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Abstract

Understanding the factors that determine specsslalitions is a central question
in ecology. Niche-based theories stress the impogtaf environmental heterogeneity in
influencing species distributions while neutraldésheories emphasize the effects of
dispersal limitation. The relative importance odsb factors in influencing species
distributions may depend on spatial scale — detestic factors may be more important
at small spatial scales where fine-scale habitabfa become more relevant and
stochastic factors may be more important at lasgatial scales where dispersal
limitation becomes more relevant. | examined tHikei@nce of deterministic and
stochastic factors on the distribution and strieetfrvascular epiphyte communities in
lowland tropical forests at multiple scales. Vaac@piphytes, non-parasitic plants that
often inhabit tropical tree canopies, contributea@5% of the local floral diversity and
up to 25% of the floral biomass in tropical foreatet our understanding of how habitat
selection or random colonization events relatedigpersal influence the distribution and
floristic composition of epiphytes lags far behthdt of terrestrial-based plant
communities. | surveyed epiphytes among differgyaeforests, different-sized trees,
and within emergent tree crowns and examined whéiddatat characteristics influenced
epiphyte community structure. Among different-af@ests, forest structure and age
influenced epiphyte species composition as deasityspecies richness increased with
forest age, and many epiphyte species were confmedcrohabitats unique to old-
growth forests. Among different-sized trees, epiptgpecies exhibited significant

associations to particular tree sizes and micraaehiEmergent canopy trees had steep



environmental and resource gradients that createghediversity of microhabitats to
which many epiphyte species were specialized. Bnuniental filtering played a role in
epiphyte species distributions as species fourtdarsame microhabitat showed
convergence in ecological strategy. Among closelgted species within a functional
group, there was evidence of trait divergence, supyg the hypothesis of niche
differentiation. At large spatial scales, habitatisture and dispersal influenced epiphyte
community structure among forest stands. At smalbatial scales, habitat specialization
and differences in plant ecological strategies @lmvironmental gradients suggest

niche-based processes in driving local patterrepgdhyte diversity.
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Chapter 1

Introduction

Species-rich plant communities, such as those faumget tropical forests,
challenge many theories on the maintenance of sitiydsecause all plants require the
same set of resources (Silvertown 2004). Neutedyposits that species are
competitively equivalent, niche differences arelgvant, and species diversity is
governed by the stochastic balance between imnogrand extinction on a local scale,
and between speciation and extinction on a regiscele (Hubbell 2001). Therefore, all
species have the same probability of colonizingtgrajes, and dispersal limitation,
whereby individuals fail to occupy all possible dgngites because their seeds can't get
there, is an important factor structuring ecolobocmanmunities (Hubbell 2001, Etienne
and Alonso 2005). Alternatively, niche theory pssiat species are in competition for
limiting resources, and, therefore, differ in soweey that reduces competition (Gause
1934, Hutchinson 1959, MacArthur and Levins 1963ké&shi 1999). The segregation of
plant species along environmental niche axes, dnetugradients of light, soil moisture,
and rooting depth, along with differences in ecaabstrategies and trade-offs are
mechanisms by which niche theory explains spediesity (Silvertown 2004 and
references therein). Determining the importanceenftral- and niche-based processes in
structuring species rich communities remains araéohallenge of community ecology.
Differences in plant ecological strategies and ena of habitat specialization would

support niche-based processes in driving pattdrapeties diversity, whereby random

1



patterns in species turnover along environmentadignts and functional equivalence
would support neutral-based processes.

The distributions of plant species may be influehlog niche factors such as
variations in habitat structures, substrate charestics, resource gradients, and
environmental conditions, or neutral factors suglligpersal limitation. For species-rich
tropical forests, the distribution of many planésies has been linked to heterogeneity in
topography or hydrology (Lieberman and Lieberma&5l®Denslow 1987, Clark et al.
1998, Webb and Peart 2000, Harms et al. 2001, ret al. 2004, Fine et al. 2005,
DeWalt et al. 2006, Schnitzer et al. 2008, Dalkt@l. 2012), soil resource gradients
(Newbery and Proctor 1984, Potts et al. 2002, ipkikt al. 2003, Baldeck et al. 2012), or
gradients in light through the presence of gapsiizer and Carson 2001, Schnitzer et
al. 2008). Species distributions with no relatiapgb topography, edaphic resources, or
light are assumed to be driven by dispersal lingita(Hubbell and Foster 1986, Dalling
et al. 2002, Valencia et al. 2004) or density-dejeem mechanisms such as disease from
soil microbes (Connell 1971, Clark and Clark 1984dgchi et al. 2010, Mangan et al.
2010, Schnitzer et al. 2011). The relative imparéaaf these factors in influencing
species distributions seems to depend on spatild sach that deterministic factors, such
as habitat associations, play a larger role atlspatial scales where fine-scale habitat
factors become more relevant, and stochastic fectoch as dispersal limitation, play a
larger role at larger spatial scales where dispénsdation becomes more relevant (Potts

et al. 2002).



Neutral theory was developed to explain coexigtendaliverse tropical forests,
where it seemed implausible that each species amddpy a distinct niche (Hubbell
2001). However, recent research into tree speoesistence and diversity has unveiled
that tropical tree species found in different togdnic habitats differ in their ecological
strategies (Kraft et al. 2008). For example, fumeai strategies of trees are related to
gradients in light availability such that plantdiwhigh light requirements have higher
growth rates, higher specific leaf area (SLA), leigleaf nitrogen (N), and higher
mortality rates than those with lower light requaents, representing a trade-off between
growth and survival (Poorter and Bongers 2006, feoet al. 2008). The diversity of
strategies employed by plants in a particular @mmrent is related to their ecological
function along gradients of environmental condi@md resource availability.

Although it is unlikely that niche differences ifapt ecological strategies along
environmental axes is the only mechanism of coencst in any large community, it now
seems to play a greater role than was previouglyeamted (Kraft et al. 2008, McGill et
al. 2008, Violle and Jiang 2009). Habitat partittapamong terrestrial plants with
different traits has been found along gradient®dst age, temperature, light, soil
humidity, and disturbance in a variety of ecosyst€8volbrig 1994 and references
therein, Kobe 1999, Meinzer et al. 1999, Montgonaerg Chazdon 2002). Environments
with steep gradients in resource availability andimnmental conditions often contain
plants with a greater diversity of traits arisimgrh a greater number of microhabitats. By
relating the function of a plant to the environmemt can better predict and understand

the distribution and coexistence of species (G20@l, Westoby and Wright 2006,



Swenson and Weiser 2010), as well as plant perfoceand trade-offs (Garnier et al.
2001, Poorter and Bongers 2006, Poorter et al.)2008

The goal of my dissertation is to understand whetdrs influence the
distribution and community structure of a set opical plant species and determine
whether the importance of these factors changdssedle. Here, | examine the influence
of habitat structure, environmental conditionspreses, and geographic space on
patterns in the distribution of tropical vasculpiphiyte communities at multiple scales:
among forests, among trees, and within a singiedamopy. | also examine habitat
partitioning and ecological strategies of vascelaiphytes along environmental and
resource gradients within tree crowns. These studirease our understanding of how
diversity is maintained in a hyperdiverse grouplaits.

The current understanding of epiphyte assemblageased primarily on
descriptive patterns and not causality (Bartels@hdn 2012). The mechanisms
underlying epiphyte diversity are not well undeostdecause a clear synthesis linking
observation to theory is lacking. Furthermore,dbale of a study may be an important
consideration in predictions of the patterns irphagte species assemblages. Therefore,
multi-scale approaches that link pattern to theweyneeded in order to disentangle the
mechanisms of epiphyte diversity (Bartels and C2@&iR).

VASCULAR EPIPHYTES

Vascular epiphytes are plants that live non-ptcadly on other plants, often high

in the canopy of tropical forests. They are a diive and integral component of tropical

forests contributing between 25-35% of the flonakdsity (Gentry and Dodson 1987,



Nieder et al. 2001) and up to 35% of the foliamhass (Nadkarni 1984). Epiphytes
increase the spatial and structural complexityhefd¢anopy and create habitats for a
diversity of canopy fauna including many speciebiads and insects (Nadkarni and
Matelson 1989, Ellwood et al. 2002, Ellwood andtEo2004). Epiphytes have intrigued
biologists ever since Schimper’s (1888) extensiomograph on Neotropical epiphytes.
Interest in epiphytes has continued as researttyetis understand how epiphytes survive
and maintain their precarious existence detaclwd the forest floor. For example, their
sole source of nutrients and water is through apiesc deposition or from canopy soill
that accumulates from decomposed plant materiai{idg 2004, Nadkarni 2004).
Therefore, unlike forest floor-rooted plants, epfi@s must contend with inconsistent
supplies of water and nutrients as well as thesim®ed abiotic stresses from UV-
radiation, wind, and high temperatures (Benzing719890, Cardelts and Chazdon
2005).

Vascular epiphyte species have evolved an arréiynational adaptations to
maximize water and nutrient uptake and storageaiyphat are uniqgue among plants.
For example, epiphytic tank bromeliads have a tedetm from overlapping leaves that
impounds water and collects detritus, microorgasisaind nutrients (Fig. 1.1A). The
absorptive trichomes that line the lower thirdlod tank are the sole water and nutrient
uptake mechanism as the plants’ roots are useshfdroring to their host tree (Benzing
2000). Atmospheric bromeliads have absorptive tmeas covering their leaf surface that
take up atmospheric sources of water and nutr{&ngs 1.1B; Benzing et al. 1976).

Because atmospheric bromeliads are completely amdgnt of canopy soil for sources



of nutrients and water, they are often found grgnon bare bark or inorganic surfaces
such as electrical wires (Benzing et al. 1978).idg¢Fig. 1.1C) and orchids (Fig. 1.1F)
have a unique spongy structure of dead cells artheidroots called velamen radiculum,
that, when dry, hardens and protects their roots fwater loss and, when wet, is able to
take up atmospheric sources of water and nutr{@otz and Winkler in press, Benzing
1990). Many species, including soil ferns (Fig.l),lroot in canopy soil and exploit the
nutrients and water stored in soil (Nadkarni 2064yns found on bare bark (Fig. 1.1E)
are able to exploit microhabitats with low wateagability as they grow along a rhizome
and are able to drop their leaves under severggtitgBenzing 1990). Given that water

and nutrients are so limiting, strategies to capturd store the intermittent water and

Figure 1.1 Functional group classifications of thest common vascular epiphytes
surveyed orVirola koschnyi trees at La Selva Biological Research Stationfa&CBgca.
(A) tank bromeliads; (B) atmospheric bromeliads); &ids; (D) ferns in canopy sail;
(E) ferns on bare bark; and (F) orchids.



nutrient supply are thought to be the selectiveddrehind such marked divergence in
functional morphologies (Watkins Jr. and Cardel0$2).

Epiphyte distributions are influenced by stand ahteristics, such as stand age
and tree species composition, as well as by diapknstation. Generally, species
composition differs and epiphyte richness and dgm@se lower in young secondary
forests relative to old-growth forests (Barthldtaé 2001, Kromer and Gradstein 2003,
Benavides et al. 2006, Cascante-Marin et al. 2008ds and DeWalt 2012). The lower
density, species richness, and differences in sp@timposition among different-aged
forests could be due to dispersal or recruitmenitdition. For example, younger forests
often lack the unique conditions found in old-grbvirees such as canopy soil and shady
sites, which may limit the ability of some epiphgecies to successfully colonize
secondary forests (Barthlott et al. 2001, Woods@edalt 2012). Alternatively,
epiphyte species may not be able to colonize yauiogests because they are limited by
dispersal (Cascante-Marin et al. 2008, 2009). Tfarsst stand age, structure, and tree
species composition can have profound impacts ghge richness, abundance, and
species composition.

Host tree identity can be an important driver giplyte community structure.
Epiphytes usually establish on tree bark and breseimd in trapped soil or organic
matter in crevices on bark surface or branchess,Tépiphyte establishment can be
influenced by tree size, age, and bark texturelg@aly et al. 2002, Cardelus 2007, Zotz
and Schultz 2008). One species of host tree cataicoa diverse community of epiphytes

that is often different from other host tree spg'cfeaube and Zotz 2006, Cardelus

7



2007). Host-specific differences in epiphyte asdagés suggest that epiphyte diversity
may be related to variation in microhabitats witimdividual host trees (Cardelus and
Chazdon 2005, Cardelus 2007).

Within tree canopies, vascular epiphyte distribngibave been hypothesized to
be influenced by gradients in light, water availigpidrought stress, and substrate
characteristics (Johansson 1974, ter Steege amélidsen 1989, Zimmerman and
Olmsted 1992, Nieder et al. 2000, Zotz and Volli2@03, Kelly et al. 2004, Reyes-
Garcia et al. 2008). The vertical distribution dfetent epiphyte species from the lower
to the upper canopy within a single tree suggéstsdifferent epiphyte species are
adapted to different habitats that exist withinthoses (Johansson 1974, Hietz and
Briones 1998, Zotz 2007). The rainforest canopstrigcturally complex with a diversity
of habitats created by gradients in light, canaply sesource sources.§., canopy soil
and atmospheric deposition), and environmental itiond (Parker 1995, Nadkarni
2004). Therefore, a host tree with high heteroggneihabitat structures, environmental
conditions, and resources could theoretically suppdigh diversity of epiphytes that
show various kinds of adaptations to specific mhatutats.

DISSERTATION STRUCTURE

| chose to study vascular epiphyte communitiebratet different scales in order to
understand first, what factors influence the disttion and community structure of
vascular epiphytes and, second, how those factaysamange with spatial scale. | use
the vascular epiphyte community at small scales vithin large tree crowns) as a

model system to test theories on the maintenanspetfies diversity.



In Chapter 2, | test the alternate hypothesesnicae-based €., forest structure)
and neutral-based processes (forest age) affect epiphyte communities by conmgar
epiphyte community structure between secondaryoéhgrowth forests in central
Panama. | surveyed the entire vascular epiphyteraanty in replicate secondary forest
stands of 35, 55, 85, and 115 y post land-abandohasewell as in two old-growth
forests. Previously, studies on epiphytes in seagnfibrests were limited to forests
younger than 50 yr and, therefore, this study \waditst to examine epiphyte
communities in older secondary forests.

In Chapter 3, | examine how the diversity of hatsitwithin tree crowns change
with tree size, and how those changes explainréifiges in epiphyte community
structure among different-sized trees. | studiedepiphyte community and measured
environmental conditions, structural features, msburces within different-sized trees
(2.5-103.3 cm dbh) of one host tree spedfanla koschnyi (Myristicaceae). | chose to
conduct my research W koschnyi trees because their branches extend from the main
trunk at a 90° angle, which would potentially résnlsteep environmental gradients
along the branches from the bole to the outer cagieig. 1.2). Furthermoréd/. koschnyi
have few trunk epiphytes, which enabled me to erarttie distribution of epiphytes and
habitats solely within tree crowns. Finally, emergé. koschnyi trees are relatively more
abundant and accessible than other emergent tréaesSelva Biological Research
Station, where | conducted this research. | exathihe degree to which epiphyte species

exhibit significant associations to particular mitabitats within tree crowns. | tested the



Figure 1.2 Virola koschnyi (Myristicaceae) tree at La Selva Biological Resb&tation,
Costa Rica.

habitat heterogeneity hypothesis that a greatarsity of habitats in large trees would
result in a greater diversity of epiphyte specis fnctional groups.

In Chapter 4, | test niche-based coexistence thevgscular epiphytes within
large tree crowns using trait-environment relatiops. | examined the distribution of
leaf traits of epiphyte species along environmegitatlients to determine if vascular
epiphyte species are differentiated along measemggtonmental axes. | test the
hypotheses that environmental filters will resaltonvergence in strategy by co-
occurring specied.g., in the same microhabitat within a single treenarpand that niche

differentiation among co-occurring species willuksn a divergence in strategy. This is
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the first study to examine differences in functideaf traits among multiple epiphyte
species and link them to environmental gradients.

Chapter 5 provides a general conclusion, the itapoe of the research, and
future directions for research. This dissertapoovides a greater understanding of the
maintenance of diversity in species-rich plant camities, such as the tropical vascular
epiphyte community. Particularly, this dissertatioghlights the importance of

microhabitat selection on the structure and diwexs a hyperdiverse plant community.
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Chapter 2

The Conservation Value of Secondary Forests for

Vascular Epiphytes in Central Panama
INTRODUCTION

Tropical forest canopies support a high diversftplants and animals (Ellwood
and Foster 2004, Kelly et al. 2004). The vascybgpleytic plants that inhabit the tropical
canopy are a conspicuous and integral compondnbmital rainforests. Not only do
epiphytes contribute up to a third of the vascafacies in tropical forests (Gentry and
Dodson 1987), they can also play an importantiroleutrient and water cycling
(Nadkarni 1986, Clark et al. 2005, Holwerda e®8l10) and in providing habitat and
food for an array of arboreal animals (Davis anttd@ul1998, Ellwood et al. 2002,
Ellwood and Foster 2004). Thus, how quickly epighgommunities recover after stand-
destroying disturbances has important implicatimngonservation of tropical forest
diversity and ecosystem functioning.

There has been a contentious debate about thereatise value of secondary
tropical forests (Christensen and Peet 1984, BramehLugo 1990, Turner et al. 1997,
Johnson et al. 2000, Guariguata and Ostertag ZiXdzdon 2003, Barlow et al. 2007,
Dent and Wright 2009). Secondary forests developiméands that were not intensively
used and are close to seed sources tend to hdvedmngervation value for trees and
lianas because they rapidly attain many aspedtsediorest structure and species

richness of old-growth forests, but species comjmrsimay take centuries to converge
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on old-growth forest (Brown and Lugo 1990, DeWalale 2000, Guariguata and
Ostertag 2001, Chazdon et al. 2007, Dent and W#Q889). Thus, if conservation value
is determined solely by the number of species anekt biomass of trees and lianas, then
secondary forests that were not intensively useldaaa close to seed sources can reach
species richness and biomass values comparablé-gwawth forest within a few
decades (Saldarriaga et al. 1988, DeWalt et alD,2B0ariguata and Ostertag 2001).
However, some plants and animals may be highlyialwsd toold-growth forest
because of the resources and conditions foundinrthat habitat (reviewed in DeWalt et
al. 2003). For example, many cavity-nesting animadgiire standing dead trees that are
less abundant in secondary forests (DeWalt et08I32Chazdon et al. 2009), and some
rare shade-tolerant species are absent from segoiodasts (Thomlinson et al. 1996,
Guariguata and Ostertag 2001, Liebsch et al. 20088zdon et al. 2009). Secondary
forests may take centuries to recover the congervaalue of old-growth forests for
these more specialized taxa (Christensen and P84t Turner et al. 1997, Barlow et al.
2007).

In particular, secondary forests may take muchdong attain high conservation
value for epiphytes than for plants of other halit{siphytes are dispersal limited and
may take 8 to 12 yr to colonize regenerating treegcondary forests (Nadkarni 2000,
Cascante-Marin et al. 2009). In addition, individegiphytes grow very slowly and can
take more than 10 yr to reach reproductive maty@tgrold and Zotz 2002, Hietz et al.
2002, Laube and Zotz 2003). Finally, many epiphgigsear to be old-growth specialists

(Barthlott et al. 2001, Acebey et al. 2003, Krérard Gradstein 2003, Koster et al.
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2009). In montane forests of Venezuela and Costa, For example, orchids and ferns
were much less common in secondary forests thaldigrowth forests (Barthlott et al.
2001, Nadkarni 2004). Epiphytes may be old-grovpiecgalists if they only establish on
large trees, on host tree species present onligigrowth forests, or in conditions found
only in older forests such as the presence of gasop or particular microclimatic
conditions including shade and high relative hutgi{Barthlott et al. 2001, Callaway et
al. 2002, Acebey et al. 2003, Krémer and Grads2608, Laube and Zotz 2006, Cardelus
2007, Zotz and Schultz 2008, Werner 2011). The@masion value of secondary forests
for epiphytes thus depends to a large part onelgeeg to which secondary forest
epiphyte communities contain species found in otolagh forests. If the species
composition of a young secondary forest is a sutisetid-growth forest and the
similarity to old-growth increases with secondaryekt age, then it is likely that
community composition of secondary forests will ewally approach that of old-growth
forests.

To date, studies on epiphytes in secondary foleste been limited to forests
younger than 50 yr (Barthlott et al. 2001, Kromed &radstein 2003, Nadkarni 2004,
Benavides et al. 2006, Cascante-Marin et al. 20@6hose studies, epiphyte
communities in secondary forests had substanti#ilgrent species composition as well
as lower epiphyte densities and species richnespaied to old-growth forests
(Barthlott et al. 2001, Kromer and Gradstein 2@&)avides et al. 2006, Cascante-

Marin et al. 2006). It is therefore not known whémver, epiphyte community structure
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(density, species richness, and composition) inrsgary forests approaches that of old-
growth forests.

In this study, we employed a chronosequence appr@acondary forest stands
of different ages since land abandonment) in ceRaaama, focusing on older
secondary forest stands ranging in age from 33.%oyi, to examine whether there is
convergence on old-growth forests over time in sdaoy forests in terms of epiphyte
community structure. All stands were in close pnaky to old-growth forest and were
located on relatively fertile soils. We studied tlensity, species richness, and
composition of holoepiphytes.€., plants sustained entirely by nutrients and water
received non-parasitically from within the canopyaihich they reside) as well as
hemiepiphytesi(e., plants that spend only part of their life cyclghnaa terrestrial
connection, Benzing 1990, Moffett 2000). We incldgimary hemiepiphytes, which
start in the canopy and eventually send rootseaytbund, and secondary hemiepiphytes,
which start in the ground and eventually lose theirestrial connection (Benzing 1990,
Moffett 2000). For those species whose classificasis either a vine or a hemiepiphyte
is still unresolved (e.gMonstera, Andrade and Mayo 1998, Lépez-Portillo et al. 2000
we included them as a hemiepiphyte. We surveyed tteanas, and downed coarse
woody debris. For epiphytes occurring on treesailge examined relationships between

epiphyte occurrence and host-tree size.
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METHODS
Study site and plant survey

Secondary and old-growth forest stands were locaittan the Barro Colorado
Nature Monument (BCNM) of central Panama, whichudes Barro Colorado Island
(BCI, 9°9N; 79°51W) as well as several adjacent mainland peningéigs 2.1). Forests
in the BCNM receive approximately 2600 mm of anmaatfall, predominantly during
the wet season from May through December. The aégatis classified as tropical
moist forest and ranges in altitude from 120 m@6 fn asl (Holdridge and Budowski
1956, Leigh Jr. et al. 2004).

We surveyed vascular epiphytes in 10 forest sté#mtsncluded two in each of
four ages of secondary forest and two stands kgaddith. When our epiphyte survey
was conducted in 2009, the secondary forests wgreaimately 35, 55, 85, and 115 yr
old. The two old-growth stands provided a referdegel of epiphyte species richness,
density, and species composition. This chronosempuesas established in 1994 by J. S.
Denslow, during which time trees5 cm diameter at breast height (dbh) were measured
in contiguous 10 m x 10 m quadrats within transe€tts60 m x 10 m in each stand
(Denslow 2000, Denslow and Guzman 2000). In 1984 ttansects, totaling 0.32 ha,
were established in nine stands, but only one ¢&@nsas established in one of the 35-yr-
old stands, which was deemed too small for an ihadik transect. Stand ages were
estimated by reference to early publications ofasiablishment of BCl (Kenoyer 1929,
Standley 1933, Enders 1935, Chapman 1938), diditkegial photographs taken in the

late 1920s and between 1955 and 1983, and lanbisteey in the BCNM
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Figure 2.1. Map of thiocations olstudied secondary forest and old-growstands o the
Bohio and Gigantpeninsulas and Barro Coloralsland (BCl)in the Barro Colorac
Nature Monument in central Panar Symbols refer to the approximatge of the stan
(upwardfacing triangles = 35 yr, circles = 55 yr, squareds yr, downwar-facing
triangles = 115 yr, diamonds = ~growth). Site codes are denoted vitthee letter (SAI
= Saino, PED = PediGomez, END = Enders, FOS = Fosters, POA = PoacB@H|, =
Bohio, BAR = Barbour, PER = Pearson, ARM = ArmdZiET = Zetek)
(Denslow and Guzman 2000, DeWalt et al. 2. In 2002, trees 5 cm dbh wer:
permanently tagged and remeasured. More detaisxtiggons of he chronosequent
design and censusethods arprovidedin Denslow and Guzman (2000) and DeVet
al. (2000).

Within each stand, eicounted and identified all holo- ahémiepiphyts that

occurred on trees 1 cm dbk(living or dead), lianas, or @med coarse woody debi

(DCWD). For epiphytes occurring on living tre= 5 cm dbh we noted the tag number
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the tree to later determine the dbh from the 20fiaskt. Epiphytes occurring in crowns
were identified with the help of binoculars or byribing the trees using modified rope
climbing techniques (Perry 1978) when binocularsewasufficient for proper
identification. Given the low density of epiphyiedorests along the chronosequence (a
maximum of 25 individuals/ tree) and the fact tpaiund-based surveys have been found
to capture > 90 percent of epiphyte occurrencesn®R007), ground-based epiphyte
surveys were conducted for all tree60 cm dbh and most (63%) of trees > 60 cm dbh,
as the canopies of these trees were easily visime the ground. A total of 10 trees > 60
cm dbh were climbed as these canopies were diffiowliew from the ground. Species
names of flowering plants followed the Flora of Bawa Checklist and Index (D’Arcy
1987). Other sources were used for the identiboatf seedless vascular plants (Croat
1978, Lellinger 1989).
Statistical analysis

One sub-plot in Enders, a 55-yr-old secondary toresd a 10 m x 20 m gap in
which 150 individuals of one hemiepiphytic ardihilodendron rigidifolium, were
found. There were no similar gaps in other staadd,such high densities Bf
rigidifolium were not found elsewhere. This sub-plot was faorge an outlier of all
sub-plots in Enders according to a Grubb’s test @#28,P < 0.05) and was therefore
removed from the analysis.

To compare epiphyte species richness among fogest ave conducted sample-
based Mao Tau rarefaction analysis using Estimsdé&®/are v. 8.2 (Colwell 2009). We

used the 10 m x 10 m sub-plots within each starghagples. The expected species

24



accumulation curves were rescaled by individualsotmpare the stands in terms of
species richness (Gotelli and Colwell 2001). We parad the rarefied species richness
among stands for 60 individuals, which is the maxiimumber of individuals found in
55-yr-old forests.

All statistical analyses were conducted using Rieer2.11.0 (R Development
Core Team 2009). We examined the relationshipsdmtvepiphyte density, species
richness, and rarefied species richn&gg) @nd secondary forest age using simple linear
regression. Because their ages are unknown, oldtlgretands were omitted from
regression analyses but are estimated to be >50ld yPiperno 1990). Stand age was
logio transformed for all analyses. We tested whethldpaphytes and hemiepiphytes
differed in their relationship to stand age usinglgsis of covariance (ANCOVA) with
stand age as the covariate and epiphyte type astbgorical predictor variable. To
determine at what age, if ever, epiphyte densggcees richness, and rarefied species
richness in secondary forests were similar to otoagh forests, we conducted analysis of
variance (ANOVA) using priori orthogonal linear contrasts that compared each
secondary forest age to old-growth forests. ANOVa&swalso used to compare if the
percentage, density, and basal area of trees ezeldtiy epiphytes and the maximum dbh
of trees in each stand differed between seconadaegtf and old-growth. We used the
latter measure because the same total tree basataunld be achieved in two stands but
be divided into a few large trees or many smaégrédvlaximum tree dbh values from the

census in 2002 were used for this analysis. Althabg values from 2002 may under-
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estimate the maximum dbh of each stand, theseelifées would be small given the
slow change in dbh of large trees (Lieberman €t@85, Clark et al. 2003).

We tested whether holoepiphytes and hemiepiphy&ge more common on
larger trees using logistic regression. Diametétse@s> 5 cm from the census in 2002
were used for this analysis.

We examined whether similarity in epiphyte spec@sposition of secondary
forests converged on old-growth forests with tingeconducting linear regression of
community similarity on approximate forest age. ¥ééculated similarity with two
metrics: the Sgrensen similarity index using spgerieidence (presence/absence) and the
Morisita-Horn similarity index, which uses specrefative abundance. Of the traditional
abundance-based similarity indices, the MorisitarHadex is the most robust to uneven
and insufficient sampling (Chao et al. 2006). lammnes the probability of two randomly
chosen individuals being of the same, shared sp€Cieao et al. 2006). We applied the
jackknife method to the Morisita-Horn index to remediases associated with under-
sampling and henceforth refer to the index as Jatkiorisita-Horn. For each
secondary forest age, we averaged the pairwisdasityiindices between each secondary
forest stand and each of the two old-growth stgnelsfour comparisons per forest age).

Finally, we tested whether epiphyte communitiesdoondary forests were
statistically nested subsets of old-growth foresisag the NODF (Nestedness metric
based on Overlap and Decreasing Fill) index foidiecce data and the WNODF

(Weighted NODF) index for abundance data usingN®@®F-Program (Almeida-Neto

26



and Ulrich 2010). Only the 21 species represenyedt keast two individuals across the
chronosequence were included in this analysis.
RESULTS

In a total of 3.02 ha (eight stands of 0.32 ha, sitaad of 0.30 ha, and one stand
of 0.16 ha), we found 1099 individual epiphyte2ihspecies and 7 families (Table 2.1).
Three Araceae species (aroids) were identified tlmiporphospecies. Fifteen epiphyte
species were classified as holoepiphytes, and é@espwere classified as hemiepiphytes
(Table 2.1; Appendix B). All of the hemiepiphyteens classified as secondary
hemiepiphytes. No primary hemiepiphytes were foumnithe survey. Across the
chronosequence, Araceae was the most diverse andait epiphyte family,
representing 64 percent of all individuals and 8&cpnt of all species; Orchidaceae and
Polypodiaceae were less abundant and specioseeBaoaae and Cactaceae were found
only in old-growth stands (Table 2.1).

Over 90 percent of epiphytes were found on livieg$, but only 11 percent of
trees> 5 cm dbh as measured in 2002 hosted at leastpypleyte. For these host trees,
the mean epiphyte load was 3.9 epiphytes/tree pidieability that a tree would host an
epiphyte increased significantly with dbh for hgdgehytes (Z = 11.63 < 0.0001) and
hemiepiphytes (Z = 10.8P,< 0.0001; Fig. 2.2). Small trees had a higher abdlty of
hosting a hemiepiphyte than a holoepiphyte, but lepiphyte types had equal
probabilities of being on large treese(, > 100 cm dbh; Fig. 2.2).

At the stand level, densitR{ = 0.03,P = 0.68) and basal are®(= 0.3,P =

0.16) of trees that hosted epiphytes did not ireresth forest age. However, the
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Table 2.1. Number of individuals and number of sgetor all epiphytes (All),
holoepiphytes (Holo), and hemiepiphytes (Hemi) fbimthe seven most abundant plant
families along a forest chronosequence in the B@olorado Nature Monument in
central Panamé&old-growth only.

Number of individuals Number of species
Family All  Holo Hemi All  Holo Hemi
Araceae 712 13 699 14 3 11
Orchidaceae 188 188 0 4 4 0
Polypodiaceae 184 136 48 3 2 1
Bromeliacea& 5 5 0 3 3 0
Aspleniaceae 4 4 0 1 1 0
Cactacede 3 3 0 1 1 0
Gesneriaceae 3 3 0 1 1 0
Total 1099 352 47 27 15 12
1.0 -
® Holoepiphytes
O Hemiepiphytes 5
0.8 - @5

Probability of presence

100 120

Tree dbh (cm)

Figure 2.2. Logistic regression curves showingrétationship between tree dbh and
predicted probability that a holoepiphyte*(e %2°@hq + g4+ 0060l or 5
hemiepiphyte (&2 *0-04%dbl(q 4 g312+0.04"dbky 5ecyrred on the tree along a forest
chronosequence in central Panama.
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maximum tree dbh of trees that hosted epiphytesased with forest ag{= 0.74,P =
0.006), with the highest maximum dbh found in 8%l forests (Fig. 2.3). The
percentage of trees colonized by epiphytes alseased with forest ag&{ = 0.86,P <
0.001) and was maximal in old-growth forests (Ri@).
Density and Species Richness

Density of all epiphytess¢ = 0.80,P = 0.003), holoepiphytes{ = 0.62,P =
0.02), and hemiepiphyteR{= 0.85,P = 0.001) increased significantly with forest age
(Fig. 2.4A). The youngest stands in the chronosecgigvere virtually devoid of
epiphytes; in fact, no epiphytes were found in 8g/r-old stand (Saino) and only 11
individual holoepiphytes of two species were foumthe other (Pedro Gomez). The
density of hemiepiphytes across stands was signitig higher than holoepiphyteB;(i»
=5.8,P = 0.03), but there was no difference between haot hemiepiphytes in their
responses to forest agee(, no significant interaction of age and epiphyteety=; 1, =
1.9,P = 0.20). Old-growth forests had significantly gexadensities than all other forest
ages for all epiphytes, holo and hemiepiphytes Igal2). Epiphyte densities in 35-yr-
old forests were less than 1 percent of that ingotoivth, whereas epiphyte densities in

115-yr-old forests were 49 percent of that in oldvgth forests.

29



120 ~ r 30

@ Tree dbh (cm) Y A
/A % trees colonized
100 A - 25 o,
9
>
=
5 80 g F20 S
< z
© e]
£ 60 15§
> c
IS i)
£ S
@ o
S 40 F10 o
o
20 - L5
O IS*A/ T T T T 0
35 55 85 115 oG

Approximate forest age (yr)
Figure 2.3. Relationship between maximum tree dbhd line) and percent of trees

colonized by epiphytes (dashed line) with approxenfarest age along a forest
chronosequence in central Panama.

30



1000 -

A) X  Epiphytes
Vv Holoepiphytes gg
+ Hemiepiphytes
T 800 A
<
5 +
&
0
< 600 - +
S
= X
°
£
s 400 o
@ \Y%
o)
g
Z 200 A
\Y%
0 .
20 - (B)
18 -
X
16 -
14 - X
7 X
g 12
<
C
2 10 - ¥
g 8 N +
[o
%)
6 .
\Y%
4 +
2 1 v
0 % T T T T
35 55 85 115 oG

Approximate forest age (yr)
Figure 2.4. Relationship between density (A) aretss richness (B) of epiphytes (solid

line), holoepiphytes (dashed line), and hemiepipsiytiotted line) and approximate
forest age along a forest chronosequence in cdParama.

31



Table 2.2. Density (mean per ha £ SE) and speimbseass (mean raw counts = SE) of all epiphyte§,(Abloepiphytes
(Holo), and hemiepiphytes (Hemi), and species BsBrrarefied to 60 individuals (maximum numbermplkytes in 55-yr-old
forests) for all epiphytes found in different-agastondary and old-growth forests (OG) along a atseqguence in the Barro
Colorado Nature Monument in central Panama. The saenpled for each forest stand was 0.32 ha ekmephe 35-yr-old
stand of 0.16 ha and one 55-yr-old stand of 0.30/haies with different letters are significantlyfedrent from OG forests
according to linear orthogonal contrasts (P < 0.€B)Xx 0.05, **P < 0.01, ***P < 0.001.

Rarefied species

Density Species richness richness Eec)
Age All Holo Hemi All Holo Hemi All
35 17.0+240 17.0+£24.3 0 +%0 1.0+1.4 1.0+1.4 0+C0 20+24
55 133.0+£108%9 38.0+49.6 95.0 + 593 6.5+2.1 1.5+0.7 5014 8.0+0.3
85 236.0+121% 58.0+42.0 178.0 £ 79.2 6.0+0 25+07 35%0.7 6.0+0.5

115 4405+79%9 189.0+28.7 252.0+509 115+1.2 50+0 65+2.F 9.0+0.8
oG 8965+17% 250.0+128.2 647.0+110.3 155+2.7% 70+28 85+0.7 9.0+1.2
Fac  35.2%% 4.8 25.2%* 19.9%* 5.8* 13.8** 9.9%
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Species richness of all epiphyt& € 0.77,P = 0.004), holoepiphytesf = 0.72,
P = 0.008), and hemiepiphyte®’(= 0.60,P = 0.02) increased significantly with forest
age (Fig. 2.4B), with no overall difference betwémtoepiphyte and hemiepiphyte
species richnes${ 1, = 2.6,P = 0.13) or their response to forest age,6= 0.32,P =
0.58). Species richness rarefied to 60 individuadseased significantly with forest age
(R? = 0.59,P = 0.03). Compared to old-growth stands, epiphpeeies richness in 35-yr-
old secondary stands was only 6 percent of theyadth value, whereas it was 74
percent in 115-yr-old secondary forests. Old-groanld 115-yr-old stands were
equivalent in species richness of all epiphytefydmmphytes, and hemiepiphytes, as well
as rarefied species richness for all epiphytes|€raie).

Community composition

Similarity of secondary forests to old-growth fdsem terms of species
composition increased with forest age (Fig. 2.6kHaife Morisita-Horn indexR? =
0.91,P = 0.04; Sgrensen inde®? = 0.89,P = 0.05). However, the slope for the
incidence-based measure of similarity (Sarenses)higher than the abundance-based
measure (Jackknife Morisita-Horn), indicating fastenvergence in the presence of
species found in old-growth forests than in remBpecies abundance.

Epiphyte communities in secondary forests wereagestibsets of the species
found in older secondary forests and in old-grofetiests, both in terms of the species
present and their relative abundance (Fig. 2.6; ROD= -4.09P < 0.001; WNODF: z =

-4.35,P < 0.001). Of all the species found along the chsaguence, old-growth forests
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contained 81%, with only four species (each withidethan seven individuals) being
absent from old-growth stands.
DISCUSSION

Based on this chronosequence of secondary foresteen 35 and 115 yr old, it
appears that epiphyte community structure in seagnidrests in central Panama
becomes more similar to old-growth forest over tiamed that 115 yr is sufficient for
some community properties to attain levels foundldigrowth forest. In our study, 115-
yr-old secondary forests and old-growth forestseveguivalent in the density, basal area,
and percent of trees colonized by epiphytes, akagdhe species richness of epiphytes.
Species richness increased with forest age and#vasrcent that of old-growth forests
by 115 yr. Similarity in community composition tédegrowth forest also increased with
forest age and reached approximately 75 percerilasity in terms of species presence
in 115-yr-old forests. This increase in similatityold-growth forest with time and the
high degree of nestedness among forest standsstuggg given sufficient time,
epiphyte community composition in secondary foresgisld recover to old-growth forest
composition. For epiphyte density, however, mareetis needed to recover to old-
growth levelsSecondary forests had substantially lower epiptgtesities than in old-
growth forests, with 115-yr-old forest having odl§ percent of the density of old-growth
forest epiphytes.

Epiphyte succession in central Panamanian lowarest appears to occur more
slowly than in upper Amazonian and Costa Rican prgane forests, where epiphyte

densities were almost 50 percent of old-growthletg 30 to 40 yr after land

35



abandonment (Benavides et al. 2006, Cascante-Mtdh 2006). In contrast, 55-yr-old
secondary forests in our study site had only 14querof the density of old-growth forest
epiphytes. Similarly, the density of epiphytes id-growth forests in central Panama is
lower than in other tropical forests with the numbkepiphytes per ha averaging
approximately 800 compared to 1550 in upper Amaz{Benavides et al. 2006) and
2100 in premontane Costa Rican forests (Cascanteidbal. 2006). The low density of
epiphytes in our study site compared to these asahopical wet forests may be due to
drought stress resulting from the 4-mo-long drysseaand the lower annual rainfall in
central Panama (2600 mm) compared to upper Amaz8a@0 mm, Benavides et al.
2006) and premontane forests in Costa Rica (3282 @ascante-Marin et al. 2006). A
low density of epiphytes would equate to fewer oepictive adults and fewer
propagules, which may explain the slow colonizabbsecondary forests in central
Panamanian lowland forest.

In contrast to density, the recovery of epiphytecses richness in central
Panamanian forests appears quite rapid with 53éyfepests containing 65 percent of
the number of epiphyte species found in old-grofethsts. The rapid recovery of
epiphyte species in our secondary forests is sirtalather lowland and premontane
forests where almost 70 percent of old-growth egilspecies richness was found in 30
to 40-yr-old secondary forests (Benavides et d062Cascante-Marin et al. 2006). In our
study, secondary forest plots are in close proyimaitold-growth forest (DeWalt et al.
2003), which may explain the rapid recovery of sgecchness to old-growth levels

(Chazdon 2003, Chazdon et al. 2009).
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Similar levels of species richness between secgratat old-growth forests may
not indicate high conservation value for secondargsts if there are large differences in
species composition. In premontane forests in OR&ia, for example, the number of
species per ha between 35 to 40-yr-old forestoéhdrowth forests was similar, but the
identity of the dominant species changed dramdyibatween forest types (Cascante-
Marin et al. 2006). Thus, the recovery of simikaof epiphyte species composition to
old-growth forests may be a much better indicatdhe value of secondary forests for
this life form.

In central Panama, similarity in species composidf secondary forests to old-
growth levels increased with forest age and re@/quite rapidly with 55-yr-old forests
having an average similarity to old-growth forestgl5 percent. The increasing
similarity in species composition of secondary $bseo old-growth forests with forest
age may be due to the increasing heterogeneitgrioy structure, light, and
microclimate that accompanies forest successioa.stituctural heterogeneity found in
older forests results in a combination of drougdsistant epiphyte species common to
hotter and drier secondary forests along with shalbeant epiphytes that specialize in
moist and shady habitats of older forests (Bartidbal. 2001, Acebey et al. 2003,
Krémer and Gradstein 2003). In central Panama hgpgpcommunities in young
secondary forests were nested subsets of the eépipbgnmunities in older secondary
forests and old-growth forests. The majority ofpdyyite species that could inhabit drier
sites in secondary forests in our study were asod within old-growth forests, and

several species that had more specific microclicreatd structural requirements were
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only found in old-growth forests. For examphephidium crassifolium was found in all
forest ages and can inhabit drought-prone micraatshin tropical canopies on BCI
(Andrade and Nobel 1997). In contrast, specieswieat only found in old-growth
forests, such agriesea gladioliflora andGuzmania lingulata, require shady sites with
high humidity (Merwin et al. 2003) that are likeigt available in secondary forests
(Barthlott et al. 2001, Kromer and Gradstein 2003).

Compared to other plant groups studied along theEChronosequence,
epiphyte communities need more time to approactgaavth forest species richness and
density as they depend on the establishment dbtlst before colonizing. Within 20 yr
after land abandonment, secondary forests quidkdyneold-growth levels of density and
diversity for lianas and trees (Denslow and Guz2@00, DeWalt et al. 2000, 2003).
Epiphytes would thus require a minimum lag-timepproximately 20 yr before
colonizing secondary forests in central Panamaa@se epiphytes are inherently slow-
growing, dispersal-limited plants that take a I¢inge to establish on bare branches
(Nadkarni 2000, Gerold and Zotz 2002, Cascante+Metral. 2009), the lag-time for
successful establishment after forest developmewytlme even greater than 20 yr. We
found support for this hypothesis as 35-yr-old $tséhad only 6 percent of the species
richness of old-growth forests, while 55-yr-olddets had 42 percent of old-growth
epiphyte species richness. Epiphyte establishmeydung secondary forests in the
BCNM may be further inhibited by the 4-mo-long @dgason as epiphyte species
richness in younger secondary forests has beemnl flmube much higher in more

aseasonal forests such as in premontane Costa Riesis (22% of old-growth species
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richness in 12-yr-old forests, Cascante-Matial. 2006) and in upper Amazonian forests
(36% of old-growth species richness in 16-yr-olcegts, Benavideat al. 2006).

As in other studies, we found the probability o€arrence of all epiphytes to
increase with tree dbh (Zimmerman and Olmsted 186#%, and Vollrath 2003, Zotz and
Schultz 2008), potentially because small trees les@substrate on which epiphytes
may establish, provide lower quality substrate.(dogver water-holding capacity,
Hyvérinen et al. 1992, Callaway et al. 2002), @resent less time for colonization (Zotz
and Schultz 2008). Along the BCNM chronosequeneehighest number of large trees,
and hence the greatest area of substrate on wpighytes may establish, occurred in
stands that were approximately 85 yr old (Densl®@@. Despite the greater amount of
substrate in 85-yr-old forests, epiphyte densitg Wighest in old-growth forests,
suggesting that epiphyte colonization is not lihibg tree size but by time for
colonization or a lack of suitable substrate inoselary forest trees. The high similarity
in forest structure and epiphyte species compashigiween 115-yr-old secondary
forests and old-growth forests, however, suggéstisthe majority of old-growth
epiphyte specialists are also colonizing 115-yrs#dondary forests. Given that
epiphytes are often dispersal-limited (CascanteiMetral. 2009), less time for
colonization better explains the low epiphyte deesiin secondary forests.

In forests that were > 55 yr, the density of henpikptes was greater than that of
holoepiphytes across the chronosequence and cothpmsaverage, 70 percent of the
total epiphyte density. Hemiepiphytes were, howeabsent in 35-yr-old forests, which

may be due to hemi-epiphytic vegetative fragmenteeds not surviving forest
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conversion (Benavides et al. 2006). The higher itlenshemiepiphytes compared to
holoepiphytes in mid- to old-secondary foress,(> 55 yr) and old-growth forests could
result from low host-tree specificity. Secondaryinepiphytes generally are less host-
specific than holoepiphytes and will ascend theetb tree, regardless of tree species
identity or size (Atwell et al. 1999, Nieder et 2000). Holoepiphytes, on the other hand,
are more commonly found on a particular subsetesf $pecies that are generally large in
crown volume (Zimmerman and Olmsted 1992, Nieded.€2000, Laube and Zotz 2006,
Hirata et al. 2009, Burns and Zotz 2010). The eizeees climbed by hemiepiphytes in
our study was generally smaller than holoepiphytdsch supports the idea that
colonization of trees by hemiepiphytes is less ddpat on the size of the tree.
CONCLUSION

Although other studies on epiphytes in secondamysts have been limited to
sites less than 50-yr-old, our study was able torere epiphytes in older secondary
forests to examine if epiphyte community structewer approached old-growth levels.
We found convergence in the number and identitgpefcies with secondary forest age
with 115 yr being sufficient time to recover oldsgrth species richness and composition.
Epiphyte densities did not recover to old-growtels, however, which may be due to a
low probability of colonization of young host treemused by epiphyte dispersal
limitation. Given another 100 yr, epiphyte densitie secondary forests in central
Panama might approach old-growth levels, but welcale that, in the short-term,
secondary moist forests are unlikely to compenisiaiegically for the loss of biological

diversity and ecosystem functioning that high epiptdensities provide. In tropical
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moist forests, old-growth forests are invaluabletf@ conservation of epiphytes, and
secondary forests need more than 115 yr to re@haspects of old-growth forest
community structure.
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Chapter 3

Diversity Begets Diversity in a Wet Tropical Forest
Canopy: The Importance of Habitat Associations

INTRODUCTION

The promotion of species diversity by habitat hageneity is a central paradigm
in ecology (Hutchinson 1959, MacArthur and MacArth961, Ricklefs 1977, Huston
1979, Tilman 1986, Rosenzweig 1995). Habitats dinatstructurally complex with a
diversity of resources provide more niches for sggewith specific habitat and resource
requirements to coexist (Hutchinson 1959, MacArgma MacArthur 1961, Tilman
1986, Chesson 2000, Chase and Leibold 2003, Teals2004). Greater habitat
heterogeneity is associated with greater speciesgity in many taxa and environments
including fish in coral reefs (Gratwicke and Sp&igh05, Messmer et al. 2011),
mammals in terrestrial environments (Kerr and Patk87, Tews et al. 2004), birds
(Kissling et al. 2008), insects (Siemann 1998, Km@l. 2001), nematodes in intertidal
habitats (Gingold et al. 2010), and tropical tr@dswbery and Proctor 1984, Clark et al.
1998, Harms et al. 2001, Potts et al. 2002, Pkiltipal. 2003, Valencia et al. 2004, Fine
et al. 2005, John et al. 2007). In many of thegdigs, habitat heterogeneity promotes
species diversity and coexistence through haljtialization i(.e., different species are
best suited to different habitats, Clark et al.83%err et al. 2001, Harms et al. 2001,

Messmer et al. 2011). Thus, habitat heterogensity @eterminant of species diversity
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should be particularly important where environmergiuctural, and resource gradients
are steep and where species exhibit strong hatssaiciations.

For plant communities in tropical systems, variatiilo species composition and
diversity have been linked to heterogeneity in éitapharacteristics. Tropical tree and
liana species distributions often are associatéd topographical features of the
landscape or differences in soil hydrology, withnpavoody plants exhibiting significant
habitat associations (Clark et al. 1998, Webb aattF2000, Harms et al. 2001, Valencia
et al. 2004, Fine et al. 2005, DeWalt et al. 2@Dd]ing et al. 2012). Greater
heterogeneity in edaphic characteristics woulds tsupport a greater number of species.
Other studies have observed variation in speciegosition along soil-resource
gradients (Newbery and Proctor 1984, Clark et 298] Harms et al. 2001, Potts et al.
2002, Phillips et al. 2003, Valencia et al. 200#heFet al. 2005, John et al. 2007) or light
gradients through the presence of gaps (SchnitmeCarson 2001, Schnitzer et al.
2008), which suggests habitat specialization basedifferences in soil or light
resources. Species distributions with no relatignshtopography, edaphic resources, or
light are assumed to be driven by dispersal lingita(Hubbell and Foster 1986, Dalling
et al. 2002, Valencia et al. 2004) or distancedemsity-dependent mechanisms such as
disease from soil microbes (Connell 1971, Clark @radk 1984, Bagchi et al. 2010,
Mangan et al. 2010, Schnitzer et al. 2011).

One system in which habitat heterogeneity may 8ever of species diversity is
in the tropical rainforest canopy. The rainforemt@py is structurally complex, with a

diversity of habitats created by different-sizezks that have different gradients in light,

49



canopy soil, resource sourcegy(, canopy soil and atmospheric deposition), and
environmental conditions (Parker 1995, Nadkarni@d0The rainforest canopy is also
host to a large proportion of the tropical diversit wet tropical forests (Gentry and
Dodson 1987, Ellwood and Foster 2004) includingaip5% of the vascular flora
(Nieder et al. 2001), a richness that often excéealsof the forest floor. Steep
environmental, structural, and resource gradiexist @ithin large tree crowns both
vertically (lower to upper canopy) and horizontgliyle to outer canopy) and may
influence the distribution of epiphytic vasculaapis, which are non-parasitic arboreal
plants, and promote their coexistence if diffefeabitats favor different sets of species.
These gradients are not as steep in smaller tndesh may reduce the number of
habitats in small trees. Small trees are also yeutitan large trees, which introduces a
temporal element that may influence epiphyte distions and diversity among
different-sized trees. Habitat diversity in tropicanopies includes diversity in
environmental conditions.¢é., relative humidity, vapor pressure deficit), stue §.e.,
branch size, tree size), and resources @tmospheric deposition, canopy soil, and
gradients in light). The vertical distribution affdrent epiphyte species from the lower
to the upper canopy suggests that different epgbpyecies are adapted to different
habitats that exist within host trees (Johanssai4 18ietz and Briones 1998, Zotz 2007).
Although many studies have suggested that epighgtabutions are related to the
distribution of different habitats, none have diletested whether habitat characteristics
influence epiphyte distributions. Thus, a mechanistderstanding of epiphyte diversity

is lacking (Bartels and Chen 2012).
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We studied the vascular epiphyte community and oredsenvironmental
conditions, structural features, and resourcegpgohytes within different-sized trees
(2.5-103.3 cm dbh) of one host tree spedfanla koschnyi, to examine whether the
diversity of habitats within tree crowns explainSedtences in epiphyte community
structure among different-sized trees. Figure Bdws our hypothesized gradients in
habitat features among different-sized tree carsogne within the canopies of the largest
trees. We expect habitat heterogeneity to be highdarge trees where environmental
and resource gradients are steepest and lowesiaih tsees where gradients are not as
steep. Therefore, habitat differences betweenrtheri{.e., closest to the bole) and outer
crown should be largest in large trees. We askegtivel the diversity, abundance, and

composition of vascular epiphyte communities wetated to environmental conditions,

Distance from trunk

canopy soil
branch size

Tree size

canopy soil

VPD RH

light

Figure 3.1. Hypothesized gradients in habitats agoee size classes and among the
canopy zones within the largest trees. Habitat omeasents include environmental
conditions [vapor pressure deficit (VPD), relatrwamidity (RH)], structural features
(branch size, tree dbh), and resources (canopyligit).
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structural characteristics, or resources amongifft-sized tree crowns. We examined
whether epiphyte species exhibit strong habitat@atons among different-sized tree
crowns and determined which habitat features (enmental conditions, structural
characteristics, or resources) best explained tiami&n epiphyte community structure
and composition. As trees increase in size, therdity of habitats should also increase
because environmental and resource gradients sgetikteeper. We, therefore,
predicted that species found within small treeslditne a nested subset of the species
found within large-tree canopies. Species compwsif smaller trees should come to
resemble that of larger trees as they increaseeénasid add new habitats and their
associated species to their canopies. We furthezaad low overlap in communities
where habitats differ, such as between the inneomas of small and large trees and
among different habitats within large-tree crowfiam these results, we aim to assess
whether habitat heterogeneity influences the dityeod vascular epiphytes.
MATERIALS AND METHODS
Study Area

This study was conducted at La Selva Biologicaldaesh Station (84°00'12" W,
10°25'52" N, 40 m a.s.l.) in northeastern CostaRIde 1600 ha of the La Selva forest
are characterized as tropical wet for@isldridge 1967) and receive approximately 4000
mm of annual precipitation, predominantly during thet season, May—January, with an
average monthly precipitation of 382 mm. The dsiesison, February—April receives an
average monthly precipitation of 172 mm. Averagenthly temperature is 25.8°C £ 0.2

and varies little throughout the year (McDade ell@b4).
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Sampling

To examine how epiphyte species richness, abungdandespecies composition
changed with tree size, we surveyed vascular epaghyithin the canopies of 61
individual Virola koschnyi trees (Myristicaceae) ranging in diameter at drhaght
(dbh) from 2.5-103.3 cm. We did not include nonewdar epiphytes in our survey.
Virola koschnyi trees have branches that extend out at a 90° &oghethe trunk and do
not have any vascular epiphytes along the trunkgeixfor some hemiepiphytes, which
were not included in this study). We, therefordy@xamined the influence of horizontal
habitat diversity on epiphyte community structune did not examine vertical gradients
from the base of the trunk to the tree crown. Weselhone species of tree to control for
variation in host characteristics that might inflae environmental gradients and
epiphyte establishment and growth (Callaway e2@0D2, Cardelts 2007). We grouped
trees into size classes based on dbh resultingab &ees in each size class: 15 cm =
2.5-15 cm dbh; 30 cm = 15.1-30 cm dbh; 70 cm =3®Xm dbh; and > 70 cm dbh.

Within trees, vascular epiphytes were surveyedamt &ranch every 1 m from
the bole to the branch tips. Ground-based epiphiyteeys were conducted for most trees
<70 cm dbh as the canopies of these trees wellg em#le from the ground, and
ground-based surveys have been shown to captud@e>09epiphyte occurrences (Burns
2007). For the ground-based surveys, meter incremaong each branch were
estimated. We climbed all trees > 70 cm dbh andestnees< 70 cm dbh whose canopies
were not easily visible with binoculars using meetifrope climbing techniques (Perry

1978). The first 3—4 m along each branch were nredsusing a measuring tape, and the
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remaining meter increments were estimated. Epipsiyteeys in the outer branches of
trees > 70 cm dbh were conducted using binoculargwn the canopy. Small
individuals with leaves < 5 cm that were not idéeti to genus or species were included
in the surveys by family and were included in tberadance analyses, but they were not
included in the species richness or species cortiposinalyses. Within the canopies of
the largest trees.€., > 70 cm dbh), we designated three canopy zoreedban distance
from the trunk: inner canopy (0—2 m), mid canopyd2n), and outer canopy (> 5 m).
Our canopy zone delineations were similar to Jos@am$1974).

We classified each epiphyte species mfwiori functional groups based on
taxonomy: aroids, bromeliads, cactuses, fernsoachids (Fig. 1.1). We further divided
bromeliads based on nutrient uptake mechanismgantobromeliads (impounding) and
atmospheric bromeliads (nonimpounding) as per Benet al. (1978), and we divided
ferns based on rooting medium into soil ferns (gsvaot in humus) and bark ferns
(independent of rooting medium) as {geheme V in Benzing (1990).

To determine the diversity of habitats within tosgopies, we measured several
variables that we hypothesized might be relatezpbtphyte species distributions:
temperature (T), relative humidity (RH), vapor me® deficit (VPD), structural features
of the habitats including branch size or tree dize,amount or presence of canopy saoil,
and the amount of light. Environmental variablesen@easured in the inner canopies of
3-5 individuals in each tree size class and imtieand outer canopies of trees in the
largest tree size class. Environmental variablegdcoot be measured in the mid and

outer canopies of smaller tree size classes dlogjigtical constraints. We recorded T
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and RH every 6 min for at least 8 wk during the sedson (July—September) in 2011
using LogTag dataloggers (MicroDAQ, Contoocook, Ngampshire U.S.A.). We
calculated VPD, the difference between the amoftintasture in the air and the amount
of moisture it can have when fully saturated, frfopRH, and the saturation vapor

pressure (SVP) using the following equations (Myt867):

7.5T
SVP (Pascals) = 610.7 * 102373+T @)

(100 — RH)
—_— %

3
00 SVP (3)

VPD (Pascals) =

Habitats with high VPD values have a greater atrhegp demand for water and the
greater the potential to pull water from insidenpéa Therefore, habitats with high VPD
may only contain plants that can withstand a largespirational demand (Rawson et al.
1977, Fletcher et al. 2007). Because structuracspf trees, such as branch diameters,
increase with tree size (Groot and Schneider 2044 assessed canopy habitat structural
differences among tree size classes using dbh.iMtlle largest trees, we examined
whether habitat structure differed among canopyegdisy measuring branch diameters in
the inner and mid canopy with a dbh tape and esituign#éhem for the outer canopy. We
examined the amount of light reaching the entioaveis of 5—-20/. koschnyi tree from

each size class using the Crown Illlumination In@@k), which is an ordinal scale used

to qualitatively assess the amount of exposuradh éree crown. Cll is quantitatively
related to the proportion of visible sky, and thegortion of indirect, direct, and total
radiation reaching a point compared to an opertlsiteranges from a value of 1, which

is a canopy with no direct light reaching the entirown and an average canopy
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openness above the crown of 4%, to a value of &hwhk a completely exposed crown
and an average canopy openness above the crowio{Glark and Clark 1992, Keeling
and Phillips 2007). We used the CIl to examine waetifferent-sized trees were in the
understory or emergent above the canopy — loweregalvould indicate a tree in the
understory. Within the inner canopy of the fivegiest trees, we measured the percent of
canopy cover using a densiometer (Forestry Sugplier., Jackson, Mississippi, USA) as
an indirect measure of the amount of light reachingginner canopy. We estimated the
percent canopy cover in the mid and outer candpreaeasuring the percent of canopy
cover in smaller trees in open areas at the Arlaoked_a Selva that had similar cover as
the mid and outer canopies of large trees. We acield the percent canopy cover from
100 to estimate the percent of canopy opennesacim @nopy zone. Our percent canopy
openness values were similar to what was measyrédhansson (1974) for the inner,
mid, and outer canopy. We compared the percentpgampenness in each canopy zone
to the CIl to estimate the amount of shading irheanopy zone by the tree canopy.
Within the largest tree canopies, we measured gasaipcover in the inner and mid
canopies of each branch in each tree by placimigdar a total area of 1-frover the
branch and visually estimating percent cover. Titerocanopy had no soil and so was
given a percent soil cover of zero.
Statistical Analysis. Tree Size
We used negative binomial regression to examireesize as a predictor of

epiphyte species richness and abundance. We us@YANo examine differences in
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species richness and abundance of epiphytes arherigur tree-size classes and canopy
zones with post-hoc comparisons using a Tukey’'s HSD

To examine similarities in epiphyte species compmsiamong the four tree size
classes, we used non-metric multidimensional sgglNMS) using a Bray-Curtis
dissimilarity metric. We chose NMS because it mazes the correlation between
differences in species composition among individtesds and distances in the ordination,
and yields solutions with a low dimensionality tparmits a better visual examination of
the data than other ordination techniques that haaen axes of variation. Only 45 of
the 61 trees were included in the NMS analysis bszérees with fewer than two
epiphyte individuals were excluded from the anadyge., 13 trees in the 15 cm dbh size
class and 3 trees in the 30 cm dbh size classexetaded). Only epiphyte species found
in at least two trees were included in the analységch resulted in the inclusion of 68
epiphyte species. We used the metaMDS functioharvegan package in R for NMS
analyses (Oksanen et al. 2010).

We tested whether epiphyte species compositiorrdifimong tree size classes
by conducting a permutational analysis of varigfRiERMANOVA) from the adonis
procedure in the vegan package, which tests tippnsg of a variable (tree size) to a
factor (species composition) on the basis of aadst measure (Bray-Curtis) using a
permutation procedure whereby Rustatistic is generated under a null model and
compared to th&-statistic of the model (Oksanen et al. 2010). \Wese PERMANOVA
analyses because it partitions the multivariateatian according to individual factors in

an ANOVA design. We examined differences in epiplsfiecies composition among
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tree size classes using pair-wise contrasts. Wedadlipses representing the covariance
matrix centered on the mean of each tree size uking the veganCovEllipse function in
the vegan package to denote differences in vaniatigpecies composition among tree
sizes — larger ellipses denote greater varianspecies composition among trees within
the same size class.

To examine if epiphyte communities in smaller tseze classes were nested
within the largest trees, a nestedness analysisoraducted using the Nestedness metric
based on Overlap and Decreasing Fill (NODF) indeseld on presence-absence data
(Almeida-Neto and Ulrich 2010). Only species withHeast two individuals were
included in this analysis (n = 60).

To examine differences in habitats within the qaes of different tree size
classes, we conducted ANOVAs on T, RH, VPD, andtltdt we measured or calculated
for each tree followed by Tukey’s HSD tests. Wead®to examine the range of T, RH,
and VPD between the hottest and coolest days ¢asded by the La Selva
meteorological station) during the 8 wk period tiwatmeasured environmental
conditionsin situ because the goal was to examine the limitationspyohyte
distributions, which would occur through the extesnin environmental conditions.

To examine if epiphyte species composition amoeeg size classes was related to
geographic location or habitats, we used Mantés$ tessd canonical correspondence
analysis (CCA). We ran a Mantel test on a Eucliddiatance matrix of geographic space
with a Jaccard dissimilarity matrix of communityngposition to examine if epiphyte

species composition was related to geographicitmtathich would indicate that
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dispersal is an important factor influencing epigghgistributions among different-sized
trees. We examined the influence of habitats oplsfeé community structure using
CCA with the cca function in the vegan package @ks et al. 2010). Because CCA
constrains the ordination by the environmentalatales chosen, we used CCA to test the
apriori hypothesis that epiphyte composition is relatethéochanges in measured
habitat featured.€., environmental conditions, habitat structures, msurces) that
accompany changes in tree size. Because we werested in the extreme
environmental conditions that would limit epiphgistributions, we used the difference
in T, RH, and VPD between the hottest and coolagt ds explained above, in our CCA
analysis. We ran permutation tests to examinesifGEA was significantly different from
random. Variation inflation tests (vif) showed higtulti-collinearity between the
differences in RH, T, and VPD between the hottaegt@olest day, and therefore T and
RH were not included in the CCA analysis. We exadiwhich factors explained a
significant amount of variation in species composl differences among tree size
classes using stepwise forward-selection procedWesused the ordistep function in the
vegan package for this analysis (Oksanen et aD)20Aonte Carlo permutation tests
(1000 permutations) determined which factors exygdia significant amount of variation
in species compositional data.

Statistical Analysis. Canopy Zoneswithin the Largest Tree Size Class

We used ANOVA followed by Tukey HSD tests to exaedfifferences in species
richness and abundance among canopy zones inrgfestdrees. To examine if similarity

in epiphyte species composition is greater amoeg¢anopies with more similar habitat
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and resource conditions, another NMS was condwetibdthe largest tree canopies
separated into canopy zones. We tested whethdnypippecies composition differed
among canopy zones by conducting a PERMANOVA frbmadonis procedure in the
vegan package followed by pair-wise contrasts betvweanopy zones (Oksanen et al.
2010). Again, we added ellipses representing tinicience region defined by a
covariance matrix centered on the mean of eachpyarane using the veganCovEllipse
function in the vegan package to denote differemtdise variation in species
composition among canopy zones.

We examined differences in habitats among canopgzaosing ANOVA
followed by Tukey’s HSD test. Measures of habi&atbires included environmental
conditions (.e,, VPD and RH), structure.€., branch diameter), % canopy soil cover, and
% canopy openness.

We examined the influence of habitat heterogenitlyin large tree canopies on
epiphyte species composition using CCA. We tedted priori hypothesis that epiphyte
composition is related to the differences in meeddrabitat features among canopy
zones within large trees €., branch diameter, VPD, % canopy soil cover, anch#opy
openness). Again, we used the difference in VPvéen the hottest and coolest day in
our CCA analysis. Percent canopy soil cover hatl mglticollinearity with branch
diameter and % canopy openness according to astif Therefore, % canopy soil cover
was not included in the CCA. We ran permutation stegpwise forward-selection

procedures with Monte Carlo permutation tests asvab
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Statistical Analysis: Habitat Associations

We examined habitat associations of epiphyteswdize classes and canopy
zones within the largest tree size class usingerwasive randomization tests for single-
species associations (DeWalt et al. 2006). Theaaimhtion tests used in this study are
conservative because other analyses, such as gmadfifity” tests, do not take into
account the clumped nature of plants and non-intgece of individuals and, therefore,
may overestimate the association of a plant spéciagarticular habitat. We tested
habitat associations for epiphyte species repreddnt at least 10 individuals (n = 33).
The randomization tests compared the observedveldénsity of each species to the
expected relative density generated by 1000 itaratof shuffling the 6 habitats, which
were the tree-size categories and canopy zonegwattge treesi(e. 15 cm, 30 cm, 70
cm, > 70 cm inner, > 70 cm mid, and > 70 cm oufBne observed relative density of a
species in a particular habitat was calculatec&mh tree-size category or canopy zone
by calculating the average density across indivitheas or canopy zones. The relative
density in a particular tree or canopy zone wasutaled as the proportion of epiphytes
comprised by that species in a particular tree@wn position. If its observed relative
density was greater than 97.5% of the expectetiveldensity (two-tailed test withh =
0.05), a species was positively statistically asged with that habitat; if its observed
relative density was less than 97.5% of the expledénsity, a species was negatively

statistically associated with that habitat.
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RESULTS

We found 6250 epiphyte individuals in 118 specnsing 51 genera and 15
families within 61Virola koschnyi trees. Within this one tree species, we found 81%
all epiphyte species at La Selva (McDade et al4]198/e observed a maximum of 65
species in one single tree. Most individuals suedeywere members of the Bromeliaceae
(64%) with 5 genera and 20 species, and the Orchaa(7%) with 24 genera and 37
species (Table 3.1).

Treesize

As expected, tree size was a significant predict@piphyte species richness and
abundance, with the number of species and indilsdnareasing with tree dbh (Fig. 3.2)
and tree-size class (Table 3.2). Species comppositas also influenced by tree size.
Similarity in species composition among the smdhee-size classes was significantly
lower than similarity among the largest tree-siesses (PERMANOVAF55,=7.2,P =
0.001) as is shown in the NMS - the largest treas fa tighter cluster than the other tree
size classes (Fig. 3.3A).

Habitats differed among different-sized trees. @ahmunt of light reaching the
tree crown significantly differed among tree sif&sses as the 15 cm and 30 cm tree size
classes had significantly lower Cll values thanl#rger tree size classes. Environmental
conditions among tree size classes showed a petsteitbution for T and VPD and the
opposite pattern for RH such that values were amietween the smallest (15 cm size
class) and largest (>70 cm size class) trees anel @ther highest (T and VPD) or lowest

(RH) in the medium-sized trees (70 cm size cla8@s)the hottest day, T and VPD did not
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Table 3.1. The number of epiphyte families, unigpghyte families, epiphyte genera,
unique epiphyte genera, functional groups, uniguetional groups, and the number of
individuals of each epiphyte family in total andln eachvVirola koschnyi tree diameter
size class at La Selva Biological Research Stdtea Table 2 for size class
delineations). The numbers in brackets beside fzanlly represent the number of genera
followed by the number of species in each family.

Tree size class

Family (genera, species) 15cm 30cm 70cm  >70 alTot
# Families 4 6 9 15 15

# Unique Families 0 0 0 6

# Genera 5 11 27 50 51

# Unique Genera 0 0 0 23

# Functional Groups 3 5 7 7 7

# Unique Functional Groups 0 0 2 2
Bromeliaceae (5, 20) 29 147 723 3084 3983
Orchidaceae (24, 37) 0 2 129 352 483
Polypodiaceae (5, 8) 27 28 122 293 470
Elaphoglossaceae (1, 5)* 0 0 5 435 440
Piperaceae (1, 3) 17 138 71 42 268
Araceae (3, 17)* 0 3 14 230 247
Vittariaceae (2, 3)* 3 0 5 130 138
Cactaceae (2, 6)* 0 1 8 80 89
Cyclanthaceae (2, 2)* 0 0 0 77 77
Clusiaceae (1, 1) 0 0 1 20 21
Lomariopsidaceae (1, 1) 0 0 0 15 15
Gesneriaceae (1, 1)* 0 0 0 14 14
Melastomataceae (1, 1) 0 0 0 3 3
Aspleniaceae (1, 1) 0 0 0 1 1
Hymenophyllaceae (1, 1) 0 0 0 1 1

*found predominantly in canopy soil
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Figure 3.2. Negative binomial regression model eérarg tree diameter (dbh) as a
predictor of (A) epiphyte species richness andgidphyte abundance for 84rola
koschnyi trees separated into four size classes from Iaweet rain forest in Costa Rica.
Trees were classified into size classes basedaoneader. Regression equation for (A):
log(species richness) = dbh*0.05 + 0.07; dispersi@l8 + 1.15; 2 x log-likelihood = -
282.4; dbh predictor value = 1.04 (95% CI = 1.086).. Regression equation for (B):
log(abundance) = dbh*0.06 + 1.17; dispersion = @®112; 2 x log-likelihood = -482.2;
dbh predictor value = 1.05 (95% CI = 1.05-1.09).
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Table 3.2. Mean vascular epiphyte species richaedsabundance (x 1 SE) among 5-25
replicateVirola koschnyi trees in each size class (15 cm = 0-15 cm dblp86 15.1-30
cm dbh; 70 cm = 30.1-70 cm dbh; > 70 cm = > 70 bim @nd among canopy zones
(inner = 0-2 m; mid = 2-5 m; outer = > 5 m) withine 5 trees in the largest size class at
La Selva Biological Research Station. The resulencANOVA for species richness and
abundance are included. Values with different tettge significantly different according
to a Tukey’'s HSD tesP< 0.05). < 0.05; **P< 0.0001.

Size Class Species richness Abundance
15cm 1.1+03a 3.0+x08 a
30 cm 3.0£05b 200+79 a
70 cm 95+20c 720+199 b
> 70 cm inner 286+2.1d 190.2+34.1 c
> 70 cm mid 36.0+2.8d 419.6 +28.1 d
> 70 cm outer +2.0d 345.6 £+ 92.8 cd
>70cm 52.0 3.7 9554 +117.0
Fses 65.1** 60.3**

Canopy zone Species richness Abundance
Inner 28.6£2.1ab 190.2+34.1a
Mid 36.0+2.8a 419.6+28.1b
Outer 26.8+2.0b 345.6 £ 92.8 ab
F.1: 4.3* 3.9*
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Figure 3.3.Non-metric multidimensional scaling (NM#dination of epiphyte
community composition within the canopies of 5-\2Eola koschnyi trees from each of
four size classes from lowland wet rain forest osta Rica using a Bray-Curtis distance
matrix on relative abundance for all trees (A) anth the largest trees separated into
canopy zones (B). Two-dimensional stress = 18.024) and two-dimensional stress =
15.77 for (B). Trees were classified into diamelasses as in Figure 2. For (B), trees >
70 cm dbh were separated into canopy zones: diasmomther canopy (0—2 m from the
trunk); upward facing triangles = mid canopy (2—%rom the trunk); circle with a cross
= outer canopy (> 5 m from the trunk). The ellipskew the covariance matrix centered
on the mean of each tree size class or zone: dotiédcm dbh; dashed = 30 cm dbh;
dotted and dashed = 70 cm dbh; solid = > 70 cm dbh.
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differ among tree size classes, but RH in the 1%ress was significantly lower than in
the 70 cm trees (Table 3.3). On the coolest dayltcm trees had significantly lower T
and VPD and significantly higher RH than 70 cm ¢r€Eable 3.3). The minimum tree
size class in which canopy soil was detected waisaryO cm dbh size class.

Epiphyte community composition differed among diiet-sized trees. Similarity
in species composition to the largest tree sizeselsincreased with tree size (Fig. 3.4),
and the species composition of small trees wasfggntly nested within the species
composition of the largest trees (NODF: Z = -2F%; 0.0026). Nestedness in species
composition was driven by the species and functigraups found in the outer canopy of
the largest trees such as bark ferns and specibs Piperaceae because they were also
found in smaller trees (Fig. 3.5). The NMS inclugltanopy zones of the largest trees
supports the nestedness analysis as the epiphyi@woity in the outer canopy zone of
large trees is compositionally more similar to dardrees than the inner canopy of large
trees is to smaller trees (Fig. 3.3B). The few bpips that were found on small trees
were bark ferns or tank bromeliads (Fig. 3.5). Witreasing tree size, more functional
groups were found. The largest trees hosted afirs&wnctional groups. The inner
canopy fern community changed from dominance bk fEmns on small trees to
dominance by soil ferns in large trees. Tank broedslcomposed a quarter to a half of

all epiphytes on trees greater than 15 cm dbh @tg.Table 3.1).
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Table 3.3. Mean temperature (Temp, °C), relativaidity (RH, %), and vapor pressure deficit (VPDakkh the inner

canopy for 3—4/irola koschnyi trees in each diameter size class, and microcliaei along with branch diameter (cm), %

canopy soil cover, and % canopy openness in thex,immd, and outer canopy of trees > 70 cm dbhadbélva Biological

Research Station in Costa Rica on the hottest ddgaolest day during the 8 weeks dataloggers depyed. The hottest
and coolest days were determined from the the haa$eeterological data. One datalogger in the 5Giz@ class stopped

working before the coolest day was recorded. SééeThafor tree size class and canopy zone delioesitiThe canopy
illumination index (Cll) is included for 5—20. koschnyi trees in each diameter size class. The degreesexfdm (df) andr

values from ANOVAs are shown. Values with differéatters are significantly different according tdakey’'s HSD test. P

< 0.05, P < 0.0001.

Hottest day Coolest day
3';; Temp RH VPD Temp RH # trees cll ?Ct{l‘)ees
15cm 31.8+05 61.2+33 18+02 26.0£0.2 949+0.5 4 21+03 12
30em 33.1+01 593%1% 214101 26.9+0.3 86.7+4.2% 3 23+03 12
70em 35.2+18 47.7+4% 30105 274+04 839+18 3 35+02 20
>70cm 330%04 561+1.6° 22+01  266%01 908+0.9¢ 3 38202 5
df 3,9 3,9 3,9 3,8 3,8 3,41
F 2.6 3.9* 3.5 5.5 4.6* 11.77*
Canopy Temp RH VPD Temp RH B_ranch %_canopy % canopy
zone diameter  soil cover openness
Inner 329204 551+28 22+0.f 266+0.1 90.8+09 03+01 273+09 850+48 19.6+1.9
Mid 332+02 533+048 23+0f 264+01 90.7+06 03+0.1 156+07 350+35 36.6+0.7
Outer 33.8+0.1 338+0Ff 26+0.7F 26.2+0.1 90.7+16 03*01 62+06 0.0+0 546+ 1.1
df 2,6 2,6 2,6 2,6 2,6 2,12 2,12 2,12
F 24 5.9* 4.9* 0.006 0.001 214.3** 168.5** 170.8**
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Figure 3.4. Relationship between tree diameterBragl-Curtis similarity in species
composition of each individuairola koschnyi tree< 70 cm dbh to trees > 70 cm dbh at
La Selva Biological Research Station. Symbols mgmemean £ 1 S. E. of similarity in
epiphyte composition between each &€& cm dbh and the five trees > 70 cm dbh.
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Figure 3.5. Proportion of individuals found at di#nt distances from the tree trunk of
different size classes ™rola koschnyi trees that were composed by each functional

group.
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Epiphyte species composition was related to diffees in habitat, environmental
conditions, and resources among tree size claBbesCCA showed that measured
habitat features explained 57% of the variatioggacies composition among tree size
classes. The overall relationship between specieé®avironmental variables was
significantly different from random according tdvionte Carlo testf = 0.001).

The first CCA axis was related to tree size, amdstaicond CCA axis was related to the
difference in VPD between the hottest and coolagsdThe largest variation in species
composition was found in the 70 cm dbh size claskthe smallest variation in was
found in the >70 cm dbh size class as indicatethbyargest and smallest convex hull
around the individual trees in the 70 cm and >70sza class, respectively (Fig. 3.6A).
The greatest difference in VPD between the ho#tedtcoolest day was found in the 70
cm dbh size class (Fig. 3.6A). All other tree silasses had similar VPD ranges between
the hottest and coolest day. Two of the three habdriables were significantly related
to species composition: VPD differend¢eX 6.9,P = 0.01) and dbhH = 4.8,P = 0.04;
Fig. 3.6A). Cll was not significantly related toippyte species compositiok € 0.7,P
= 0.90). The geographic location of tfiekoschnyi trees at La Selva was not related to
epiphyte species composition (Mantel test, geogcdpbation, r = -0.006R = 0.50).
Canopy Zoneswithin the Largest Tree Size Class

Epiphyte community structure differed among canbpyes within the canopies
of the largest trees. Species richness and abuedegre highest in the mid canopy
(Table 3.2). The inner canopy of the largest the$s species and functional groups that

were not found in large numbers in any other tiee class or canopy zonieg(, aroids,
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Figure 3.6. Canonical correspondence analysis (GZdihation of epiphyte community
composition within the canopies of 5-¥Bola koschnyi trees from each of four size
classes from lowland wet rain forest in Costa Racall trees (A) and with the largest
trees separated into canopy zones (B). Tree sizse$ are defined in Figure 3.2, and
canopy zones are defined in Figure 3.3. Arrowsasgmt multiple regressions of each
environmental variable with species compositionvinmental variables that explain a
significant proportion of variation in species casjion are shown as arrows in black,
and non-significant environmental variables arenghas arrows in grey. Diff VPD is
the difference in VPD between the hottest and cdalay during the study period
according to the La Selva meterological data. Ttasses and zones are denoted by the
same shapes as in Figure 3.2 and Figure 3.3, iiasggcLines represent the minimum
convex hulls for each tree size and canopy zon&haik the minimum space that
contains each tree in each size class or canop, Species are shown as small grey
dots.
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cactuses, and soil ferns), all of which were néeend without canopy soil around their
roots (Fig. 3.5; Table 3.1). Inner-canopy spec@smosition was significantly different
from outer-canopy species composition (PERMANONA,=2.9,P = 0.03). This
result is shown visually in the NMS ordination, wihishows the inner canopy cluster to
be separate from the outer canopy cluster (Fid3)3.3

Habitat structure and resources differed amongmanones. Inner canopies had
significantly larger branches, a greater percenops soil cover, and lower % canopy
openness than mid or outer canopy zones (Table@rB)he hottest day, RH was
significantly higher and VPD was significantly lomia the inner canopy than in the
outer canopy but they were not significantly diéier on the coolest day (Table 3.3).

Epiphyte species composition among canopy zondsnitite largest trees was
associated with the measured habitat characterigii@bitat factors explained 55% of the
variation in epiphyte species composition amongpgrzones according to the CCA.
The first CCA axis was negatively related with lmamliameter and positively related
with % canopy openness and VPD difference (FigBB.Branch diameter was the only
habitat characteristic that was significantly assted with species compositioR €
0.05).

Habitat Associations

Twenty-five of the 33 species (76%) exhibitedgngicant association to one of
the six habitats, defined by tree size and canopg £Table 3.4). Eighteen species (55%)
showed positive associations to habitats, 14 spédZ%) showed negative associations,

and seven species (21%) exhibited positive assmesato some habitats and negative
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Table 3.4. Results from the randomization testsveip significant positive (+) or
negative (-) habitat associations of abundant gpgspecies from different functional
groups to different tree size classes or canopgzithin the largest tree size class of
Virola koschnyi trees at La Selva Biological Research Stationast& Rica. Tree size
classes and canopy zones are as in Table 3.2. Ahuoesd of each species are included in
parentheses beside species’ hames.
Functional >70cm 70 30 15
group/Family  Species inner mid outer cm crm
Aroids Anthurium ramonense (32) + -
Anthurium upalaense (75) - -
Philodendron wendlandii (15)
Senosper mation angustifolium (79) +
Atmospheric  Tillandsia bulbosa (73) + - -
bromeliads  Tijllandsia festucoides (90)
Bark ferns Microgramma lycopodioides (118)
Microgramma percussa (56)
Microgramma reptans (227)
Cactuses Rhipsalis baccifera (37) - -
Epiphyllum hookeri (28)
Cyclanthaceae Chorigyne pendula (63) +
Fohaeradenia acutitepala (12) +
Gesneriaceae Codonanthe sp. (14)
Orchids Nidema boothii (224)
Elleanthus cynarocephalus (14) +
Prosthechea sp. (69)
Pleurothallis sp. (16) +
Piperaceae = Peperomia rotundifolia (172) + o+
Soil ferns Elaphoglossum herminieri (212)
Elaphoglossum latifolium (220)
Phlebodium pseudoaureum (42)
Vittaria lineata (120)
Tank Aechmea nudicaulis (392) - -
bromeliads Guzmania lingulata (382)
Guzmania monostachya (386) -
Guzmania sp. (35)
Tillandsia anceps (320) - -
Tillandsia monadelpha (175) + - -
Tillandsia venusta (12)
Vriesea vittata (17) +
Werauhia gladioliflora (168) -
Werauhia kupperiana (123) - -

73

+
+

1
1
+

+ + + +




associations to other habitats (Table 3.4). Speuitsn functional groups showed
significant habitat associations related to thérithistion of habitats within the canopies
of the largest tree size class. For example, oéihlet species of soil ferns and aroids,
seven showed a positive association to the innaridicanopy of large trees, where
canopy soil was available. Six of the 10 tank brisadespecies showed negative
associations to small tree size classes, and tedespshowed a positive habitat
association to the largest tree size class. Ordybamk fern species and a species in the
Piperaceae showed positive associations with dneal$ (Table 3.4).
DISCUSSION

Habitat heterogeneity coupled with species-speb#ioitat associations appear to
contribute substantially to epiphyte community stie inVirola koschnyi trees in the
lowland wet tropical forests of La Selva. In oundyt, the diversity of habitats for
epiphytes increased within tree canopies as thegased in size. Small trees had
uniform branch sizes, no canopy soil, and low liglegtching their crowns because they
were in the understory. With greater tree sizaeatgr diversity of microhabitats was
present, leading to inner canopies with canopy ksl VPD, and low light and outer
canopies with no canopy soil, high VPD, and higihti Epiphyte species composition
was related to habitats — habitats with similaucttire and resources, such as in the
outer canopy of large trees and the canopy of stresdk, had similar species
composition. Habitats with different structure aedources, such as in the inner and

outer canopy zones of large trees, had differeetisg composition. With 76% of species

74



showing significant associations to particular ketisi the high diversity of habitats in
large tree crowns is important for epiphyte divigrand community structure.

To our knowledge, our study is the first to linkpyte distributions to measured
T, RH, VPD, habitat structure, and resouneestu in tree canopies. Although gradients
in light, water availability, drought stress, antbstrate features have been hypothesized
to explain epiphyte distributions within tropicaéé canopies (Johansson 1974, ter Steege
and Cornelissen 1989, Zimmerman and Olmsted 19@2leX et al. 2000, Zotz and
Vollrath 2003, Kelly et al. 2004, Reyes-Garciale2808), few studies have measured
these resources and habitat characteristisigu. Light was measured in several tropical
canopies (Johansson 1974, ter Steege and Cormeli988, Reyes-Garcia et al. 2008),
but only one study has measured T, VPD, and RH{tzywere measured only in the
inner canopy (Cardelts and Chazdon 2005). Amorigrdifit-sized trees, we found that
epiphyte composition was significantly associatéith twvee size and range in VPD (Fig.
3.6A). Inner canopy VPD was lowest in the smaltessts and largest trees and highest in
the medium-sized trees (70 cm dbh size class),lwhbitkely due to the amount of
exposure to light each tree size experiences. iaege in exposure of the canopy with
tree size is evident in the increasing Cll valué wee size. The small tree crowns are
shaded by the canopy above them, and the mediled-sizes are more exposed.
Although the largest trees have the most expoguner canopy light availability was
low, which is shown by the low % canopy opennaghe inner canopy of large trees
(20%; Table 3.3) despite the Cll value of larges$ré.e., 4) being equivalent to an

average of 37% of visible sky (Keeling and Phillg307). The high exposure and
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extreme fluctuations in VPD in the inner canopyra&dium-sized trees (70 cm dbh) may
limit the colonization by species that require msia@ble and more protected conditions,

such as those found in the inner canopy of theelrgees (> 70 cm dbh). Indeed, some
soil fern species that were positively associatél the inner canopy of the largest trees
were negatively associated with the inner canopiesedium-sized trees.

Within the canopies of the largest trees, epiplgt@position was significantly
associated with habitat differences among canopgzorl'he inner canopy had canopy
soil and was buffered from extreme fluctuationemvironmental conditions, while the
outer canopy lacked canopy soil and had the largeste in VPD between the hottest
and coolest days. The outer canopy appears toededht buffered of the habitats, and
these more extreme conditions appear to limit Htaldishment of many epiphyte
species, leading to the observed significant aadoass with the inner canopy and no
associations with the outer canopy.

Determining the relative influence of different fais of habitats in driving
community structure can be difficult as habitatdas are often confounded. For
example, the relative importance of resource amtdtaheterogeneity in influencing
patterns in rodent community structure in a ddsaiitat was difficult to determine using
vegetative characteristics because plants prowtie tebitat structure and seed resources
for rodents (Stevens and Tello 2011). In a studyn@ring the influence of coral
diversity on fish diversity, coral species providedd resources as well as habitat for
fish; therefore the relative influence of habittitistural and resource heterogeneity on

fish community structure was difficult to assesef@gimer et al. 2011). In tropical forests,
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determining the relative influence of habitat aegdaurce heterogeneity on tropical tree
distributions is difficult because the spatial meteneity of soil chemistry and
topography can be related (Barthold et al. 20G8;itY et al. 2009). Although we found
support that local epiphyte diversity in tropicad canopies is explained more by
structural features of the habitae( branch diameter), differences in habitat struetur
such as branch diameter, may also relate to diféa®in resources (canopy soil is only
found on the largest branches). For example, brdrasheter and % canopy openness
showed high collinearity with % canopy soil covaggesting that either all of these
factors are important in creating microhabitatshat different epiphyte species are
influenced by different factors. The relative imamrce of habitat structural features and
resources in structuring epiphyte communities leto/be evaluated and would require
experimental studies with reciprocal transplantem@grhabitats.

Within large tree crowns, the measured habitabfaathay combine to create a
gradient in some other unmeasured factor, suchaaglt stress as has been proposed
previously (Johansson 1974, Hietz and Briones 186&, and Vollrath 2003, Kelly et al.
2004, Reyes-Garcia et al. 2012). The inner candplyeolargest trees in our study had
canopy soil, which buffers plants from experienaingught conditions (Frieberg 1996),
and a lower VPD, while the outer canopy had bark,behich has a lower water holding
capacity than soil and a higher VPD. Species thdtdignificant associations to the inner
canopy of trees, such as many soil ferns, ared@apted to drought than those found in

the outer canopy, such as bark ferns and atmospbrenneliads (Benzing et al. 1978,
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Benzing 1990, Watkins Jr et al. 2007). Differenicestrategies to avoid or tolerate
drought may explain epiphyte distributions withaémde tree crowns.

In tropical forests, substrate characteristicaumfice the composition and
structure of plant communities (Newbery and Prot&84, Lescure and Boulet 1985,
Lieberman and Lieberman 1985, Clark et al. 19998)9-or example, many plant
species have significant associations to particuastrate structures or resources (Ledo
et al. in press., Clark et al. 1998, Harms et @012 Phillips et al. 2003, Cannon and
Leighton 2004, DeWalt et al. 2006). Despite theseowative nature of our analysis that
took into account the non-independence of indivisltaeach habitat, our study shows
one of the highest percentage of plant speciesaviignificant association to a particular
habitat (our study, 76%, Clark et al. 1998, 66%Jd_et al. in press, 36%, Harms et al.
2001, 51%, Cannon and Leighton 2004, 67%, DeWalt. 006, 71%, Phillips et al.
2003, 76%). Substrate characteristics are alsoritaiofor structuring tropical trees in
the Amazon (Phillips et al. 2003) and lianas inrimr (DeWalt et al. 2006) where a
similar percentage of plant species showed sigmfitiabitat associations as the current
study. The high degree of habitat specializatiawviour study and in others (Phillips et
al. 2003, DeWalt et al. 2006) is likely due to kndjfferences among habitat types. For
example, nutrient composition was significantlyfeliént among soil types in the
Amazon (Phillips et al. 2003), and there were laifierences in the nutrient content and
water retention capacity among soil types in BortizeWalt et al. 2006). The steep
structural, environmental, and resource gradieittsmV. koschnyi trees created a

diversity of habitats that differed significantly many characteristics. Therefore, habitat
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specialization and the distinctness of differeriiteds seem to play a similar role in the
maintenance of epiphyte diversity in tropical watefst canopies as in other tropical plant
communities.

Although some tropical plant species appear to lspeeialized to particular
habitats, the lack of a relationship of many traplant species to habitats suggests that
habitat partitioning explains only a portion of tth&ral diversity in tropical rain forests
(Harms et al. 2001, Valencia et al. 2004). Addisibeffects of species distributions may
be dispersal limitation (Hubbell and Foster 1986léevicia et al. 2004), other un-
measured habitat factor, density- or frequency-déeet mortality imposed by natural
enemies (Janzen 1970, Connell 1971, Clark and GQR8K4, Mangan et al. 2010), or a
wide tolerance to varying habitaise(, are generalists, Valencia et al. 2004). In our
study, tank bromeliads showed little distributioredationship to habitat gradients within
tree canopies. Although several tank bromeliadispeshowed significant negative
associations with small trees, only a couple otsseshowed any significant association
to a particular canopy zone within the largestdr@ée lack of relationship with
measured gradients and their wide distribution sagthat tank bromeliads may be
generalists that may not be limited by dispersaly imave a wide tolerance for habitat
types, or may be limited by other factors that wekhid measure. Tank bromeliads form
tanks from overlapping leaves that impound wat@mfwhich they uptake water and
nutrients through leaf trichomes and use theirggotely for anchorage to their host tree
(Benzing 1990, 2000). The wide distribution of tdaotkmeliads may result from their

ability to access and store water and nutrients feovariety of sources. Many tank
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bromeliad species are also facultative CAM, whiegytwill use when water in their
tanks is low or gone (Benzing, 2000). These traitkice the likelihood that they are tied
to particular substrate characteristics, like otq@phyte taxa are (Zotz and Thomas
1999, Benzing 2000, Reyes-Garcia et al. 2008).

Accounting for the factors controlling patterndafal species diversity,
distribution, and abundance is a major challengecoiogy (Ricklefs 1977, Huston 1979,
Hubbell 2001). We found support for the hypothéisa habitat heterogeneity is an
important driver of vascular epiphyte communitysture and distributions. In
particular, our results highlight the importancehabitat structures and environmental
extremes in promoting and maintaining local epiphditersity in tropical tree canopies.
In addition to better understanding the processedyeing positive relationships
between habitat and species diversity, our realgts show that distinct and large
differences among habitats is important in establgsthis relationship.
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Chapter 4

Leaf Traits Explain Niche Partitioning in a Tropica
Wet Forest Canopy

INTRODUCTION

A fundamental challenge of community ecology isitalerstand how numerous
species coexist in diverse communities. Neutradphassumes that species are adapted
to common field conditions and coexist by chancel(b€ll 2001), while niche theory
predicts that species are functionally differerd anexist because they are specialized
for different niches (Hutchinson 1959, MacArthudaviacArthur 1961, Silvertown
2004). Among the major niche axes for the evolutiad differentiation of terrestrial
plants are gradients in environmental conditiorts r@sources (Tilman 1986). The
association of plant species to particular envirental conditions or resources may
explain the non-random spatial distributions of dp@lants in tropical forests along
gradients in topography, soil resources, and lijletvbery and Proctor 1984, Clark et al.
1998a, Webb and Peart 2000, Schnitzer and Carsily Plarms et al. 2001, Potts et al.
2002, Phillips et al. 2003, Valencia et al. 200#heFet al. 2005, DeWalt et al. 2006, John
et al. 2007, Schnitzer et al. 2008, Dalling etall 2). Plant-habitat associations can result
from adaptations to environmental conditions addigular site. These adaptations often
impose trade-offs in performance, such that antatiap or trait that results in high
performance in one habitat can result in low penfamce in another. These trade-offs

reduce competition among species because eaclespeciompetitive in only a subset of
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habitats. Plant-habitat associations may, theretgglain niche partitioning in
environments with a high diversity of microhabitats

Differences in ecological strategies among coengstilant species could explain
niche partitioning if species are differentiatedhe traits that determine their response to
major biotic or abiotic pressures (Tilman 1988, fiKed al. 2008). One axis of
evolutionary specialization across ecosystems @&ndds is that of rapid acquisition of
resources at one end of the spectrum and consexruvege of resources at the other. Plant
species across the globe exhibit this fundameradeoff in leaf investment where, at one
end, plants put investment into leaf structure Itegpin leaves that are long-lived and
tolerant of environmental stresses and, at ther @heé, plants put investment into
metabolism resulting in leaves that are highly pidgtve but unprotected and short-lived
(Westoby et al. 2002, Wright et al. 2004). Stratddferentiation, as measured by plant
functional traits, appears to contribute to coexise among tree species in Amazonian
forests, one of the most diverse tropical forasthe world (Kraft et al. 2008). Leaf trait
values of trees are correlated with soil fertilityAustralian temperate forests (Gallagher
and Leishman 2012), light gradients in highly dseemoist tropical forests of French
Guiana (Laurans et al. 2012), and soil water gradia tropical forests in Panama
(Engelbrecht et al. 2007). Functional traits, thane reflect differences in ecological
strategies and trade-offs amongst co-occurringt@gecies and may contribute to niche
partitioning by species-rich communities if thossts are segregated along

environmental and resource axes.
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The tropical rainforest canopy is a structurallyngbex environment with steep
environmental and resource gradients that credieessity of microhabitats within tree
crowns. The ability of a large number of vasculaipkyte species to inhabit a single tree
crown (65 epiphyte species; Woods et al. in pregy mneflect differentiation along the
steep environmental and resource niche axes. Beiplayppear to partition the canopy
habitat based on variation in habitat structurdhasbranch size, availability of
resources such as canopy soil, and microclimatierts of vapor pressure deficit
(VPD) and light (Woods et al. in prep, Johanssord] $er Steege and Cornelissen 1989,
Zimmerman and Olmsted 1992, Nieder et al. 2000z Zatl Vollrath 2003, Kelly et al.
2004, Reyes-Garcia et al. 2008). Woods et al. @p)pfound significant associations of
many vascular epiphyte species to particular migpithts within large tree crowns in
lowland wet forest in Costa Rica. Some vasculaplegie species were significantly
associated with the inner canopy of large trees €lose to the bole), where thick
branches are covered in canopy soil, and light\é&PD are low. Other epiphyte species
were significantly associated with the outer canfpy, far from the bole in the outer
branches), where thin branches lack canopy sail light and VPD are high. Many
species, some closely related, were associatediateame habitat. The co-occurrence
of epiphyte species in similar habitats may be @xjld by differences in ecological
strategies.

In this study, | test whether there is niche panring in the hyperdiverse vascular
epiphyte community of wet tropical rainforest camespusing functional leaf traits. |

examine two niche-based hypotheses: (1) barriegstablishment or survival imposed
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by the abiotic environment.€., environmental filters; Cornwell et al. 2006, Elgecht
et al. 2007) will result in a convergence in stggtby co-occurring species in similar
habitats as evidenced by similar functional leait$r and (2) niche differentiation
amongst closely related and co-occurring speci#sesult in divergence in strategy as
evidenced by differences in functional leaf tralitwill examine the distribution of traits
along environmental gradients to determine if vioepiphyte species are differentiated
along measured environmental and resource axesr @ittors, such as density-
dependence mediated by natural enemies, may gidairexiche differentiation among
vascular epiphytes, but, presently, informatiorttminteractions of epiphytic plants with
different trophic levels is sparse. Furthermoreplegtes evolved under severe nutrient-
and water-limitation: the only nutrient sources emaopy soil, precipitation and
throughfall, all of which tend to be low comparediutrient sources for terrestrial plants
in forest floor soils (Clark et al. 1998b, Cardesisal. 2009). The low supply of water
and nutrients and the distribution and specialiratf epiphyte species to particular
habitats within tree crowns suggest that nichescgffitiation could be along gradients in
nutrient and water availability.
MATERIALS AND METHODS
Study area

This study was conducted at La Selva Biologicaldaesh Station (84°00'12" W,
10°25'52" N, 40 m a.s.l.) in northeastern CostaaRi@ Selva is characterized as tropical
wet forest (Holdridge 1967) and receives approxatyad000 mm of annual

precipitation, predominantly during the wet seasday—January, with an average
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monthly precipitation of 382 mm. The dry seasomyrbary—April receives an average
monthly precipitation of 172 mm. Average monthlynfgerature is 25.8°C £ 0.2 and
varies little throughout the year (McDade et aB4p
Sampling

| selected the 10 most abundant and widespreadileaspiphyte species from
four families found orVirola koschnyi trees as determined by a previous survey (Woods
et al. in prep). | restricted my study to the mamhmon species to obtain a good
representation of the vascular epiphyte commuhitiiose species that spanned four
functional groups and environmental gradients fthenbole to the outer canopy (Table
4.1). | selected leaf traits that would reflectpleesponses to the environment (Table
4.2; Cornelissen et al. 2003).

| selected two fully expanded leaves without eviseaf damage from 6-10 adult
individuals of each species found\Winkoschnyi trees. Tree canopies were accessed using
modified rope climbing techniques (Perry 1978).\tesawere stored in humidified
plastic bags and brought back to the laboratoriiwit-4 h of collection. Leaves were
placed in tubes filled with deionized water and tayeld at 7°C for at least 12 h to reduce
microbial growth on leaf surfaces. After this periteaves were blotted and weighed on
precision balances (0.1 mg) to obtain maximum fresight (MFW). One set of leaves
was left to dry on the laboratory bench in ordedétermine the rate of epidermal water
loss (EWL) over a 72 h period. For each leaf, test weight (FW) was measured every

2-4 h for 72 h (Lorenzo et al. 2010). After 72daVes were oven-dried to constant
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Table 4.1. List of the 10 most abundant and cosritapovascular epiphyte species,
along with their species code, functional groupaton within the canopies dirola
koschnyi trees at La Selva Biological Research Stationt&RB&ca, and number of
individuals sampled for each species (#). Tankk taomeliad. All individuals sampled
of each species were the same size. Canopy locatisrdetermined from Woods et al.

(in prep).

Species Functional Canopy #
Family Species code group location
ElaphoglossaceaeElaphoglossum herminieri  ElaHer  Soil fern Inner 10
ElaphoglossaceaeElaphoglossum latifolium  ElaLat Soil fern Inner 7

Araceae Anthurium upalaense AntUpa  Aroid Inner 9
Araceae Anthurium ramonense AntRam Aroid Inner 6
Bromeliaceae Aechmea nudicaulis AecNud Tank Inner 10
Bromeliaceae Tillandsia anceps TilAnc  Tank Inner 10
Bromeliaceae Tillandsia monadel pha TilMon  Tank Outer 9
Bromeliaceae Guzmania lingulata GuzLin  Tank Mid 10
Bromeliaceae Guzmania monastachya GuzMon Tank Mid 6
Polypodiaceae = Microgramma reptans MicRep Bark fern  Outer 10

weight (3-5 days) at 60°C to obtain dry weight (D\Rlative water content was
calculated every time FW was measured (every 2ath)

(MFW — DW)
RWC (%) = WX 100 (l)

The EWL was determined by the change in relativeeieontent (RWC) during the 72 h
period. The second set of leaves was used to detewther leaf traits (Table 4.2).

Each leaf area (LA) was obtained using a LI-31@0 é#ea meter (Li-Cor,
Lincoln, Nebraska, U.S.A.). Leaf thickness (LT) wasasured as the average of three
areas of the leaf lamina using a digital micromdteaf resistance to fracture (LRF) was

measured using a leaf penetrometer in the samedosdhat LT was measured.
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Table 4.2. Description of leaf traits measured Omibst common vascular epiphyte
species found iNirola koschnyi trees at La Selva Biological Research Stationt&Cos
Rica.

Functional leaf

trait Formula Units Relation to plant performance

Specific leaf area LA mn?” mg® Correlates positively with growth

(SLA) DW rate and negatively with leaf life
spart

Leaf dry matter DW mg g* Correlates negatively with SLA

content (LDMC) MFwW and growth rate, and positively
with leaf life spanh

Succulence MFW -DW  gm? Correlates with amount of water

LA storage in plant tisséé
Leaf thickness average from mm Correlates with leaf life span, and
(LT) 3 measures with high light and low moisture

environments$

Leaf resistance to force / N mnit Indicates carbon investment in

fracture (LRF) penetrometer structural protection; correlates
circumference positively with leaf life spah

Leaf toughness  LRF N mm?  Correlates positively with leaf life
LT span

Rate of epidermal A%RWC %RWC  Relates to cuticle thickness and is

water loss (EWL) h ht low in low water environments

TCornelissen et al. 2003lantovani 1999°Lorenzo et al. 2010Witkowski and Lamont 199 PWright
and Cannon 2001

For soil ferns and aroids, | also sampled roomftbe same individuals from
which | sampled leaves and examined the EWL of tigstie following the same
protocol as above.

Environmental variables

When each leaf was collected from each individualeasured environmental

variables that | hypothesized would be relateek & traits including air temperature (T),

relative humidity (RH), vapor pressure deficit (VRBubstrate temperature (ST; canopy
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soil or bare bark), and percent canopy openness. (R (%) and T (°C) were measured
10 cm above the center of the plant for 2 min usiogTag dataloggers (MicroDAQ,
Contoocook, New Hampshire, USA). | calculated VRi2, difference between the
amount of moisture in the air and the amount ofstuoe the air can have when fully
saturated, from T, RH, and the saturation vaposqanee (SVP) using the following

equations (Murray 1967):

7.5T
SVP (Pascals) = 610.7 * 102373+T )
100 — RH
VPD (Pascals) = (100 — RH) * SVP (3)

100

Substrate temperature was measured using a digitaled temperature gun with laser
sight. Percent canopy openness was estimated asiagsiometer (Forestry Supplies
Inc., Jackson, Mississippi, USA).
Statistical analyses

To determine whether epiphyte species and funatigoups separate along
environmental gradients based on their functiogad traits, | used a principal
components analysis (PCA) on a correlation matrikQospecies x 12 trait values. |
chose a PCA because the axes are orthogonal ah:@émae to correlate the PCA axes 1
and 2 with the eigenvector scores of the eightstias well as the environmental
variables. | used the metaMDS function in the vegarkage in R for the PCA (R
Development Core Team 2009, Oksanen et al. 20Holcompared the range of scores
of epiphyte functional groups and species along R&A 1 and 2 to examine niche
overlap.
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To examine if epiphyte species and functional gsodiffer in their leaf traits, |
ran an ANOVA on each leaf trait followed by Tuke$H tests. To examine if soil ferns
and aroids differed in the EWL of roots, | rantadt.

RESULTS

Vascular epiphyte species and functional groupsvel specialization to
particular habitats based on their functional teaits with different species and
functional groups converging on a similar stratediyen in a similar habitat. Epiphyte
species and functional groups with similar leait¢ravere found in habitats with similar
environmental conditions as shown in the PCA (&i@). Accounting for 39.9% of the
variation, the first PCA axis reflected the gradiom high to low leaf construction
costs and was strongly related to environmentadlitimms (Table 4.3). Species and
functional groups found in cooler sites with highH,Row VPD, and low light, such as
aroids and soil ferns, had high energy investmaotthe structural aspect of their leaves,
which was demonstrated by a high LDMC, thick leaweesl a high degree of succulence
(lower end of first PCA axis). Species and funaiogroups found in hotter, drier, and
more open sites, such as most tank bromeliad spaoakbark ferns, did not invest much
in the structural component of their leaves as teya low LDMC and a high SLA
(higher end of first PCA axis). The second PCA adsounted for 23.0% of the variation
and appeared to be related to a gradient in leatigth. Species found in hotter, open
sites had weaker leaves as evidenced by their R &and LTo values and high EWL,

while species found in cooler, shadier sites hadler leavesi €., high LRF and LTo).
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Figure 4.1. PCA ordination of the 10 most commoscudar epiphytic plant species in
Virola koschnyi trees at La Selva Biological Station, Costa Ricdhe basis of 8 leaf
traits. Measured environmental variables are shasvarrows that represent correlations
of environmental variables with the axes. For @ecies codes are as in Table 4.1. For
(B), symbol colors and shapes denote differentrgpgfunctional groups: dark grey
squares = soil ferns; grey circles = aroids; ligiay triangles = tank bromeliads; stars =
bark ferns. Labels show traits with the higheserigector scores on PCA axes 1 and 2
for both (A) and (B), with the label with the higtiescore presented nearest to the axis.
Eigenvector scores of all traits along PCA axead 2are in Table 4.3.
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Table 4.3.Eigenvector scores of plant traits with thain PCA axes, obtained from a
matrix of 8 traits x 10 most common vascular eptplspecies iVirola koschnyi trees at
La Selva Biological Research Station, Costa Riau®s are ranked in order of absolute
magnitude along PCA 1. Eigenvector scores > 0.58nabold. Values in parentheses
indicate variance accounted for by each axis.

Functional leaf trait PCAL PCA 2
(39.9%) (23.0%)
Specific leaf area 0.930 0.107
Leaf dry matter content -0.706 -0.254
Leaf thickness -0.624 -0.049
Succulence -0.587 0.298
Leaf toughness 0.303 -0.845
Leaf resistance to fracture -0.285 -0.792
Rate of epidermal water loss -0.248 0.577

Patterns of habitat specialization were evidethedistribution of epiphyte
functional groups and species along the PCA ax@tfe3ns and aroids were specialized
to shady sites with high RH and low VPD, while m@stk bromeliads and bark ferns
were specialized to more open sites that were haite drier (Fig. 4.2A). Species
showed a more narrow specialization to particusdnitats than functional groups with
differences among species within each functionaligr(Fig. 4.2C & 4.2D). When
species showed overlap along one axis, they oftewed less overlap along the other
axis.

Closely related species found in the same micreatbad different strategies as
evidenced by their different trait values. Amongtsoil ferns that inhabit the inner
canopy Elaphoglossum herminieri had a significantly lower SLA and higher succulenc
thanE. latifolium. Elaphoglossum herminieri was more restricted to the darker inner

canopy thark. latifolium, which is evident in the little niche overlap ajpRCA axis 1
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Figure 4.2. Box plots showing the distribution pfghyte functional groups along PCA
axes 1 (A) and 2 (B), and epiphyte species along &&s 1 (C) and 2 (D). Values
correspond to scores of functional groups and speafithe PCA. The line in each box
represents the median trait value, the error legesent the tband 9d' percentiles for
each trait value, and the dots represent the owgglyait values for each species and
functional group. For species or functional grothzg have no error bars or dots, the box
represents the T0and 9" percentile. Box shades are as in Figure 4.1, padiss codes
are as in Table 4.1.

(Fig. 4.2C). AlthoughAnthurium ramonense andA. upalaense had high distributional
overlap along PCA axis 1, they were differentiadbhg PCA axis 2Anthurium
ramonense had lower investment in leaf structure thfampalaense (i.e., lower LDMC)
but had a higher degree of succulence and inhasligiutly hotter microhabitats (Fig.

4.1A). Tillandsia species showed distinct distributions within theapy withT. anceps

found more in the inner canopy anhdmonadelpha found more in the outer canopy (Fig.
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4.2C). Leaf traits between these species, witlekoeption of leaf succulence, were
significantly different, showing divergent strategialong an environmental niche axis
(Table 4.4). The two species @tizmania showed high overlap along both PCA axes, as
well as no significant differences in their leadits (Table 4.4).

Soil ferns and aroids put the most structural itmesit into their leaves as they
had significantly lower values of SLA and signifintly higher values of LDMC and
succulence than tank bromeliads and bark fernsl¢ ). The EWL of soil fern roots (-
32.7 £ 1.42) was significantly greater than thatuafid roots (-12.5 + 1.02; t = 11.6, df =
28,P < 0.0001).

DISCUSSION

Functional leaf traits explained niche partitionimgvascular epiphytes in tropical
tree canopies. Species found in the same micratabiowed convergence in leaf traits,
supporting the hypothesis that environmental filigiplays a role in epiphyte species
distributions. There were no significant differesde leaf traits among aroids and soil
ferns, which were both confined to microhabitatgwnigh RH, low light, and low VPD.
Similarly, most tank bromeliads and bark ferns sbdwimilar leaf traits and were found
predominantly in microhabitats with high light, |d®H, and high VPD. Closely related
species within a functional group differed sigrafitly in at least one leaf trait suggesting
that there was evidence of trait divergence, supmpthe hypothesis of niche
differentiation. The two soil fern species, for eyae, had different strategies within the
same microhabitat, which was reflected in signiftadifferences in SLA, and the two

aroid species showed significant differences ih$e@culence. Thus, different ecological
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Table 4.4. Means (x S.E.) of functional leaf traftat were correlated with the first PCA
axis of epiphyte species and functional groups fxérola koschnyi trees at La Selva
Biological Research Station, Costa Rica. Leaf théds was not included here as it varied
little among species, and differences among funatigroups were pulled by one
speciesAechmea nudicaulis. For LDMC, three data points were removed as ensthn
the ANOVA for functional groups as deemed by a Ced@ktest P < 0.05) making the
degrees of freedom 3,79 for that test. Speciesscaeas in Table 4.1. Values with
different letters are significantly different acdorg to a Tukey’s HSD tesP(< 0.05).

*P < 0.0001.

Functional SLA LDMC Succulence
Species Group (mn?’ mg?) (mg g% (g mm?)
ElaHer Soil fern 4.4 +0.27 325+12.3 489 +34.1
ElaLat Soil fern 7.4+03% 327+128 287 + 23.4%
AntUpa Aroid 6.4+030 224+68° 563+37.8
AntRam Aroid 7.0+009% 180+ 14.6 690+ 36.8
AecNud Bromeliad 8.6+0.16 171+58% 571+22¢"
TilAnc Bromeliad 10.3 +1.04 225+278 379+18.4
TilMon Bromeliad 17.1 +0.83 127 + 3.8 411 + 14 4
GuzLin Bromeliad 21.1 +1.33 119+10.8 378 + 22.4%
GuzMon Bromeliad 15.8 + 0.31 146 + 2.6° 371+ 4.6°
MicRep Bark fern  17.4 + 0.68 139+4.6 362+9.4
Fo7¢ 62.2* 32.1* 21.3*
Functional group
Soil fern 5.6+0.42 325+86 406 +33.06
Aroid 6.6 + 0.40 206 + 8.9 614 + 31.6
Tank 145 +0.88 159 + 9.6 427 +14.3
Bark fern 17.4 + 0.68 139 + 4.6 362+9.4
Fas: 46.5* 77.5*% 16.7*

strategies along an environmental niche axis sughasthe steep environmental and

resource gradients within tree crowns leads toendifferentiation by vascular epiphytes.

The partitioning of the tropical canopy by vascudpiphytes seems to entail a

niche axis of resource conservation at one endesulirce acquisition at the other.

Canopy soil is high in nitrogen but low in phospim(Cardelus et al. 2009). As a result,
the concentration of N and P in leaves of speageddent on canopy soil, such as soil
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ferns and aroids, is often higher than specieslepéndent on canopy soil, such as tank
bromeliads (Cardelus and Mack 2010). Although fesils and aroids have greater leaf
nutrient concentrations than bromeliads (CardehasMack 2010), they may be more
limited by water availability and light than broreals in the outer canopy (Zotz and
Hietz 2001), which may explain their resource covesgon strategy. Habitats with
limited resources favor slow-growing plants, whichurn favors long-lived leaves that
put a large investment in antiherbivore defensedeCet al. 1985). The large investment
in leaf tissue in soil ferns and aroids, as eviegdnay their low SLA and high LDMC,
may be due to a combination of water- and nutriiemitation, a long leaf life-span, and,
as a result, a large investment in herbivore akdggen defense (Coley et al. 1985,
Wright and Cannon 2001, Westoby et al. 2002). Taokneliads have essentially a
constant source of water and nutrients in theikdathe ability to switch into CAM
photosynthesis under drought (Benzing 1990), aadhat limited by the availability of
canopy soil. Thus, tank bromeliads are not limitedhady microhabitats where canopy
soil is available, such as soil ferns and aroigs and can inhabit more open sites on bare
bark. Although they invest little in their leafdise in terms of dry matter, tank
bromeliads had the toughest leaves with the higtieBtvalues, which is likely to
maintain their tank structures. Bark ferns are dhtuleciduous, which may explain the
small structural investment in their leaf tissueiiBing 1990).

The trade-off between rapid acquisition of resosii@ed conservation of
resources within well-protected tissues has beenddo exist in many taxa across

environmental conditions and biomes. For examplani analysis of 640 plant taxa
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spanning three continents, the same functionaltte#$ measured in this study were
predictors of resource capture and utilization godtal. 2004). For tropical trees in moist
forests, wood density explained >80% of the vasratn species positions along a
growth-mortality trade-off axis in central Pananféright et al. 2010), and leaf traits
explained the growth-mortality trade-off for 54 sy@s in Bolivia (Poorter and Bongers
2006). This study is the first to demonstrate dn@es trade-off of resource conservation
and resource acquisition in vascular epiphytes.

According to classic niche theory, despite a cogerce in traits, species and
functional groups found in the same microhabitttezipartition the microhabitat further
or access basic plant resources in different widyschinson 1959, MacArthur and
Levins 1967). For inner canopy ferns, the majasityheir nutrients and water comes
from canopy soil, as evidenced by their nutriemtcamtrations being similar to that of
their host tree and canopy soil (Cardelus et 192Cardelus and Mack 2010).
Furthermore, because of the extremely high EWL a&tieir roots, soil fern roots likely
need canopy soil around them to maintain wateneir roots. Aroids access nutrients
and water from canopy soil as evidenced by thatsrpenetrating soil mats, but they
also have velamen radiculum over the aerial rodtishy when wet, becomes absorbent
and is able to uptake atmospheric sources of mitrind water (Benzing 1990). Because
aroids partly depend on atmospheric sources ofnaaie nutrients, they may be more
water-limited than soil ferns, which could explarhy aroid leaf succulence values were
significantly higher than that of soil ferns. Théfle differences in how soil ferns and

aroids access nutrients and water may help exgiain ability to occupy a similar
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habitat in the inner canopy, and examining the sgsiof nutrients and water for soil
ferns and aroids should be the focus of futureistud

Trait differences may provide the niche axis byahhinany sympatric congeners
coexist. The twdillandsia species had significant differences in their tvaiues as well
as little overlap in their distribution$illandsia anceps put more investment in leaf
structure thar. monadelpha as evidenced by a lower SLA and higher LDMC, ad w
found more often in shadier sites with lower VPDeTwo soil fern species were both
found in the inner canopy, bEtaphoglossum herminieri had a lower SLA thak.
latifolium. These trait differences may help explain therBatisional partitioning of the
inner canopy by th&laphoglossum species becauge herminieri hangs below the
branch where horizontal light levels are higher Bnidtifolium rests on top of the
branch Elaphoglossum herminieri has a blue iridescence in its leaves that acss as
sunscreen against UV-radiation under these highletrlevels (E. Watkins and M.
Britton, unpublished data). The two aroid speciéered only in leaf succulence:
Anthurium ramonense had significantly higher leaf succulence tifampalaense, which
may explain its ability to inhabit sites that aliglstly brighter and hotter. The two
Guzmania species, however, showed no significant differencedrait values and
overlapped in habitat distribution, which suggelsts there is competition between these
species, resources are not limiting, or their cstexice is maintained by other factors,
such as disturbance. To better understand hovtlzeania species co-occur, future

research could examine their growth rates and resgsoto disturbance.
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Using a functional trait approach, | found evidefar niche-based habitat
specialization and strategy differentiation amoagoular epiphytes. The structural
complexity of the tropical canopy seems to be tlagnrdriver of vascular epiphyte
diversity. The steep gradients of light, canopy, dwanch size, and environmental
conditions within large tree crowns create a divgisf habitats on which different
epiphyte species can specialize. Interestinglgjrmlar habitats, distantly related species
show trait convergence.€., a fern and an angiosperm), while closely relaigekties in a
similar habitat show trait divergendes(, between fern species). Functional differences
among vascular epiphyte species contributes tcerseparation along environmental and
resource gradients.
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Chapter 5

Conclusions, Applications, and Future Directions
CONCLUSIONS

The goal of this dissertation was to understandabtmrs that influence
community structure and maintenance of diversitg 8pecies-rich plant community.
Because some of the most species-rich plant conmiasiaire found in the tropics, |
focused on examining what influences the diversitiropical vascular epiphytes. In
tropical forests, many hypotheses have been pragosexplain how diversity is
maintained. Current theories can be divided intséhthat posit that species are
functionally different and diversity is maintainby the partitioning of resources or
habitats (Hutchinson 1959, MacArthur and Levins7,9Bhase and Leibold 2003), and
those that assume that all species are functioegllyvalent and diversity is maintained
by stochastic factors such as dispersal limitatidubbell 2001). Niche-based factors,
such as habitat specialization, may influence diyeand species distributions at small
spatial scales, while neutral-based factors, sadalispersal, may have a greater influence
on diversity and community structure at larger sppatcales (Potts et al. 2002). I,
therefore, examined what factors influence vascepgphyte communities at multiple
scales.

At the scale of the forest stand, | tested theradiie hypotheses that forest
structure and forest age affect epiphyte commumniiiecomparing epiphyte communities
between secondary and old-growth forests in ceRmabma. | examined community

structure of vascular epiphytes in older seconftangsts between 35-115 yr after land
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abandonment and nearby old-growth forests. Eveungiinthe recovery of epiphyte
species richness was rapid, with 55-yr-old forest#taining 65 percent of old-growth
epiphyte species richness, differences in foresttire between secondary and primary
forests such as the presence of large, old-grawdstappeared to influence epiphyte
community composition. As in other studies, youoge$ts contained the most drought-
tolerant epiphyte species while the structural fogeneity found in older forests resulted
in a combination of drought tolerant epiphyte spe@dommon to hotter and drier
secondary forests along with shade-tolerant epgstat specialized in moist and shady
habitats of older forests (Barthl@ttal. 2001, Acebet al. 2003, Kromer & Gradstein
2003). There was a high degree of nestedness afo®j ages such that young
secondary forests were significantly nested witiider secondary forests and old-growth
forests. Furthermore, similarity in epiphyte spe@emposition of secondary forests to
old-growth forests increased with forest age sutjygshat different habitats upon which
different epiphyte species are specialized accumutaforests as forests age. Thus,
forest structure seems to play a large role inarplg differences in epiphyte
community structure among forest stands. Howeweest age (potentially a proxy for
dispersal) explained the low number of individualyoung forests and the linear
increase in epiphyte abundance with forest agesd hesults suggest that deterministic
factors influence epiphyte community structurenat$mall scale of the forest stand while
stochastic factors may play a larger role in inficiag epiphyte community structure at a

larger scale among forest stands.
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| further examined the importance of habitat hejereity in promoting species
diversity by examining whether epiphyte specieslakbignificant associations to
particular microhabitats. Habitats that are strradty complex with a diversity of
resources provide more niches for species withikpéabitat and resource requirements
(Hutchinson 1959, MacArthur and MacArthur 1961 an 1986, Chesson 2000, Chase
and Leibold 2003, Tews et al. 2004). Species tklilb& no associations to particular
habitats are assumed to be driven by dispersahliion (Hubbell and Foster 1986,
Hubbell 2001). | measured habitat diversity angblepie community structure in
different-sizedvirola koschnyi trees in Costa Rica. Habitat heterogeneity coupfiéal
species-specific habitat associations appearedrilbute substantially to differences in
epiphyte community structure among tree size ctasdee diversity of habitats for
epiphytes increased within tree canopies as thegased in size. Small trees had
uniform branch sizes, no canopy soil, and low ligdatching the crown. With greater tree
size, a greater diversity of microhabitats was gmedeading to inner canopies with
canopy soil, low vapor pressure deficit (VPD), & light and outer canopies with no
canopy soil, high VPD, and high light. Among th&etient-sizedVv. koschnyi trees, 76%
of epiphyte species exhibited a significant assmeido a particular tree size or location
within tree crownsi(e., inner or outer). Therefore, habitat heterogeneaityl not
dispersal, appears more important in driving dikgi@nd community structure in
vascular epiphyte communities among different-sizeés.

| used a trait-based approach to explore the meésmarunderlying epiphyte

species distributions along natural environmentatiggnts found within large tree
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crowns. According to theory, functional traits eefl differences in ecological strategies
and trade-offs among co-occurring plant speciesnaag explain niche differentiation of
species-rich communities if those traits are seggeshalong environmental and resource
axes (Tilman 1988, Kraft et al. 2008). Niche thepogits that habitat filtering will select
for similar traits among co-occurring species gfare similar habitat conditions,
whereas competitive exclusion limits the ecologssalilarity of co-occurring species
leading to trait differentiation (Andersen et &8012). Epiphyte species found in the same
microhabitat showed convergence in leaf traitspsujing the hypothesis that
environmental filtering plays a role in epiphytenanunity structure. Among closely
related species within a functional group, thers exddence of trait divergence,
supporting the hypothesis of niche differentiatiDifferent ecological strategies along an
environmental niche axis, therefore, explain niphgitioning of tree crowns by vascular
epiphytes.

In summary, niche factors appear to be more imponteexplaining epiphyte
diversity and species distributions than neutreddies at small scales while dispersal
limitation seems to play a role in structuring gpsaich vascular epiphyte communities
at larger scales. Epiphyte species are functionbifgrent and exhibited significant
associations to particular microhabitats withiretoanopies. Therefore, the large
contribution to floral diversity by vascular epighy in tropical forests can be attributed
to the structural complexity of the tropical canopiie steep gradients in environmental

conditions, resources, and structures within lange crowns create a large diversity of
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microhabitats into which epiphyte species appeaiaie evolved specializations and
unique adaptations.
APPLICATIONS

Loss of old-growth forests through deforestatiod an increase in secondary
forests following land abandonment in tropical aresaa growing trend. Within tropical
regions, secondary, logged, or disturbed forestscaver more area than mature forests
(FAO 2005). This trend has resulted in a greatensoon whether secondary forests can
recover the biodiversity and ecosystem functiodasges that accompany the
deforestation of old-growth forests. For trees kemhs, secondary forests developing on
lands that were not intensively used and are dlmseed sources rapidly attain many
aspects of the forest structure and species rishwfesld-growth forests (Brown and
Lugo 1990, DeWalt et al. 2000, Guariguata and @=je2001, Chazdon et al. 2007, Dent
and Wright 2009). However, the recovery of treecgggecomposition to old-growth
levels could take centuries and may not ever fi@dbover (Corlett 1992, Finegan 1996).
The lack of some old-growth tree species in secgnid@ests could limit the
colonization of secondary forests by species ttrehahly specialized told-growth
forest trees (DeWalt et al. 2003).

My research, along with other studies, has folnad thany epiphyte species
appear to be specialized to particular microhabifat may be found only in older
forests such as those with canopy soil, low VP, law light (Woods et al. in prep.,
Barthlott et al. 2001, Acebey et al. 2003, Kromed &radstein 2003, Kdster et al. 2009).

The inner canopy dfirola koschnyi trees at La Selva, for example, developed intra r
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and important microhabitat for a large number @fcsps that was buffered from
extremes in environmental conditions. Given curciimate change predictions for Latin
America of less overall rainfall and a larger numbkedays without rain (Magrin et al.
2007), the buffered inner canopy microhabitat ngdetrees could be even more
important for these epiphyte species. Therefore]dbk of these trees in secondary
forests suggests that, secondary forests needgmbected and given sufficient time to
recover old-growth tree species composition sotti@species that depend on old-
growth trees, such as many epiphyte species anchtiapy fauna that depend on them
(Nadkarni and Matelson 1989, Barthlott et al. 2Bilwood et al. 2002) are able to
recover. Furthermore, old-growth forests with laodgk-growth trees that host a large
number of epiphyte species should be foci for coragmn efforts as source pools for the
recovering secondary forests.
FUTURE DIRECTIONS

There are numerous directions for future reseancthat factors drive the
maintenance of diversity in species-rich commusitiad, in particular, vascular
epiphytes. | have already begun to move in sewrilese. My work suggested that
many old-growth epiphyte species were lacking sosédary forests due to a lack of
particular microhabitats. To test whether epiphyesindeed limited by the presence of
particular structures such as old-growth tree loarganopy soil and not simply dispersal,
| have installed plastic branches that containdaad a proxy for rough bark and canopy
soil in secondary forests in Costa Rica. Recruitnoéold-growth epiphyte species in

these branches would suggest that substrate chastics unique to old-growth tree
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species’ are more important for epiphyte recruitntlean microclimate. A lack of

recruitment could suggest dispersal limitation.e&d addition experiment where seeds of

old-growth epiphyte species are added to thes¢éiplamnches would definitively
determine what limits the colonization of secondangsts by old-growth epiphyte
species.

A similar line of reasoning and experiments coultwtkvfor examining what limits
the colonization of young trees or particular canapnes in large trees by many vascular
epiphyte species. To this end, | installed smédistic branches with canopy soil in both
the inner and outer branches of laxgeola koschnyi trees in Costa Rica in order to
examine if inner canopy species that rely on carsmpiywould be able to disperse to and
grow in the more exposed, hot environment in therocanopy. My study lasted only a
few weeks as monkeys and wind destroyed the plasdiaches. However, a repeat of this
study with an added seed addition treatment woelgd tietermine whether inner canopy
species are confined to the inner canopy solelguise of the presence of canopy soil.
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APPENDIX A

Permission for use of Published Material

Permissionis granted for you to use the material requesteddifg, C. L.
and DeWalt, S. J. (2013), The Conservation Valugexfondary Forests for
Vascular Epiphytes in Central Panama. Biotropiéa,149-127. doi:
10.1111/j.1744-7429.2012.00883.x] for your thesssfelrtation subject to
the usual acknowledgements and on the understatitahgou will reapply
for permissionf you wish to distribute or publish your thesisskrtation
commercially.

Permission is granted solely for use in conjunctiath the thesis, and the
article may not be posted online separately. Airgtbarty material is
expressly excluded from thpermission.

If any material appears within the article withditéo another source,
authorisation from that source must be obtained.

Verity Butler,
Permission€o-ordinator
Wiley,

The Atrium, Southern Gate
Chichester, PO19 8SQ

UK
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APPENDIX B

Number of holoepiphytes (Holo) and hemiepiphytesr(i for each epiphyte species of each family ia teplicate stands of
each forest age along a chronosequence in the Batovado Nature Monument, Panama. The total aneedch forest age
was 0.64 ha (two stands each of 0.32 ha), exce@5kyr-old forests, which were 0.48 ha (one 0.33lot and one 0.16-ha
plot) and 55-yr-old forests, which were 0.62 hag(0r82-ha plot and one 0.30-ha plot). Counts ireindividuals found on
trees (living and dead), lianas, and downed coacsaly debris.

Approximate forest age (yr)

Family Epiphyte species Species cbdeType 35 55 85 115 OG Total
Araceae Anthurium clavigerum Poepp. ANTHCL Hemi 0 3 65 21 26 55
Anthurium friedrichsthalii Schott ANTHFR2 Holo 0O 0 O 2 8 10
Anthurium littorale Engl. ANTHLI Holo O 0 0 0 1 1
Anthurium salvinii Hemsl. ANTHSA Holo 0O 0 O 1 1 2
Monstera dubia (Kunth) Engl. & K. MONSDU Hemi 0O 3 31 16 25 75
Krause
Monstera pinnatipartita Schott MONSPI Hemi O0 1 0 0 O 1
Philodendron fragrantissimum (Hook.) G. PHILFR Hemi O O O 9 30 39
Don
Philodendron inaequilaterum Liebm. PHILIN2 Hemi 0 130 0 43 56
Philodendron radiatum Schott PHILRA Hemi 0 11 16 20 2 49
Philodendron rigidifolium K. Krause PHILRI Hemi 0 20 51 27 227 325
Philodendron tripartitum (Jacq.) Schott  PHILTR Hemi 0 2 10 36 39 87
Unidentified Aroid 1 Aroid 1 Hemi 0 4 0 0 2 6
Unidentified Aroid 2 Aroid 2 Hemi 0 0 1 0 0 1
Unidentified Aroid 3 Aroid 3 Hemi 0 1 O 1 3 5
Aspleniaceae Asplenium serratum L. ASPLSE Holo 0O 0 O 4 0 4
Bromeliaceae Guzmanialingulata (L.) Mez GUZMLI Hoo 0 0 O O 1 1
Tillandsia bulbosa Hook. TILLBU Holo O 0 0 0 3 3
Vriesea gladioliflora (H. Wendl.) Antoine VRIEGL Holo 0O 0 O 0 1 1
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Approximate forest age (yr)

Family Epiphyte species Species cbdeType 35 55 8 115 OG Total
Cactaceae Epiphyllum phyllanthus (L.) Haw. EPIPPH Holo 0O 0 O 0 3 3
Gesneriaceae Codonanthe crassifolia (Focke) Morton CODOCR Hoo 0 O 3 0 O 3
Orchidaceae Aspasia principissaRchb. f. ASPAPR Holo 0O 0 23 69 86 178
Catasetum viridiflavum Hook. CATAVI Hoo 0 2 0 1 O 3
Oncidium ampliatum Lindl. ONCIAM Holo 0O 0 0 6 O 6
Oncidium stipitatum Lindl. ex Benth. ONCIST Holo 1 0 O 0 0 1
Polypodiaceae Campyloneurum angustifolium (Sw.) Fée CAMPAN Holo 0O 0 5 0 O 5
Campyloneurum phyllitidis (L.) C. Presl CAMPPH Holo 0O 1 5 19 8 33
Lomariopsis vestita E. Fourn. LOMAVE Hemi O O 0 31 17 48
Niphidium crassifolium (L.) Lellinger NIPHCR Holo 10 20 1 19 48 98
Number of Hemiepiphytes 0 58 114 161 414 747
Number of Holoepiphytes 11 23 37 122 160 353
Grand Total 11 81 151 282 574 1099

*The species codes correspond to those in Figure 2.6
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