code Taxonomic species included
Callithrix
Cebidae Callitrichinae cont. Callitrichini  (inc. Mico) Atlantic marmosets Cx  Callithrix spp.
Amazonian marmosets Mi Mico spp.
Cebuella
(inc. Callibella) Pygmy marmosets Cb Cebuella pygmaea, Callibella humilis
Leontopithecus Lion tamarins Le Leontopithecuspp.
Callimiconini  Callimico Goeldi's monkeys Cg Callimico goeldii
Pitheciidae Pitheciinae Pitheciini Pithecia Saki monkeys Pi  Pitheciaspp.
Chiropotes Bearded saki monkeys Ch Chiropotesspp.
Cacajao Uakaries Cj Cacajaospp.
Homunculinae Callicebini Callicebus Amazonian dusky titi monkeys CmC. moloch+ Callicebusspp. (see Appendix 5.2)
Atlantic dusky titi monkeys Cp C. personatus Callicebusspp. (see Appendix 5.2)
Collared titi monkeys Ct  C. torquatusCallicebusspp. (see Appendix 5.2)
Aotini Aotus Night monkeys Ao  Aotus spp.




Appendix 5.2.Neotropical primate species with conservation gtWCN 2011), body
mass (kg) (Smith & Jungers 1997) and correspontlingtional group (FG) or
‘ecospecies’ (sensu Peres & Janson 1999, see Appgridfor overview).

Subfamily Tribe Genus FG Species IUCN ~ Body
status mass
Atelinae Alouattini  Alouatta Al Alouatta arctoidea LC
Alouatta belzebul VU 6.40
Alouatta caraya LC 5.38
Alouatta discolor VU
Alouatta guariba LC 5.54
Alouatta juara LC
Alouatta macconnelli LC
Alouatta nigerrima LC
Alouatta palliata LC 6.24
Alouatta pigra EN 8.92
Alouatta puruensis LC
Alouatta sara LC
Alouatta seniculus LC 6.09
Alouatta ululata EN
Atelini Ateles At Ateles belzebuth EN 8.07
Ateles chamek EN 9.37
Ateles fusciceps CR 9.03
Ateles geoffroyi EN 7.54
Ateles hybridus CR
Ateles marginatus EN
Ateles paniscus VU 8.78
Brachyteles Br Brachyteles arachnoides EN 8.84
Brachyteles hypoxanthus CR
Lagothrix La Lagothrix cana EN 8.22
Lagothrix lagotricha VU 7.15
Lagothrix lugens CR
Lagothrix poeppigii VU
Oreonax’ Oreonax flavicauda CR 10.00
Cebinae Cebini Cebus Cf Cebus albifrons LC 2.74
Cebus capucinus LC 3.10
Ca Cebus apella LC 3.09
Cebus cay LC
Cebus flavius CR
Cebus libidinosus LC
Cebus macrocephalus LC
Cebus nigritus NT
Cebus robustus EN
Cebus xanthosternos CR
Co Cebus kaapori CR
Cebus olivaceus LC 291
Saimirini  Saimiri Sa Saimiri boliviensis LC 0.81
Saimiri oerstedii VU 0.79
Saimiri sciureus LC 0.79
Saimiri ustus NT 0.86
Saimiri vanzolinii VU 0.80

cont.
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Subfamily Tribe Genus FG Species IUCN ~ Body
status mass
Callitrichinae ~ Saguinini  Saguinus Sf Saguinus fuscicollis LC 0.35
Saguinus inustus LC 0.69
Saguinus melanoleucus LC
Saguinus nigricollis LC 0.48
Saguinus tripartitus NT
Sx Saguinus imperator LC 0.47
Saguinus labiatus LC 0.51
Saguinus mystax LC 0.52
Sm Saguinus midas LC 0.55
Saguinus niger VU
So Saguinus bicolor EN 0.43
Saguinus geoffroyi LC
Saguinus leucopus EN 0.49
Saguinus martinsi LC
Saguinus oedipus CR 0.41
Callitrichini  Callithrix Cx Callithrix aurita VU 0.43
Callithrix flaviceps EN 0.41
Callithrix geoffroyi LC 0.36
Callithrix jacchus LC 0.35
Callithrix kuhlii NT 0.38
Callithrix penicillata LC 0.33
Mico® Mi Mico acariensis DD
Mico argentatus LC 0.35
Mico chrysoleucus DD
Mico emiliae DD 0.32
Mico humeralifer DD 0.42
Mico intermedius LC
Mico leucippe VU
Mico manicorensis LC
Mico marcai DD
Mico mauesi LC 0.37
Mico melanurus LC
Mico nigriceps DD 0.38
Mico rondoni vuU
Mico saterei LC
Callibella® Cb Callibella humilis vuU
Cebuella Cebuella pygmaea LC 0.12
Leontopithecus Le Leontopithecus caissara CR 0.57
Leontopithecus chrysomelas EN 0.58
Leontopithecus chrysopygus EN 0.58
Leontopithecus rosalia EN 0.61
Callimiconin Callimico Cg Callimico goeldii VU 0.48
Pitheciinae Pithecini  Pithecia Pi Pithecia aequatorialis LC 2.25
Pithecia albicans vuU 3.00
Pithecia irrorata LC 2.16
Pithecia monachus LC 2.36
Pithecia pithecia LC 1.76
Chiropotes Ch Chiropotes albinasus EN 2.82
Chiropotes chiropotes LC 2.74
Chiropotes satanas CR 3.03
Chiropotes utahickae EN

cont.
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Subfamily Tribe Genus FG Species IUCN ~ Body
status mass
Cacajao Cj Cacajao ayresi VU
Cacajao calvus VU 3.17
Cacajao hosomi VU
Cacajao melanocephalus LC 2.94
Homunculinae Callicebini Callicebus Cm Callicebus aureipalatii LC
Callicebus baptista LC
Callicebus bernhardi LC
Callicebus brunneus LC 0.83
Callicebus caligatus LC 0.88
Callicebus cinerascens LC
Callicebus cupreus LC 1.07
Callicebus discolor LC
Callicebus donacophilus LC 0.95
Callicebus dubius LC
Callicebus hoffmannsi LC 1.06
Callicebus modestus EN
Callicebus moloch LC 0.99
Callicebus oenanthe CR
Callicebus olallae EN
Callicebus ornatus VU
Callicebus pallescens LC
Callicebus stephennashi DD
Cp Callicebus barbarabrownae CR
Callicebus coimbrai EN
Callicebus melanochir VU
Callicebus nigrifrons NT
Callicebus personatus VU 1.33
Ct Callicebus lucifer LC
Callicebus lugens LC
Callicebus medemi VU
Callicebus purinus LC
Callicebus regulus LC
Callicebus torquatus LC 1.25
Aotini Aotus Ao Aotus azarae LC 1.21
Aotus brumbacki vuU
Aotus griseimembra VU
Aotus jorgehernandezi DD
Aotus lemurinus VU 0.90
Aotus miconax VU
Aotus nancymaae LC 0.79
Aotus nigriceps LC 0.96
Aotus trivirgatus LC 0.77
Aotus vociferans LC 0.70
Aotus zonalis DD

¢ Included inLagothrix by Rosenberger (201
® Included inCallithrix by Rosenberger (2011)
¢ Included inCebuellaby Rosenberger (2011)



Appendix 6.1.Diet composition of neotropical primate with meatues in bold per ecospecies.

Proportions of dietary classés

Prop.

Ecospecies: Species Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other yeaF; Mths Hrs Cal” Met.® Cou.® Reference
Al - Howler monkeys 349 0.2 351 7.2 538 08 547 0.0 0.0 0.0 0.0 2.9
Alouatta caraya 19.0 0.0 19.0 12.0 64.0 4.0 68.0 0.0 0.0 0.0 0.0 1.0 092 17 1680 R GF AR Bravo & Sallenave 2003
Alouatta caraya 190 0.0 19.0 6.0 64.0 0.0 64.0 0.0 00 00 00 10.0 100 12 1437 T GF AR  Agostini et al. 2010
Alouatta guariba 240 00 240 6.0 620 0.0 62.0 0.0 0.0 0.0 0.0 70 100 12 1437 T GF AR  Agostini et al. 2010
Alouatta pigra 40.8 0.0 40.8 10.6 451 0.0 45.1 0.0 0.0 0.0 0.0 34 100 14 1160 T GF BZ Silver et al. 1998
Alouatta belzebul 43.4 0.0 434 11.3 450 0.0 450 0.0 0.0 0.0 0.0 04 083 10 1203 T GF BR Pinto et al. 2003
Alouatta guariba 410 00 410 17573 00 573 0.0 0.0 0.0 0.0 00 100 12 77 T GF BR Miranda & Passos 2004
Alouatta guariba 156 0.0 156 8.4 70.6 54 76.0 0.0 0.0 0.0 ©0.0 0.0 0.75 11 493 GF BR Mendes 1989
Alouatta guariba 162 0.0 16.2 9.9 552 46 59.8 0.0 00 00 00 138 100 12 580 R GF BR Marques 2001
Alouatta seniculus 473 0.0 473 15 455 0.0 455 0.0 0.0 0.0 0. 5.7 0.83 10 492 GF BR Queiroz 1995

Bicca-Marques &
Alouatta caraya 28.9 0.0 289 2.7 60.9 0.0 60.9 0.0 0.0 0.0 0. 75 100 12 745 R GF BR Callegaro-Marques 1994
Alouatta guariba 80 37 11.7 75 80.7 0.0 80.7 0.0 00 0.0 0.0 00 100 12 555 R GF BR Martins 2008
Alouatta belzebul 365 00 365 49586 0.0 586 0.0 0.0 0.0 0.0 0.0 1.00 12 2002 GF BR Souza et al. 2002
Alouatta guariba 479 0.0 479 14 506 00 506 0.0 0.0 00 0.0 00 100 12 122 R GF BR Aguiar et al. 2003
Alouatta belzebul 556 0.0 55.6 5.7 248 0.0 24.8 0.0 00 00 00 139 083 10 540 R GF BR Pinto & Setz 2004
Alouatta guariba 469 0.0 46.9 119 34.1 6.3 404 0.0 0.0 00 0.0 09 100 12 484 R GF BR Marques 2001
Alouatta guariba 50 0.0 5.0 12.0 73.0 0.0 73.0 0.0 00 00 00 100 100 12 719 R GF BR Chiarello 1994
Alouatta guariba 150 0.0 15.0 10.0 75.0 0.0 75.0 0.0 0.0 00 0.0 00 100 42 61 B T BR Galetti et al. 1994
Alouatta belzebul 70.0 0.0 70.0 205 95 0.0 95 0.0 00 0.0 0.0 00 100 13 262 GF BR Bonvicino 1989
Alouatta belzebul 372 0.0 37.2 10.6 51.6 0.0 51.6 0.0 00 0.0 0.0 0.7 0.50 6 749 R GF BR Camargo 2005
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Proportions of dietary classés Prop.
Ecospecies: Species Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other year Mths Hrs Cal® Met.® Cou.® Reference

Alouatta seniculus 523 1.0 533 1.1 353 0.0 353 0.0 00 00 00 103 083 10 497 T GF CO Palacios & Rodrigues 2001

Alouatta seniculus 423 0.0 423 54521 00 521 0.0 0.0 00 0.0 00 083 10 340 T GF CO Gaulin & Gaulin 1982

Alouatta seniculus 39.0 40 43.0 4.0 51.0 0.0 51.0 0.0 0.0 0.0 0. 20 100 13 900 R GF CO Stevenson et al. 2000

Alouatta seniculus 451 0.0 451 5.7 49.2 0.0 49.2 0.0 0.0 00 0.0 0.0 0.50 6 388 R GF CO Giraldo et al. 2007

Alouatta palliata 17.7 0.0 17.7 185 63.7 0.0 63.7 0.0 0.0 0.0 0.0 00 100 14 2071 T GF CR Rockwood & Glander 1979

Alouatta palliata 23.0 00 230 85620 6.5 685 0.0 0.0 0.0 0.0 00 100 15 348 R GF CR Stoner 1996

Alouatta palliata 285 0.0 285 225451 39 49.0 0.0 0.0 00 0.0 00 067 24 394 T GF CR Chapman 1987

Alouatta seniculus 458 0.0 458 0.4 534 00 534 0.0 01 00 01 04 100 21 180 None FG Guillotin et al. 1994

Alouatta seniculus 253 0.0 253 12.457.0 0.0 57.0 0. 00 00 0.0 49 100 19 1540 R GF FG Julliot 1996

Alouatta seniculus 420 0.0 420 0.7 569 00 569 0.0 0.0 00 0.0 0.5 0.50 6 432 R GF FG Simmen & Sabatier 1996

Alouatta palliata 35.0 0.0 350 5.060.0 00 600 0.0 00 00 0.0 0.0 0.75 9 509 T GF MX Mufioz et al. 2006
Pozo-Montuy & Serio-Silva

Alouatta pigra 174 0.0 174 53 76.4 0.0 76.4 0.0 00 00 0.0 09 100 12 499 T GF MX 2006

Alouatta palliata 150 0.0 15.0 13.0 72.0 0.0 72.0 0.0 0.0 00 ©0.0 0.0 0.67 8 302 T GF MX Valle et al. 2001

Alouatta palliata 433 0.0 433 25474 00 474 0.0 00 00 0.0 6.8 092 11 900 T GF MX Asensio et al. 2007
Estrada et al. 1999; Solano

Alouatta palliata 39.3 0.0 393 09543 0.0 543 0.0 00 00 0.0 43 100 12 2357 T GF MX et al. 1999

Alouatta palliata 443 00 443 1.6 533 0.0 533 0.0 0.0 00 0.0 09 100 12 960 T GF MX  Dunn et al. 2009

Alouatta palliata 245 00 245 03725 00 725 0.0 0.0 0.0 0.0 35 058 14 1680 T GF MX  Gonzalez-Picaso et al. 2001

Alouatta palliata 348 00 348 79557 0.0 557 0.0 0.0 00 ©0.0 16 1.00 14 1300 B GF NI Williams-Guillén 2003

Alouatta palliata 33.3 0.0 333 8547229 501 0.0 0.0 00 0.0 81 100 13 1286 B GF NI  Raguet-Schofield 2010

Milton 1979 (cites Milton
Alouatta palliata 421 00 421 9.6 482 0.0 482 0.0 00 0.0 0.0 0.0 0.75 9 540 2 GF PA 1977)
Alouatta seniculus 56.0 0.0 56.0 45 39.0 0.0 39.0 0.0 0.0 0.0 0.0 05 100 36 247 R GF PE Soini 1986

Mittermeier & van
Alouatta seniculus 69.0 0.0 69.0 24 28.6 0.0 28.6 0.0 0.0 0.0 0.0 0.0 1.00 12 16 T SR Roosmalen 1981

cont.
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Proportions of dietary classés Prop.

Ecospecies: Species Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other year Mths Hrs Cal” Met.® Cou.® Reference

At - Spider monkeys 76.8 15 783 4.4 117 0.3 12.0 0.0 0.3 0.0 03 5.1

Ateles chamek 96.1 00 96.1 0.0 39 0.0 39 0.0 0.0 0.0 0.0 00 100 15 90 R GF BO Quevedo et al. 2008

Ateles chamek 820 0.0 820 4.7 13.0 0.0 13.0 0.0 0.1 00 01 0.2 0.67 8 83 T GF BO Felton et al. 2008

Ateles chamek 858 0.0 858 29 107 0.0 10.7 0.0 0.0 0.0 0.0 06 100 12 1199 T GF BO Wallace et al. 2005

Ateles belzebuth 91.7 0.0 917 0.0 83 0.0 8.3 0.0 0.0 0.0 0.0 00 100 14 1356 R GF BR Nunes 1998

Ateles belzebuth 720 20 740 5.0 120 0.0 12.0 0.0 0.0 0.0 0.0 90 100 24 1567 R GF CO Stevenson et al. 2000

Ateles hybridus 450 1.0 46.0 2.0 240 00 240 0.0 00 00 00 280 0.75 9 40 R GF CO Saavedra 2009
Riba-Hernandez & Stoner

Ateles geoffroyi 60.0 0.0 60.0 26.0 14.0 0.0 14.0 0.0 0.0 0.0 0.0 00 100 12 460 T GF CR 2005

Ateles geoffroyi 778 00 778 98 85 26 11.1 0.0 1.3 00 13 00 067 24 335 T GF CR Chapman 1987

Ateles belzebuth 87.0 00 87.0 1.0 9.0 0.0 9.0 0.0 0.7 0.0 0.7 23 100 18 457 R GF EC Dew 2005
Russo et al. 2005; Suarez

Ateles belzebuth 788 00 788 13 7.7 0.0 7.7 0.0 00 00 00 122 0.58 9 1268 T GF EC 2006

Ateles paniscus 90.2 0.0 90.2 0.0 9.6 0.0 96 0.0 01 01 0.2 00 100 21 132 None FG Guillotin et al. 1994

Ateles paniscus 854 18 87.2 25 95 0.0 95 0.0 0.0 0.0 0.0 0.8 0.50 6 432 R GF FG Simmen & Sabatier 1996

Ateles geoffroyi 56,5 195 76.0 6.4 14.1 1.4 155 0.0 20 00 20 00 0.75 10 581 GF GT Cant1990

Ateles geoffroyi 556 0.0 556 1.2 185 0.0 185 0.0 00 00 00 247 075 15 1000 T GF MX Chavesetal. 2011
Russo et al. 2005

Ateles geoffroyi 822 00 822 10172 0.0 172 0.0 00 0.0 0.0 09 100 13 1200 2 GF PA (Campbell 2000)

Ateles paniscus 82.9 Fruit® 829 64 7.9 0.0 79 0.0 0.2 00 0.2 25 1.00 26 1107 GF SR van Roosmalen 1985

Br - Woolly spider

monkeys 393 33 426 93 455 00 455 0.0 00 0.0 0.0 25

Brachyteles hypoxanthu82.0 0.0 32.0 11.0 51.0 0.0 51.0 0.0 0.0 0.0 0.0 6.0 1.00 14 1200 GF BR Strier 1991

Brachyteles arachnoidesl2.1 16.5 28.6 16.1 55.3 0.0 55.3 0.0 0.0 00 0.0 00 100 12 534 R GF BR Martins 2008

Brachyteles arachnoide0.0 0.0 20.0 13.4 66.6 0.0 66.6 0.0 0.0 0.0 0.0 00 083 10 900 T GF BR Milton 1984
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Proportions of dietary classés Prop.
Ecospecies: Species Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other year Mths Hrs Cal” Met.® Cou.® Reference

Brachyteles arachnoides3.2 0.0 73.2 1.7 21.6 0.0 216 0.0 0.0 0.0 0.0 31 100 12 672 R GF BR Talebi et al. 2005
Brachyteles arachnoides69.1 0.0 59.1 4.1 33.2 0.0 332 0.0 0.0 00 0.0 3.6 1.00 ? ? R GF BR Carvalho Jr et al. 2004
La - Woolly monkeys 69.8 35 734 25 122 0.0 122 15 86 0.0 8.6 2.0

Lagothrix cana 66.6 79 745 31162 0.0 16.2 6.2 0.0 0.0 0.0 00 092 11 594 R GF BR Peres 1994a
Lagothrix lagotricha 789 43 832 0.1 114 0.0 114 0.0 49 00 49 04 100 33 2400 R GF CO Defler & Defler 1996
Lagothrix lugens 55,0 50 60.0 1.0 16.0 0.0 16.0 0.0 23.0 0.0 23.0 1.0 100 55 2488 R GF CO Stevenson et al. 2000
Lagothrix poeppigii 73.0 00 73.0 5.0 100 0.0 10.0 0.0 6.0 00 6.0 60 100 18 429 R GF EC Dew 2005
Lagothrix poeppigii 755 05 761 35 7.4 0.0 74 1.1 9.2 01 93 26 1.00 12 2420 R GF EC Di Fiore 2004
Cf - White-fronted
capuchins 812 0.0 812 02 12 01 1.3 00 169 0.0 16.9 0.0
Cebus capucinus 812 00 812 02 12 01 1.3 00 169 0.0 16.9 00 067 24 534 T GF CR Chapman 1987
Ca-Brown capuchins 445 39 485 36 16.2 0.1 16.2 0.0 293 0.0 225 2.8
Cebus nigritus 29 0.0 29 00723 00 723 00 249 0.0 24.9 00 100 12 38 R GF AR  Brown & Zunino 1990
Cebus nigritus 372 00 372 39186 0.0 186 0.0 403 0.0 403 00 100 12 73 R GF AR  Brown & Zunino 1990
Cebus nigritus 674 36 710 3.2 08 04 1.2 0.0 227 Invt" 227 19 100 12 180 R GF BR Ludwig et al. 2005
Cebus nigritus 53.9 16.0 69.9 11.1 6.3 0.0 6.3 0.0 00 00 00 154 100 44 62 B T BR Galetti & Pedroni 1994
Cebus apella 33.0 80 410 4.0 100 0.0 100 0.0 43.0 0.0 430 20 100 13 672 R GF CO Stevenson et al. 2000
Cebus apella 68.3 Fruit® 68.3 0.0 4.7 0.0 47 0.0 26.7 0.2 26.9 01 100 21 291 SC FG Guillotin et al. 1994
Mittermeier & van
Cebus apella 49.1 Fruitt 49.1 3.0 0.6 0.0 06 00 473 0.0 0.0 00 092 11 856 T SR Roosmalen 1981
Co - Wedge-capped
capuchins 546 0.0 546 6.1 6.1 0.0 6.1 00 333 00 0.0 0.0
Mittermeier & van
Cebus olivaceus 546 00 546 6.1 6.1 0.0 6.1 0.0 333 00 0.0 00 1.00 12 4 T SR Roosmalen 1981

cont.
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Ecospecies: Species Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other year Mths Hrs Cal” Met.® Cou.® Reference

Sa - Squirrel monkeys 38.1 0.0 381 34 0.0 0.0 0.0 00 585 0.0 585 0.0
Mittermeier & van

Saimiri sciureus 259 00 259 21 0.0 0.0 0.0 0.0 720 0.0 720 0.0 1.00 12 10 T SR Roosmalen 1981
Saimiri sciureus 50.3 0.0 50.3 4.8 0.0 0.0 0.0 0.0 449 0.0 4409 0.0 0.5 6 588 GF BR Lima & Ferrari 2003
Sf - Saddle-back

tamarins 541 0.0 541 3.8 0.0 0.0 0.0 120 28.8 0.3 29.1 1.1

Saguinus fuscicollis 490 00 490 7.0 0.0 0.0 0.0 120 26.0 0.0 26.0 6.0 100 12 757

Saguinus fuscicollis 735 00 735 59 0.0 0.0 0.0 144 57 Invt’ 57 04 100 14 731
Saguinus fuscicollis 185 0.0 185 0.3 0.0 0.0 00 48 765 0.0 765 00 0.75 16 416 GF PE Soini 1981

Saguinus fuscicollis 39.0 0.0 39.0 50 0.0 0.0 0.0 80 477 0.0 47.7 0.0 1.00 12 430 GF PE Garber 1993a

Saguinus fuscicollis 59.8 0.0 598 44 0.0 0.0 0.0 30.3 58 00 538 0.0 1.00 29 2360 R? GF PE Knogge & Heymann 2003

GF BO Porter 2001
GF BR Peres 1991

4 X0 4 D

Saguinus fuscicollis 84.7 0.0 847 0.0 0.0 0.0 00 23 111 16 127 0.0 0.50 6 1367 GF PE Fang 1987

Sx - Moustached

tamarins 68.0 00 680 7.0 0.0 0.0 00 81 149 0.3 152 1.7

Saguinus labiatus 58.0 0.0 58.0 15.0 0.0 0.0 00 80 11.0 0.0 11.0 80 083 10 757 R GF BO Porter 2001

Saguinus mystax 706 00 70.6 6.2 0.0 0.0 0.0 104 124 Invt" 12.4 03 100 14 731 T GF BR Peres 1991

Saguinus mystax 51.6 0.0 516 56 0.0 0.0 0.0 22 404 0.0 404 00 100 12 430 T GF PE Garber 1993a

Saguinus mystax 69.6 00 69.6 80 0.0 0.0 0.0 19.8 27 00 27 0.0 1.00 29 2360 R? GF PE Knogge & Heymann 2003

Saguinus mystax 90.3 0.0 90.3 0.0 0.0 0.0 0.0 0.2 80 13 93 0.0 0.50 6 1290 GF PE Fang 1987

Sm - Midas tamarins 66.0 0.0 66.0 1.8 0.0 0.0 00 1.0 303 0.0 303 0.8

Saguinus niger 875 0.0 875 0.0 0.0 0.0 00 3.1 94 00 94 0.0 0.50 6 330 R GF BR Oliveira & Ferrari 2000

Saguinus midas 47.1 0.0 471 0.0 0.0 0.0 00 0.0 502 0.0 50.2 2.3 - - 129 W SC FG Packetal 1999
Mittermeier & van

Saguinus midas 63.5 Fruit® 63.5 53 0.0 0.0 0.0 00 31.3 0.0 0.0 00 1.00 12 15 T SR Roosmalen 1981
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Ecospecies: Species  Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other year Mths Hrs Cal” Met.® Cou.® Reference
So - Bare-faced
tamarins 60.7 08 615 0.8 1.2 09 20 72 255 0.0 255 3.0

Poveda & Sanchez-
Saguinus leucopus 83.0 Fruit® 83.0 15 0.0 0.0 00 00 115 0.0 115 40 0.50 6 331 GF CO Palomino 2004

Saguinus geoffroyi 38.4 15 399 01 23 1.7 4.0 144 394 0.0 394 2.0 0.67 8 1200 T GF PA Garber 1984
Cx - Atlantic

Py

marmosets 179 00 179 0.0 0.0 0.0 0.0 484 224 04 228 110

Callithrix geoffroyi 150 0.0 15.0 0.0 0.0 0.0 0.0 686 146 0.8 154 1.0 100 12 464 R GF BR Passamani & Rylands 2000
Callithrix flaviceps 3.3 0.0 33 0.0 0.0 0.0 00 6.1 258Invt’ 258 648 1.00 12 1092 R GF BR Hilario & Ferrari 2010
Callithrix flaviceps 144 0.0 144 0.0 0.0 0.0 0.0 65.7 183 1.6 19.9 00 1.00 13 1250 R GF BR Ferrari et al. 1996
Callithrix aurita 11.0 0.0 11.0 0.0 0.0 0.0 0.0 505 38,5 0.0 385 00 100 12 305 R GF BR Martins & Setz 2000
Callithrix aurita 376 00 376 0.0 0.0 0.0 0.0 439 186 0.0 18.6 00 100 17 410 R GF BR Ferrari et al. 1996
Callithrix jacchus 259 0.0 259 0.0 0.0 0.0 0.0 55.6 185 0.0 185 00 075 11 375 GF BR Alonso & Langguth 1989
Mi - Amazonian

marmosets 186 0.0 186 0.0 0.0 0.0 0.0 63.3 18.6 0.0 18.6 0.0

Mico argentatus 186 0.0 186 0.0 0.0 0.0 0.0 63.3 186 0.0 18.6 0.0 0.50 6 321 GF BR Tavares & Ferrari 2002
Cb - Pygmy marmosets 0.0 0.0 0.0 0.0 0.0 0.0 0.0 76.7 233 0.0 233 0.0

Cebuella pygmaea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 76.7 23.3 0.0 233 00 058 14 1742 R GF EC Yepes et al. 2005

Le - Lion tamarins 76.1 0.0 76.1 10.8 0.0 0.0 0.0 35 95 0.0 95 0.0

Leontopithecus

chrysopygus 785 00 785 0.0 0.0 0.0 00 7.8 135Invt’ 135 0.0 1.00 12 540 GF BR Valladares-Padua 1993

Leontopithecus rosalia 61.6 0.0 61.6 21.9 0.0 0.0 00 14 149Invt" 149 0.0 058 15 2164 R GF BR Dietz et al. 1997
Leontopithecus rosalia 88.3 0.0 88.3 104 0.0 0.0 0.0 1.3 0.0 0.0 0.0 00 100 13 373 T GF BR Miller & Dietz 2006
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Ecospecies: Species Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other year Mths Hrs Cal” Met.® Cou.® Reference
Cg - Goeldi's monkeys 29.0 0.0 29.0 0.0 0.0 0.0 00 73 225 25 250 383
Callimico goeldii 29.0 0.0 29.0 0.0 0.0 0.0 00 10 310 30 340 360 100 12 957 R GF BO Porter 2001
Callimico goeldii 29.0 0.0 29.0 0.0 0.0 0.0 00 135 140 2.0 16.0 405 100 12 1198 R GF BO Porter et al. 2009
Pi - Saki monkeys 535 315 850 42 9.1 0.0 9.1 0.1 08 0.0 038 0.6
Pithecia pithecia 60.9 204 813 7.8 108 0.0 10.8 0.0 0.0 0.0 0.0 00 092 28 1268 R GF BR Setz 1993
Pithecia albicans 50.0 185 68,5 0.0 296 0.0 29.6 0.0 0.0 0.0 0.0 19 100 12 72 R GF BR Johns 1986
Pithecia albicans 34.0 46.2 80.2 8.0 95 0.0 95 0.8 04 00 04 11 100 20 56 R GF BR Peres 1993a
Pithecia irrorata 20.0 75.0 95.0 3.0 1.0 0.0 1.0 0.0 0.0 0.0 0.0 1.0 1.00 31 3000 R GF PE Palminteri 2010

Mittermeier & van
Pithecia pithecia 93.3 Fruit® 93.3 6.7 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 1.00 12 6 T SR Roosmalen 1981
Norconk & Conklin-

Pithecia pithecia 88.3 Fruit® 88.3 1.8 5.7 0.0 57 0.0 30 00 30 00 100 17 578 R GF VE Brittain 2004

Pithecia pithecia 278 60.6 884 22 7.1 0.0 7.1 0.0 23 00 23 00 100 16 650 T GF VE Kinzey & Norconk 1993
Ch - Bearded saki

monkeys 33.8 504 841 95 0.6 0.0 0.7 0.0 29 00 29 3.0

Chiropotes albinasus 54.0 36.0 89.9 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 86 100 12 154 R GF BR Ayres 1989

Chiropotes satanas 359 36.5 724 26.8 0.0 0.0 0.0 0.0 00 0.0 0.0 0.7 0.50 6 336 R GF BR Silva 2003

Chiropotes satanas 19.0 571 76.1 150 3.3 0.0 3.3 0.0 41 00 41 15 083 12 1153 R GF BR Veiga 2006

Chiropotes utahickae 43.0 37.0 80.0 16.0 0.0 0.0 0.0 0.0 00 0.0 0.0 40 0.50 6 480 R GF BR Vieira 2005
Chiropotes chiropotes 30.0 66.2 96.2 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 04 1.00 18 164 GF SR van Roosmalen et al. 1988
Chiropotes chiropotes 19.0 63.5 825 1.2 0.2 0.0 0.2 00 124 0.0 124 36 100 17 512 R GF VE Norconk 1996
Chiropotes chiropotes 354 56.3 91.7 1.2 1.0 0.1 1.1 0.0 39 0.0 3.9 21 100 15 793 GF VE Peetz 2001

cont.
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Proportions of dietary classés Prop.
Ecospecies: Species Fr Sd Fr+Sd FI Lv Bd Lv+Bd Ex Invert. Vert. Prey Other year Mths Hrs Cal” Met.® Cou.® Reference
Cj - Uakaries 132 740 872 56 2.0 0.0 20 0.0 36 0.0 36 1.7
Cacajao calvus 184 66.9 853 6.2 0.0 0.0 0.0 0.0 52 0.0 5.2 33 100 12 700 R GF BR Ayres 1989
Cacajao
melanocephalus 80 810 89.0 50 4.0 0.0 40 0.0 20 00 20 00 092 16 120 R GF BR Boubli 1999

Cm - Amazonian
dusky titi monkeys 53.0 0.0 53.0 4.0 340 0.0 34.0 0.0 75 00 75 1.5

Callicebus discolor 63.0 00 63.0 6.0 28.0 0.0 28.0 0.0 0.0 00 0.0 3.0 0.67 8 260 R GF EC Carrillo-Bilbao et al. 2005

Callicebus moloch 43.0 0.0 43.0 2.0 400 0.0 40.0 0.0 150 0.0 150 0.0 092 11 660 GF PE Wright 1985

Cp - Atlantic dusky titi

monkeys 56.8 24.2 81.0 0.0 15.7 0.0 15.7 0.0 0.0 0.0 O0.0 3.5

Callicebus melanochir 58.8 26.4 85.2 0.0 14.1 0.0 14.1 0.0 0.0 0.0 o0.0 0.7 0.92 12 564 R GF BR Heiduck 1997
Callicebus melanochir 54.8 219 76.7 0.0 17.2 0.0 17.2 0.0 0.0 0.0 O0.0 6.2 092 11 1030 GF BR Miller 1996

Ct - Collared titi

monkeys 59.4 269 86.3 39 6.4 0.0 6.4 0.0 34 00 34 0.0

Callicebus torquatus 59.4 26.9 86.3 3.9 6.4 0.0 6.4 0.0 34 00 34 0.0 0.50 6 340 R GF CO Palacios et al. 1997
Ao - Night monkeys 76,5 0.0 76.5 140 2.3 0.0 23 0.0 72 00 7.2 0.0

Aotus nigriceps 70,0 0.0 70.0 11.0 4.7 0.0 47 00 143 0.0 143 0.0 092 11 660 GF PE Wright 1985

Aotus vociferans 83.0 0.0 83.0 17.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.75 9 320 R GF PE Puertas et al. 1992

@ Dietary class codes: Fr = fruit, Sd = seeds, Fr=%8ulits and seeds combined, Fl = flowers, Lv avies, Bd = buds, Lv+Bd = leaves and buds combiged; exudates, Invert. =
invertebrate prey, Vert. = vertebrate prey, Prel prey combined
b Calculation of percentages: B = feeding bouts, fReding records, T = feeding time, W = weight nfisach contents

¢ Method of observations: GF = group follows, SQensach contents , T = transects
4 Country codes: AR = Argentina, BO = Bolivia, BRBrazil, BZ = Belize, CO = Colombia, CR = Costa RiEL = Ecuador, FG = French Guiana, GT = Guateri¥a;= Mexico,
NI = Nicaragua, PA = Panama, PE = Peru, SR = Smend&/E = Venezuela

€ Seeds included with fruit

"Vertebrate prey included with invertebrates.
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Appendix 6.2.Sample-based rarefaction curves for plant genexatef and seeds only)
observed in diet studies of neotropical primatea#) w-axis rescaled to show
cumulative observation hours across sample studiedes represent primate
ecospecies (see Table 6.1), excluding So, Mi, @xnC€and Ao due to small sample

size; line types represent primate subfamilies.
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Appendix 6.3.Proportions of diet comprising different plant pmeind animal prey per
neotropical primate ecospecies from studies obsixmore months duration, shown in
full detail (a and b) and in summary categoriesd d). Codes represent primate
ecospecies, arranged in taxonomic order (a ancee; Bable 6.1), and in decreasing

order of percentage frugivory (b: fruits only, dicluding fruits and seeds).
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Appendix 6.4.Relationships between sampling effort and measafrésigivory from
diet studies of neotropical primates. Dashed lireggesent linear regressions; codes
represent primate ecospecies; fill colours repreggimate subfamilies as indicated by

silhouettes (see Table 6.1).
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Appendix 6.5.Relationships between geographic range, bodymagsreaasures of
frugivory in neotropical primates. Frugivory presed as (a and b) percentage of diet
comprising fruits and seeds, and (c and d) rarefiedness of plant genera consumed
(fruits and seeds only). Geographic ranges cal@ddtom NatureServe/lUCN
polygons (Patterson et al. 2007); bodymasses caedlfrom Smith and Jungers
(1997). Codes represent primate ecospecies; filos represent primate subfamilies

(see Table 6.1, Figure 6.5).



Photo:Rio Jurua at dusk.



